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Summary:

This paper describes the numerical modeling of impact damage caused by
impacts of projectiles on metal structures and the experimental results of
impacts of projectiles of different shapes on metal structures. The experiments
were carried out by the impact of projectiles on metal barriers of steel and
aluminum of different thicknesses with the change in the impact speed of
projectiles. In order to make the effects of experimental impact simulations as
close as possible to real ones, the missile impacts are varied to match the
average and limit speeds of impacts of projectiles that break obstacles. The
obtained experimental results coincided well with the real effects on metallic
obstacles and similar conducted tests from foreign literature.

Key words: aircraft, aircraft structure, impact, impact damage, modeling,
missile, bullet projectile, penetrator, projectile penetration, penetration,
ballistic protection.

Introduction

The impact of a projectile onto an obstacle at high speeds can cause
various forms of damage to the obstacle. Depending on the speed of the
projectile and the resistance of the obstacle, the projectile usually breaks
through the obstacle, creates a surplus and / or stays in the obstacle or
destroys the obstacle completely. The process that arises during the
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impact of the projectile and its possible breakthrough is hard to conceive
without any comprehensive experimental testing. However, numerical
calculations in a combination with theoretical and experimental results
provide a wide range of analyzes of different types of impacts from the
point of view of materials used, geometry and variations of all parameters
of the impact (initial projectile velocity, angle of impact).

Numerical modeling requires knowledge of both numerical methods
and the mechanics of a rigid and deformable body (material resistance,
theory of elasticity and plasticity, propagation of the deformation wave, etc.).

The earliest numerical simulations of impact and penetration were
related to high impact and these early formulations did not include strength
effects, so metals were treated as viscous fluids, and the terms
"hydrodynamic computer codes" were used to refer to these computer
programs (Anderson, 1987, pp.33-59). Anderson et al. (1994, pp.201-223)
gave a brief history of the evolution and development of hydrocodes in
relation to impact problems in which models of damage and deep penetration
are particularly indicated. The most used models for determining possible
structural damage in hydrosimulations required the definition of a critical value
of voltage, deformation, plastic work, and other current criteria.

Penetration of high speed projectiles

In order to describe various phenomena that occur during ballistic
penetration, it is necessary to characterize the behavior of materials in the
conditions of impact load that generates high deformation rates. Characterization
includes not only stress-deformation reactions in large deformations, different
deformation rates and temperatures, but also the accumulation of damage and
the type of damage. Such complex material behavior includes fractures which are
difficult to describe with analytical models. In numerical simulations, constituent
models of any degree of complexity can be incorporated into the code. However,
although many difficulties in obtaining constants for dynamic material behavior
are present, engineering models are preferred for more sophisticated models.
The first problem examined is the penetration of an aluminum plate with a
projectile made of Ame tool steel and the second problem is the penetration of a
steel target with a projectie made of Ame tool steel as well (Backman &
Goldsmith, 1978, pp.1-99).

Low density, high specific strength, good energy absorption, good
corrosion resistance, good thermal conductivity and poorer sensitivity to
adiabatic shear and thermoplastic instability are the characteristics of
aluminum alloys that make them suitable for this purpose. In addition, many
aluminum alloys can easily be shaped into complex structures.
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In this paper, the perforation of a Weldox 460E steel plate and an
aluminum plate with a steel projectile will be considered. The most important
characteristic that points to the protective capability and resistance of the impact
board is the ballistic limit i.e. ballistic boundary velocity which represents the
greatest speed of impact of the projectile in which the plate will not break. In
order to determine the ballistic speed and the remaining speed in the past,
analytical and empirical models were created; they could somehow predict the
behavior of the materials exposed to impact. With the development of computer
technology, a possibility of numerically solving this problem was created. The
most commonly used methods for numerical stroke calculation are the Finite
Element Method (FEM) and the Smooth Particle Method (SPH). Lately, a
combination of these two methods, the SFM method, has become increasingly
popular.. In this paper, we will show the analysis of the impact of a projectile
with a sharp tip on a flat aluminum plate and compare the results obtained with
the FEM and SFM methods with the experimental results.

Constitutional model

The impact is often caused by the plastic flow of materials with high
deformation rates, local temperature rise and material cracking. The standard
approach to solving the problem of impact involves two different constituent
models: one that defines plasticity and the other that defines the criterion of
damage (breakdown) of the material. In the literature for this type of analysis,
Jonson-Kukow (JS) constitutive models are most often used, and for this
reason they will be used in this paper as well. These two models are not linked
and can be used separately.

