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Abstract

To determine the ballistic limit velocity of titanium—titanium tri-aluminide (Ti/Al3Ti)-laminated composites under the
action of tungsten alloy spherical fragments, a type of 12.7 mm ballistic gun loading system was used to test the tungsten
alloy spherical fragments vertically impacting the Ti/Al;Ti-laminated composite targets with different thickness. The
relationship between the ballistic limit velocity and the target area density of the Ti/AlsTi-laminated composite was
obtained. As the area density increased, the ballistic limit velocity and the ballistic energy absorbed by the target plate also
enhanced. Based on the dimensional analysis and similarity theory, a simulation law of tungsten alloy spherical fragments
penetrating Ti/AlzTi-laminated composite targets with different thickness was studied and an empirical formula for the
ballistic limit velocity was obtained. The research results had an important application value for the optimal design of the
light armor protection structure.
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Introduction test model by a two-dimensional finite element method to
analyze the evolution process of internal damage of Ti/
AlsTi-laminated composites under different loading strain
rates. Grujicic'® carried out a comprehensive computational
engineering analysis to assess the suitability of the Ti/Al;Ti
metal/intermetallic laminated composites (MILCs) used in
both structural and add-on armor applications, and the results
revealed that Ti/Al;Ti MILCs were more suitable for use in
add-on ballistic than in structural armor applications. Cao
et al.? used an explicit two-dimensional finite element

With the continuous improvement of the penetration capa-
bility of ammunition weapons, some new protective materi-
als have been developed and gradually replace the traditional
homogeneous metal materials with the purpose of improving
the protective performance.! Titanium—titanium tri-
aluminide (Ti/Al;Ti)-laminated composite material has a
promising application prospect in armor protection field
because of its high specific strength, specific stiffness, and
creep resistance of titanium tri-aluminide (Al;Ti) as well as
good toughness of titanium (Ti).>
In the past 20 years, scholars had conducted a lot of | ) o o
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composites are still relatively limited. Zelepugin and Zele-
pugin'® used the finite element simulation and experimen-
tal method to study the failure processes of multilayer Corresponding authors:
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Figure |. Sketch map of experimental design.

program of LS-DYNA software to study the ballistic perfor-
mance and failure mechanism of Ti/Al;Ti under impact
loading, then a finite element model of Ti/Al;Ti-laminated
composite was established by considering the interface
layer,'” and then the damage degree of the matrix materials
and the influence of the interface layer on the failure of the
materials were analyzed.

Spherical fragments of tungsten alloy have advantages
of simplest geometry, high density, strong holding velocity,
and strong armor-piercing ability, which are widely used in
prefabricated fragmentation warheads. For this reason, this
article conducted an experimental study on the ballistic
limit velocity of tungsten alloy spherical fragments verti-
cally penetrating Ti/Al;Ti-laminated composites with dif-
ferent thickness and proposed an empirical relationship of
ballistic limit velocity with dimensional analysis. The
research results had an important application value for the
optimal designs of the fragmented warhead and the light
armor protection structure.

Experimental

The penetration body was a tungsten alloy spherical frag-
ment with a diameter of 9.45 mm and a mass of 8.1 g. Ti/
Al;Ti-laminated composites were prepared by the endother-
mic semisolid reaction and self-propagating synthesis, and
the preparation process was described in our previous
work.'® The ballistic experimental device and the arrange-
ment are shown in Figure 1, which included a fragment-
specific launcher, a protective device, a fragment velocity
test system, a target rack, and a residual body recovery
device. The fragmentary launcher was a 12.7 mm ballistic
gun, and the velocity was controlled by the amount of gun-
powder. To ensure the tightness required for the launch and

to achieve the specified velocity, the tungsten alloy ball was
placed in a concave nylon sabot. After the sabot flied away
from the muzzle, the tungsten alloy ball was separated from
the sabot under the action of air resistance. The sabot was
also broken for the impact. The broken sabot fragments
could be intercepted by the protective plate, and the ball
would fly to the target plate through the small hole in the
center of the protective plate. The velocities of the residual
body and the ball hitting the target were completed by a
couple of velocity measuring screens before and after the
target and a tachometer, respectively. When the impact velo-
city was higher than the ballistic limit velocity, its residual
body and plug as well as the chipped debris on the back of
the target would be collected by the residual body recovery
device after the ball penetrates the target plate.