Johnson & Cook created a constitutive model for metals exposed to
large deformations, high deformation rates and high temperatures, primarily
designed for impact calculations (Johnson & Cook, 1985, pp.31-48). In order
to define the characteristics of the material, this model uses five different
coefficients which must be determined by experimental testing. Johnson &
Cook presented Fon Mises's flow stress with the relation:

g=[4+Bz i+ cg Ji-1] (1.1)

where & is the von Mises equivalent of voltage. The coefficients A, B, n,
C and m are the material constants. The constant A is the flow stress, B
and n are the results of hardening, and C is the deformation rate

constant. E; = Ep / €, is the dimensionless deformation speed, §p is the

the quivalent plastic deformation, &, is the reference deformation rate,
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T" is the corresponding homogeneous temperature defined as
T :(T—T,,)/(Tm —T,), and T is the absolute temperature, while the

exponents r and m indicate the room temperature and the melting
temperature. Borvik et al (2003, pp.413-464), (2004, pp.367-384) made
the modification of Johnson-Kook's model and his relation is in the form:

g=la+Be Ji+z [ [i-1" (1.2)
In this model, we can see that when the deformation rates are
approximate, i.e. uniform, then the deformation rate tends to zero, which has a
great advantage in determining the model parameters and for the numerical
implementation of this model.
By combining an elasto-high-plastic model with ductile damage, a quasi-
Fon Mises voltage is given as

&=[1-ppJa+Br -+ 1-1"], (1.3)

where D is variable damage, taking the values between 0 as conditional
and 1, when a complete breakthrough occurs, 7= (l—ﬂD) is the

damage equivalent to the plastic deformation rate, and 7 = rl g, is the

dimensional damage equivalent to the plastic deformation rate.

Lee & Yoo (2001, pp.819-829) have also taken into account the effect of
temperature increase resulting from the adiabatic heating of materials, i.e. work
that transforms into heat when it flows into heat:

szpcp , (1.4)
p

where p is density, C, is specific heat, and x (Taylor, 1948, pp.103-124) is

the empirical coefficient which represents a ratio which transforms into heat in
a plastic flow. For metal plates, it is usually assumed that this coefficient is 0.9.

The authors of this paper consider that satisfactory results can be obtained
by the original Johnson-Kuk model, and for this reason only the standard
unconfigured Johnson-Kuk's constitutive model of material strength will be used.
As a criterion for material fracture, Johnson & Cook proposed a constituent model
adapted to computer simulations, and it is represented by relations:

o=[a+B(e, FJi+cm g‘eff{l - (Mjb] (15)

(7, -7,
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p-yA¢ (16)
t=0 &
¢ = {Dl + D, exp D{&ﬂ[l +D,Iné, [1-D,T"], (1.7)
- :

where ¢/ is the equivalent deformation to fracture under the current

temperature conditions, (g,=7s-1) and ¢, are equivalent and plastic
stretching, éeff =g, /g, the effective stretching rate, T, and T, are the

reference flow temperature and room temperature, tc is the time in the
time of impact, o, and o, are average normal and equivalent voltage and
A, B, a, C and b are the constants of the material.

In these relations, D represents five parameters of the element damage
and a fracture is possible when D=1.

Modeling of materials

Johnson-Cook's constituent models of strength and breakage of materials
were used for the numerical analysis in this paper. The material used in the
analyses is a Weldox 460E steel plate and an aluminum alloy AA5083-H116
plate. This alloy belongs to the class AASxxx, i.e. aluminum-magnesium alloys.
It has good rolling properties and is therefore convenient for use; it also has
good corrosion resistance. The AA5083-H116 alloy is the second-strongest
commercial aluminum-megane-based alloy. A detailed analysis of the material
characteristics and the definition of the coefficients for Johnson-Kuk's
constitutive models were done by Clausen et al. (2004, pp.260-272).

The characteristics of the materials and the values of the coefficients used
in the analyses are shown in Tables 1-3.

Table 1 — Characteristics of the materials for the Weldox460E steel plate
Tabnuua 1 — Xapakmepucmuku Mmamepuarsnos 07151 cmarnbHoU niumsi Weldox460E
Tabena 1 — Kapakmepucmuke mamepujana 3a 4Yenu4Hy rirody Weldox460E

P A B B
E [GPa 1% n C m Dc
(el [kg/m3] | MPa] | [MPa] | [s-1]
200 0.33 7850 490 807 1 0.73 | 0.00114 | 0.94 | 0,30
Cp — Tt Ta

o o [K-1 D1 D2 D3 D4 D5
[J/kgK] K | K
910 0.9 [1.1x10°| 1800 293 0.0705 | 1.732 -0.54 -0.015 0
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Table 2 — Characteristics and constants for the AA5083-H116
Tabnuua 2 — Xapakmepucmuku u koHcmaHmsl AA5083-H116
Tabena 2 — Kapakmepucmuke u koHcmaHme 3a AA5083-H116

2 B I
E [GPa 1% A [MPa n C m Dc
[GPa] [kg/m3] (MPal [MPa] | [s-1]
70 0.3 2700 167 596 1 0.551 | 0.001 | 0.859 | 1
CplU/kgK]| @ | @ [K-1] |Tm [K]|TO [K]| D1 D2 D3 D4 D5
452 09 | 23x10%| 893 293 |0.0261| 0.263 | -0.349 | 0.147 | 16.8

The projectile is modeled with the characteristics of Arne tool steel. Its
characteristics are shown in Table 3.
Table 3 — Characteristics of Arne tool steel
Tabnuua 3 — XapakmepucmuKku UHcCmpymMeHmarnbHol cmasnu ApHe
Tabena 3 — Kapakmepucmuke anamHoa Yyesiuka apHe

Oy v P E Et
[GPa] [kg/m3] [GPa] [MPa] [%]
1.9 0.33 7850 204 15 2.15

In this study, steel projectiles with different tip shapes and dimensions (blunt,
conical and hemispherical) were used to simulate perforation and penetration
(piercing, deep damage and blooming) of steel and aluminum plates.

(I) The blunt projectile was used to test impact damage including the
perforation of the Weldox 460E steel plate with a plate thickness of 6, 8, 10, 12,
16 and 20 mm,

(Il) Perforation of steel plates with a thickness of 12 mm projectiles of
different tips, and

() Perforation of AA5083-H116 aluminum plates with conical steel
projectiles with thicknesses of 15, 20, 25 and 30 mm.

The simulated values of initial velocities and ballistic boundary velocities
are compared with the experimental results.

In high-speed impacts, materials are usually subjected to extreme
stretching, high impact of plastic deformations, increased temperature and
serious damage. The constitutive bond for metals, Johnson-Kook's model, was
proposed considering all the above parameters, Johnson-Kuk's model
materials. The damage parameter, stretching and fracture are expressed in the
original form, as in the equations from 1.5t0 1.7.

Numerical analysis

Independently of the experimental testing, the mechanisms of damage to
the steel Weldox 460E plates and the AA5083-H116 aluminum plates during a
ballistic shock can be determined using numerical simulations. Although this
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method has become popular in characterizing all types of materials,it has to
be used with caution and always confirmed by experiments. It is also
uncertain whether experimental testing can be completely replaced by a
numerical simulation.

A numerical simulation of the problem of impact on the steel and
aluminum plates was carried out by a projectile from Arne tool steel and
analyzed to obtain estimates of global damage. All these predictions were
made using the numerical code of the final difference of the AUTODYN-2D
and 3D program, and then compared with the experimental data to illustrate
the simulation performance. Autodyn has seven different solverers for spatial
discretization: Lagrange, Shellm, Beam, ALE, SPH, Euler-FCT, and Euler-
Godunov. When it comes to balistics problems, the most commonly used
ones are the Lagrange and SPH solvers. The SPH is also a Lagrange
method based on the interaction of adjacent particles.

Numerical calculations have been made for the Weldox 460E steel and
AA5083H116 aluminum sheets of different thicknesses and different initial
projectile speeds. The geometry of the projectiles and the shapes of the tips
are shown in Figure 1.

Software for explicit solving of the equations of the state in the Langranges
coordinates was used for numerical calculations. The Lagrange formulation is
easier to apply for this type of calculations, because with the Euler formulation,
there are difficulties in precisely defining deformable material boundaries and
the contact between the projectiles and the plates. In the Lagrange formulation,
the net moves and deforms with the material which is modeled so that the
maintenance of the mass is automatically satisfied. If we consider the three-
dimensional (3D) body occupied by the Lagrange space of the volume V

undergoing the" stretch £, (t) over the part of the external surface of S; and
with the force of the external body f,, (t) we obtain that the virtual work is equal
to:

l i, Su,dV + l o, 0u, ,dV — ! o ou,dV — j fuds =0 (18)

t

where p is the density of the material, o; the Kosi stress tensor, u;;
acceleration, and du, necessary virtual displacement.

By applying spatial discretization to the finite elements of equation 1.8, the
main equation becomes:

(M Yi)+ [K Ju) = (F) (1.9)
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Niora)

[]=>" [ p[NY [N Jav, (1.10)

m=0p

where the M, K and N matrices are a function of mass, stiffness and
shape, nyy is the total number of elements in the domain, V, is the
volume of the element, and F is the equivalent vector of the nodal force
of the combined internal and external forces, including those obtained by
restoring the body during the impact. For the problem of high velocity
impact, the method of explicit central difference in time for solving
equation 1.10 is used.