Results and discussion

Calculation of the ballistic limit velocity

The magnitude of the ballistic limit velocity of the frag-
ment toward the target plate was an important indicator for
measuring the penetrate effect of the fragment on the target
plate and one of the main parameters for evaluating the
power of the ammunition,?®*' which was the average value
of the highest velocity of the fragment partially penetrated
the target plate and its minimum velocity when fully pene-
trated the target plate. The ballistic limit velocity of the
fragment through the target plate could be characterized
by vso.>* A large number of experiments had proved that
vso obeyed the normal distribution for a given target sys-
tem. When the nonpenetration number was greater or less
than the penetration number, the calculation formulas for
vso were as follows:
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Table I. Structure size and ballistic limit velocity of Ti/Al;Ti-
laminated composites target.
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Figure 2. Ballistic limit velocity of Ti/Al;Ti-laminated composites
target. Ti/Al3Ti: titanium—titanium tri-aluminide.

Ny —Np
vso = VA+————(Vymax — V 1
50 A NN+NP(N 4) (1)
Np—Ny
=V —— (V4 — Vpmin 2
Vs A+NN+NP(A Pmin) (2)

In the formula, V4 is the average value of all velocities
in the mixed zone of penetration and nonpenetration, Ny
is the number of the unpenetrated fragments in the
mixed zone, Np is the number of penetrating fragments,
Vnmax 18 the maximum velocity of the unpenetrated
fragments, Vp,in is the minimum velocity of the pene-
trated fragments.

Based on the above experimental scheme, using tungsten
alloy spherical fragments for Ti/Al3Ti-laminated composite
target plates with different surface densities, the ballistic
performance experiments were performed at different
impact velocities, and the corresponding ballistic limit velo-
cities were obtained. The detailed parameters of the compo-
site target plates are listed in Table 1, and Figure 2 shows the
change law of the ballistic limit velocity with the target area
density. It can be concluded that the energy absorption of the
Ti/Al;Ti-laminated composite target varies with the target
surface density near the ballistic limit velocity.
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Figure 3. Energy absorption characteristics of Ti/Al;Ti-laminated
composites target. Ti/Al;Ti: titanium—titanium tri-aluminide.

Effect of the target area density on the ballistic energy
absorption

Regarding tungsten balls as a rigid body, the energy absorp-
tion of penetrating the Ti/Al;Ti-laminated composite target
could be calculated by the ballistic test results with the
following formula:

E,= %mpvl-2 - %mpvf (3)

In the formula, E, is the energy absorbed by the target
plate during the tungsten alloy spherical fragment penetrat-
ing the target plate, m, is the mass of the tungsten alloy
spherical fragment, v; is the initial velocity before the tung-
sten alloy spherical fragment penetrating the target, v, is the
remaining velocity of the tungsten alloy spherical fragment
that had penetrated the target plate.

At the ballistic limit velocity, v,, = 0, and E, could be
expressed as follows:

1 2
E, = -m,vs,

; @)
The calculated result of the energy absorbed of the target
is listed in Table 1, and Figure 3 shows the curve of the
energy absorbed by the target as a function of its area den-
sity. It can be seen that the energy absorption of the Ti/
Al;Ti-laminated composite target enhanced as the area den-
sity of the target increased near the ballistic limit velocity.

The empirical formula for the ballistic limit velocity

The process of the tungsten alloy spherical fragment verti-
cally penetrating the Ti/Al;Ti-laminated composite target
was related to many parameters, and all of the thermal
effects were ignored in this article. The main independent
physical quantities that determined the ultimate ballistic
velocity are summarized in Table 2.

It can be seen that the ballistic limit velocity of tungsten
alloy spheres vertically penetrating a finite thickness of
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Table 2. Independent physical quantities of controlling ballistic
limit velocity.

Materials Parameter name Dimension
Tungsten alloy spherical Density p, (kg-m~3) ML3
fragment Diameter d,, (m) L
Sound velocity LT
Co(m-s™")
Elasticity L~'MT2
modulus E,(Pa)
Shear modulus L'MT 2
G, (Pa)
Young’s modulus L~'MT2
Hy, (Pa)
Yield strength Y, (Pa) L~ 'MT 2
Ti/Al;Ti-laminated Density p, (kg-m~?) ML~3
composite target Thickness h, (m) L
Impact toughness L='MT2
K: (Pa)
Elasticity modulus L 'MT 2
E; (Pa)
Shear modulus G, (Pa) L~ 'MT2
Hardening modulus L='MT2
H, (Pa)
Yield strength Y, (Pa) L~ 'MT2
Sound velocity LT

C(m-s~")

Ti/Al3Ti: titanium—titanium tri-aluminide.