2mm

il

30mm

68 mm

20 mm 20 mm

blunt cone hemispheric

Figure 1 — Geometry and dimensions of projectiles with different tip shapes
Puc. 1 — Neomempuydeckue ¢hopMbi U pa3mepbl CHaps008 C PasiuyHbIMU 20/108KaMu
Cnuka 1 — leomempuja u OumeH3uje npojekmura ca pasnu4yumum obruyuma epxosa

The Smooth Particle Hydrodynamics Method (SPH) is a non-homogeneous
Lagrange method which can naturally solve problems involving large
deformations and serious material damage, and is therefore a convenient tool for
solving high-speed impact problems. The method was first developed by (Lucy,
1977, pp.1013-1024), (Gingold & Monaghan, 1977, pp.375-389) to describe
astrophysical phenomena. The system is represented by a set of particles, and
the variable to the observed domain is calculated using the use of interpolation
functions. An integral representation or approximation of the core function f(x) by
an overlapping subdomain of the influence Q can be expressed as:

@)= [ G (x = x,, ), (1.11)
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where W is the core alignment function, and h is the alignment length
that represents the unit measure of the subdomain of the effect of the
function W (Figure 2a). To satisfy the required partition of the unit
condition, the interpolation function must be normalized in each
subdomain:

[ 7 Ge (= x, ), =1 (1.12)

The commonly used interpolation function, the cubic "B-spline", is
expressed as:

(Ej(2—q)3 l<g<2 (1.13)

where q=(x-xi)/h, (£ =1,2 or 3) is the dimension of the problem, and K is
the scaling factor for agreement with equation 5.12.

Relationship between FEM and 5PH

48 i :nﬂrlm--ghq-.....h -
R BB
$
g ,: =
i B
Pl =
u - :
e rihisse et £. Domains of
HEreTerr z
i RS =t influence
'3 T
n-# £
saif
SiHEH I
i 3T .
i =
a) Elements and knots b) SPH particles

Figure 2 — Coupled SPH and FEM methods
Puc. 2 — ConpsixeHHbIl SPH u FEM memod
Cnuka 2 — CnipeegHyma Cl1X u ®EM memoda

Based on the conservation of mass, moment and energy in the solid-state
mechanics, the SPH basic equations express the causal differential equations
of maintaining the amount of motion that connect the acceleration to the voltage

tensor and look like:
1
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p=bh +—E 44— 4 (1.14)

p=>b,+ = 1.15
=5 Ox oy 0z (115)
oo,
pz — bz + aazx + O-Z,V + ao-zz , (116)
ox oy oz

where p, o and b are density, voltage and acceleration in the direction

of the axes x, y and z in the original form.
The energy conservation equation is represented by the relation:

1 i . :
é=—(0,é,+0,¢é, +0, &, +20, &, +20, 6, +20,.6.) (1.17)
Yo,

xx < xx ww 2z% zz xy < xy vz yz

It should be noted that explicit software only imposes the conservation of
mass and quantity of motion, while the conservation of energy is observed due to
the evaluation of the quality of the solution. The lack of solving Lagrange's
formulation by the finite element method is the problem of large distortion of
elements, interruption of elements and the occurrence of negative volumes.
There are methods for solving this problem, for example by introducing elements
erosion; however, more recent introduction of the SPH domains in the domain of
large deformations is becoming more and more important. The SPH is a non-
homogeneous Lagrange method developed to describe astrophysical
phenomena; however, it is suitable for solving the problem of impacts in which
major deformations and material damage are present. With the SPH method, the
system is represented by a set of particles and their variables are counted using
the Kemel interpolation function. The integral representation, i.e. the kemel
approximation for the function f(x) for the subdomain Q is presented in the form:

<f(x)> = f(x')W(x - x',h)dx' (1.18)

where W is the Kernel function, and h is the domain effect influence of the W
function. The Cuban B-spline function is most often used to align the Kernel
function. The combined (matched) method (SFM) is used for the optimization
and the best use of computer programs. This method models the SPH
domain only in the domain of large deformations, i.e. where large damage is
expected, which reduces the number of SPH particles and, therefore,
significantly reduces time for calculations. The use of the FEM for the rest of
the calculation domain improves the accuracy of the solution. The SPH

e



particles with the domain of influence and the SPH-FEM interface in the SFM
method are shown graphically in Figure 2.

For numerical testing, the SFM simulations of the perforations of the
Weldox 460E steel and AA5083-H116 aluminum plates of variable
thicknesses were performed by projectiles of various tips (blunt, conical and
hemispherical). The geometry of three projectiles of different tip shapes is
shown in Figure 1 (Anderson, 2005, pp.135-142).

The modeling of each individual target plate consists of two regions. For
all analyzes, both for the method of finite elements and for the combined
method, an axisymmetric model was used. The parts of the FEM and SFM
networks used for the analysis are shown in Figure 3, for conical, blunt and
hemispherical projectiles. Numerical SPH particles are adopted in the vicinity
of impacts where damage and large deformations are expected, while the rest
of the target domain and projectiles are modeled using the use of finite
elements as shown in Figure 3. The problem can be reduced to an axially
symmetrical flat case or a spatial one when a quarter of the domain is
modeled, given the symmetry in the x; and y; planes, where the boundary
conditions of the symmetry are imposed on the FEM network. The set of
particles is defined to provide the symmetry condition for the SPH region.

30 FEM and SFM

11

slant hemispheric blunt

slant hemispheric hlunt

Figure 3 — 3D and 2D FEM and SFM projector networks and projectiles
Puc. 3—-3Ju 2] FEM u SFM pac4yemHasi moOesib mpaekmopuu cHapsida
Cnuka 3 — lNpopayyHcke mpexe nnoyve u npojekmuna 3D u 2D ®EM u COM

T
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The numerical simulations performed in this paper were carried out using
the Autodyn software, 2D and 3D for two-dimensional and three-dimensional
problems, respectively. This program is based on finite difference methods, finite
volumes and finite elements. It also possesses the possibility of calculating with
the so-called meshless method, ie. by the method of hydrodynamics of smooth
particles, which is suitable for calculations where large deformations and high
deformation rates occur, as in this case. If one of the above mentioned networks
is used, it is necessary to take into account the erosion of the elements.

The Johnson-Kook material model was adopted for target plates, while
each projectile was modeled as a simple elastic-plastic material with isotropic
hardening. The important constants of materials for steel and aluminum specific
plates and solidified steel projectiles are given in Tables 1-3.

Analysis of the influence of different input parameters
on the results of numerical calculations

The initial numerical results of the perforation of the steel plate by cone
projectiles using the SFM show that natural speeds are sensitive to the distance
of SPH particles. The network sensitivity phenomenon is also observed for the
FEM simulation by Dey (Dey, 2004) who considers it to be a consequence of a
localized adiabatic projection in the area around the penetration of the projectile.
Therefore, the study was carried out to investigate the effects of SPH particle
distances for two samples: Weldox 460E steel plates with a thickness of 12 mm
and aluminum plates with a thickness of 15 mm. The SPH convergence study
for two cases, as shown in Figure 4, shows that reasonable convergence
results can be achieved using the distance of the SPH particles of 0.6 mm,
which is the value adopted for the subsequent calculations. The SPH distance
effects were tested for projectiles with a sharp conical tip as well and the results
confirmed that the same 0.6 mm particle distance can be adopted.

The melting temperature and the strength of the plates used for testing
affect the friction coefficient values used in this study. The lower melting
temperatures tend to produce a thinner layer between the plate (target) and the
projectile, which acts as a lubricant. In the published paper, photomicrography
of the penetration of an aluminum target plate with a spherical top projectile at
an initial velocity of 120 [m/s] shows significant microstroutural changes in a thin
layer of 5 - 15 ym in a plane around the projectile (Rosenberg & Yeshurun,
1988, pp.357-362), (Rosenberg & Tsaliah, 1990, pp.247-251). A similar
behavior is observed for other sharp-pointed missiles, such as conic and
pointed tips, on the contact surface between the target material (target) and the
projectile, when the target moves vertically. Such an event tells us that sliding
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friction between projectiles and targets exists and must be taken into account.
The mentioned layer was not perceived for the perforation of a blunt projectile,
because the target plate was broken due to localized adiabatic shear, causing
negligible contact friction between the projectile and the target. This was
confirmed by the perceived constant natural velocity after damaging the plate
due to the adiabatic shear of "splitting" and compacting the blunt projectile,
which (Borvik et al, 2003, pp.413-464), (Borvik et al, 2004, pp.367-384)
published in his scientific papers.

— Steel 5FM d=0.60mm — : = Stee| 5FNT, d=0.10mm ,
— — — Steel SFM  d=0.80mm m  EXP Steel

————— Al SFM |, d=0.10mm - Al SFM | d=0.80mm
Al SFM | d=0.60mm ® EXPAl

Output speed [m/s]

Starting speed [m/s]

Figure 4 — An analysis of the distances of SPH particles for the impact of the conical
projectile on the steel plate of 12 mm and the aluminum plate of 15 mm
Puc. 4 — Ananu3s paccmosiHusi SPH yacmuy, om y0apa 0CmpOKOHEYHO20 cHapsida o
cmarnbHyto nnumy 12 MMm u antomuHuesyto nnumy 15 mv
Cnuka 4 — AHanusa ydarbeHocmu Cl1X yecmuuya 3a ydap KOHycHO2 npojekmuria o
qyesnuy4Hy riody 0ebrbuHe 12 mm u anymMuHujyMcky niody 0ebrbuHe 15 mm