Ti/Al;Ti-laminated composite target was a function of
15 physical quantities, that is:

v :f<ppadp7CP7Epa GpaHpa YpaptathhKhEhGhHh Yt)
(5)

Select p,,d,, and Y, as the independent dimensional
physical quantities, and according to the principle of
dimensional homogeneity, other derived quantities could
be written as a dimensionless form as follows:

AR SR SR R e 1
1;[ pp’g dp’l:[ Yp/ppvlgl Y,
TR § A  (EEA y GRS
1;[_ p711_[ p71_1[ » o Y

Based on the dimensional analysis I7 theorem, the equa-
tion (3) was rewritten into a dimensionless parameter form
as follows:

=f(II1, Iy, 1I12) (7)

The parameters of I to II5 and II; to II;, were only
related to the material properties. With the sphere and tar-
get plate materials determined, the above 11 similar para-
meters were satisfied by themselves. Therefore, equation
(7) could be simplified as:

1)
Y,/ Pp P
From the previous analysis, we could know that the
ballistic limit velocity of tungsten alloy spherical frag-
ments penetrating the Ti/Al;Ti-laminated composite tar-
get should follow the law of geometric similarity under
the condition that the ball and target materials were
unchanged. That is, the dimensionless ballistic limit
velocity of the ball penetrating the target was only a
function of the thickness of the target and the initial
diameter of the ball.
Therefore, we could know from equation (7) that:

B K ht o
V= d,

In the formula, K and « are undetermined constants.
Taking the logarithm of both sides at the same time, we
get the following equation:

(8)

©)

h
Inv = InK + aln (—t> (10)
dp
Assuming that,
hy
y=1Iln, 4 =1k, x=In|— (11)
dp
So,
y=A+oax (12)

Based on the results of ballistic experiments, multivari-
ate linear regression was performed on equation (12), and
the coefficients obtained from the regression were substi-
tuted into equation (9) to obtain the ballistic limit velocity
of tungsten alloy spherical fragments vertically penetrating
the Ti/Al;Ti-laminated composite target.

Therefore, the empirical relationship of the ballistic
limit velocity of the tungsten alloy spherical fragment ver-
tically penetrating the Ti/Al;Ti-laminated composite target

was as follows:
L12
vy =378 (ﬁ)
dp

In the above formula, v is vsg. Since formula (13) was
obtained based on the dimensional analysis and the fitting
analysis was based on the experimental results, it was suit-
able for the tungsten alloy spherical fragment penetrating
the Ti/Al;Ti-laminated composite target. The applicable
parameter ranges were v < 950 m/s and 0.47 <h,/d, <2.16.

(13)
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Figure 4. Comparison between experimental and calculated
values of ballistic limit velocity.

Table 3. Comparison between experimental and calculated
values of ballistic limit velocity.

Ballistic limit velocity vsg (m/s)

Experimental Calculated The relative

No. result values error (%)

| 168 164 —24

2 252 247 -2

3 327 334 2.1

4 516 514 —04

5 684 702 2.6

6 922 896 2.4

Table 3 and Figure 4 present the comparison between
the experimental value of the ballistic limit velocity of the
tungsten alloy spherical fragment penetrating the Ti/Al;3Ti-
laminated composite target and the calculation result using
formula (13).

From the data in Table 3 and Figure 4, it can be seen that
for the tungsten alloy spherical fragment penetrating the
Ti/Al;Ti-laminated composite target system, the average
value of the relative error between the calculated value of
the ballistic limit velocity and the experimental value was
less than 2.7%, and the maximum single error was 3.8%,
which met the requirements of engineering applications.

Conclusions

1. The ballistic limit velocity of tungsten alloy sphe-
rical fragment and the ballistic energy absorbed by
the target plate increased with a higher target arca
density of the Ti/Al;Ti-laminated composite.

2. The empirical relationship of the ballistic limit
velocity of the tungsten alloy spherical fragment
penetrating the Ti/Al;Ti-laminated composite tar-
get with different thickness was obtained by means

of the dimensional analysis method and the similar
theory, and the calculation results coincided well
with the experimental values and met the engineer-
ing calculation requirements.
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