Choosing the appropriate friction coefficient value, , is complex because
no experimental data is currently available for high velocity. Ravid & Bodner
(1983, pp.577-591) presume the values of y = 0.7 and y = 0.05 for the
perforation of steel plates by high-velocity missiles for the frontal and lateral
surface of the projectile. A lower value for the lateral surface of the projectile is
expected due to the high velocity effect and the presence of a thin viscous film,
as the material temperature increases over the melting point in the contact
surface. In order to compare the data from this paper, tests with three different
friction coefficient values were carried out, for g from 0.0, 0.05 and 0.1, which
were used for perforations with a conical tip projectile through a steel target

5
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plate of 12 mm thickness. The natural display versus the initial velocity of the
projectile with the adopted three values u are given in Figure 24. A significant
effect of friction at a natural velocity can be noticed. The friction coefficient y =
0.05 indicates that it provides a reasonably accurate result simulated over the
SFM. In the following simulations, perforation with conical tip projectiles was
adopted. Also, in further analyzes, a simulation was performed for blunt
missiles with the friction coefficient y = 0.02 for different thicknesses of steel
plates (6, 8, 10, 12 and 16 mm) and at different speeds, but only for the FEM
method. The simulations are shown in Figures 29 through 34. In the analysis
of the SFM method, it is noted that with the influence of friction, the erosion of
the elements at the exit of the projectile occurs, so that they are not
considered with the influence of friction (Spasi¢, 2015).

In order to compare the data from the studied scientific papers, the
experimental data were compared with those derived from the friction
coefficient y of 0.0, 0.05 and 0.1 for a 15 mm thick AA5083.H116 aluminum
plate perforated with a conical tip projectile. Figure 5 shows the numerical
results used for the indicated values, where it is also confirmed that the results
agree well with the results of the impact test. This value was adopted for the
subsequent analysis of the aluminum plate perforation.

Steel SFM.p=0 = + = Stee| SFM p=0.05
— — — Steel SFM, p=0.1 W EXP, Steel
------ AISFM ji=0.05 - Al SFM 1=0.1
ALSEM =0 ® EBrAl

QOutput speed [m/s]

Starting speed [m/s]

Figure 5 — Friction effects in the perforation of a 12 mm thick steel plate and s 15 mm
aluminum panel by conical projectiles
Puc. 5 — 3gpghekmbi mpeHus npu nepgbopayuu cmarnbHoU naumsi, moawuHol 12 Mmm u
anoMuHUesoU naumsl, monauwuHol 15 MM, oCmMpoKoHeYHbIM CHapsi0oM
Cnuka 5 — E¢pekmu mpersa npu nepgbopayuju YenuyHe rnoye 0ebsbuHe 12 mm u
anyMmuHujymcke rinoye 0ebrbuHe 15 mm KOHyCHUM rpojeKmusiom
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Analysis of weldox 460e steel plate perforation
Perforation of blunt projectiles by the SFM method

In this part, an analysis of the perforation of steel plates of different
thicknesses of 6, 8, 10, 12, 16 and 20 mm was performed, due to different
speeds with a blunt projectile, using the 2D SFM method of Autodyn. Numerical
natural and ballistic boundary speeds are compared with the experimental data
published by (Borvik et al, 2003, pp.413-464), (Borvik et al, 2004, pp.367-384)
in his work. In the paper, it has been confirmed that, except for thin plates, at
relatively low initial velocities of the projectile of about 170 [m/s] and less, the
SFM results agree well with the experimental values. Figures 6 to 11 show the
results of a numerical analysis of blunt projectiles at various speeds of 435.6

[m/s] to 145 [m/s] for plates of 6, 8, 10, 12, 16 and 20 mm thicknesses.
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Figure 6 — Analysis of the SFM by a blunt projectile for a plate with a thickness of 6mm

Puc. 6 — AHanu3 SFM myrokoHe4YHbIM cHapssdoM Ha naumy, monauwuHol 6 mv
Cnuka 6 — AHanuza C®M myrium ripojekmuriom 3a ririody 0ebrbuHe 6 mm
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Figure 7 — Analysis of the SFM by a blunt projectile for a plate with a thickness of 8 mm

Puc. 7 — AHanu3 SFM myrnokoHe4YHbIM CHapsiOoM Ha niaumy, monuwuHou 8 Mmm
Cnuka 7 — AHanusza COM mynum npojekmusiom 3a rnrnody debrbuHe 8 mm
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Figure 8 — Analysis of the SFM by a blunt projectile for a plate with a thickness of 10 mm

Puc. 8 — AHanus SFM mynokoHe4HbIM cHapss0om Ha rnumy, monuuHod 10 mm
Cnuka 8 — AHanuza COM mynum npojekmursiom 3a rsiovy 0ebrbuHe 10 mm
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Figure 9 — Analysis of the SFM by a blunt projectile for a plate with a thickness of 12 mm
Puc. 9 — AHanu3 SFM myrnoKoHeYHbIM CHapsi0oM Ha naumy, moauuHol 12 mm
Cnuka 9 — AHanusza COM mynum npojekmurnom 3a riody 0ebrbuHe 12 mm
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Figure 10 — Analysis of the SFM by a blunt projectile for a plate with a thickness of 16 mm

Puc. 10 — Aranu3 SFM myrniokoHeuyHbIM cHapsadoMm Ha nnumy, monwuHot 16 Mmvm
Cnuka 10 — AHanusza COM mynum nipojekmursiom 3a rrovy debrouHe 16 mm
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Figure 11 — Analysis of the SFM by a blunt projectile for a plate with a thickness of 20 mm
Puc. 11 — Ananu3z SFM mynokoHe4YHbIM cHapsi0oM Ha rnaumy, monawuHol 20 Mm
Cnuka 11 — Ananusza COM mynum npojekmunom 3a nnody oebrbuHe 20 mm

Ballistic limit speed is defined as the minimum projectile speed required to
break the target plate. The obtained results indicate that the application of the
SFM method for blunt missiles, especially for thin slabs of 10 mm and lower
values of ballistic boundary velocities, deviates from the experimental results, as
well as in the results published by (Borvik et al, 2003, pp.413-464), (Borvik et al,
2004, pp.367-384). This slope difference is explained as a change in the shape
of a fracture of adiabatic shear and fracture by compression for thick slabs to
global propagation and thin panel slab fracture.

Perforation of blunt projectiles by the FEM method

For the comparison of the obtained results, the analysis of the perforation of
steel plates with different thicknesses of 6, 8, 10, 12, 16 and 20 mm was
performed, due to different speeds with a blunt projectile using the 2D FEM
method for the Autodyn program. In this analysis, using the FEM method for all
plate thicknesses, an analysis was performed using the friction effect y = 0.02.
The analysis was performed for a range of speeds of 145.3 [m/s] to 435.6 [m/s].
The results for boundary ballistic and natural velocities for plates of various
thicknesses from 6 mm to 20 mm are shown in the diagrams in Figures 12 to 17.
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Figure 12 — FEM analysis by a blunt projectile for a plate of 6 mm thickness
Puc. 12 — AHanus FEM myriokoHe4YHbIM CHapsdoM Ha naumy, monuwuHot 6 Mm
Cnuka 12 — AHanusa ®EM mynum npojekmurnom 3a nnody debrbuHe 6 mm
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Figure 13 — FEM analysis by a blunt projectile for a plate of 8 mm thickness
Puc. 13 — AHanu3 FEM myrioKkoHe4YHbIM CHapsOoM Ha naumy, monuwuHou 8 Mm
Cnuka 13 — AHanusa ®EM mynum npojekmuriom 3a nnody debrbuHe 8 mm
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Figure 14 — FEM analysis by a blunt projectile for a plate of 10 mm thickness
Puc. 14 — AHanu3 FEM myrnokoHeuYHbIM cHapsaOoMm Ha nnumy, monwuHou 10 Mm
Cnuka 14 — Ananusa ®EM mynum npojekmusiom 3a riody debrbuHe 10 mm
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Figure 15— FEM analysis by a blunt projectile for a plate of 12 mm thickness
Puc. 15 — AHanu3 FEM mynokoHe4YHbIM CHapsi00OM Ha rniaumy, monawuHod 12 mm
Cnuka 15 — AHanusa ®EM mynum npojekmusiom 3a riody debrbuHe 12 mm
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Figure 16 — FEM analysis by a blunt projectile for a plate of 16 mm thickness
Puc. 16 — AHanu3 FEM myrniokoHeuYHbIM cHapsadoMm Ha nnumy, monwuHot 16 mv
Cnuka 16 — AHanusza ®EM mynum npojekmuriom 3a niody 0ebrbuHe 16 mm
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Figure 17 — FEM analysis by a blunt projectile for a plate of 20 mm thickness
Puc. 17 — Ananu3 FEM mynokoHe4YHbIM CHapsi00M Ha rnaumy, monwuHol 20 Mm
Cnuka 17 — AHanusa ®EM mynum nipojekmuriom 3a ririody debrbuHe 20 mm
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An analysis of the FEM method for ballistic boundary velocities was
performed. These velocities are defined as the minimum speeds of the
projectiles needed to penetrate a fully targeted board. It has been confirmed
that the FEM method provides good agreement with experimental results in all
of the examined thicknesses. The numerical analysis of the blunt projectile, as
shown in the 2D model in Figure 18 and the 3D model in Figure 19, shows that
the correct simulation was performed and a proper cut after the break of the
plate as well as experimental effects was obtained.

Figure 20 shows the results of the temperature change and the effect of
the temperature on the plate perforation. It can be clearly seen from the figure
that the temperature is highest in the part of the edges of the projectiles and
boards. It can be seen from the figure that the breakage of the plate is caused
by the ductile expansion of the hole and the breakthrough due to the flow of the
material of the plate as a result of the adiabatic shear of the temperature. A
similar behavior is observed in other cases for which the calculations were
carried out. The effect of damage by changing the speed obtained by a
numerical analysis is shown in Figure 21, for an initial velocity of V, = 296 [m/s],
indicates the change in the damage of the steel plate from the initial part where
the speed is slowly slowing down and linearly decreasing until the moment of
plate breakage.
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Figure 18 — Perforation of a steel plate with a blunt projectile (FEM method)
Puc. 18 — lNepgopayus cmarnbHOU niaumsl myrnoKoHe4yHeiM cHapsadom (FEM memod)
Cniuka 18 — lNeppopauuja YyenuyHe rrnodye mynum rpojekmusiom (®EM memoda)
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Figure 19 — 3D Flat Perforation of a steel shell with a blunt projectile (FEM Method)
Puc. 19 — UsobpaxeHue 3] nepgopayuu cmanbHOU aumbl mMynoKOHEYHbIM CHapsi0om

(FEM memod)
Cnuka 19 — lNpukas 3D nepghopayuje yenuyHe rniaode mynum rpojeKmusiom
(PEM memoda)
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Figure 20 — Analysis of the change in the temperature field during the breakdown of the
steel plate by a blunt projectile (FEM method)
Puc. 20 — AHanu3 usmeHeHul mernsnoeo2o ross rpu npoboe cmarsnbHOU naums|
mynoKoHeYHbIM cHapsidom (FEM memod)
Cnuka 20 — AHanusa npoMmeHe memrepamypHoe rosba npu npobojy YesauyHe rnioye
mynum npojekmursiom (PEM memoda)
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Figure 21 — Analysis of damage caused by the change of speed in the breakdown of the
steel plate by a blunt projectile (FEM method)
Puc. 21 — AHanu3 nogpexo0eHul u U3MeHeHUs1 cKkopocmu ripu rnpoboe cmasnbHOU Maumal
mynoKoHeYHbIM cHapsidom (FEM memod)
Cnuka 21 — AHanusa owmehera ca npomMeHoMm bp3uHe npu npobojy 4YesiuyHe rioye
mynum ripojekmursiom (PEM memoda)

Comparative analysis of the FEM and SFM methods

By comparing the FEM and SFM methods based on the convergence study
for the adopted elements of 0.25x0.25x0.25 mm? for modeling the target board in
the SFM mode, the impact of the projectile and the network is gradually shifted to
the outer edge. The obtained FEM results, together with the SFM values, predict
a change in inclination similar to those observed in previous experiments. Figures
22, 23 and 24 show a comparative analysis of the numerical simulation results of
the FEM and SFM methods with the same initial speeds, by the action of a blunt
projectile for the plate thicknesses of 6 mm, 8 mm and 16 mm.

o



— 5FM
B Experiment
- FEM

Qutput speed [m)s]

B0 140 130 230 280 130
Starting speed [m/s]

Figure 22 — Comparison of the results obtained by the FEM and SFM methods
for a 6 mm thick steel plate, with a blunt projectile
Puc. 22 — CpagHumernbHbIl aHanu3 pesyrnbmamos, rnosy4yeHHoix FEM u SFM
Memodamu, 8bIMOIHEHHbIX Ha OCHOBAHUU N08pexX0eHUli cmasibHOU MaUumbsl MOAWUHOU
6 MM, opaxeHHOU mMynoKOHEeYHbIM CHapso0oM
Cnuka 22 — lNopehere pesynmama dobujeHux ®EM u COM memodom 3a YenuyHy
rnody debrbuHe 6 mm npobujeHy mynum npojekmuiom
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Figure 23 — Comparison of the results obtained by the FEM and SFM methods for
an 8 mm thick steel plate with a blunt projectile
Puc. 23 — CpasHumernbHbIl aHanu3 pesynbmamos, nosy4yeHHbix FEM u SFM
memodamu, 8bIMOSIHEHHbIX Ha OCHO8aHUU NMOBPeX0eHuUl cmarnbHOU NAUMbl MOMUWUHOU
8 MM, nopaxeHHOU MynNnOKOHeYHbIM CHapsi0oM
Cnuka 23 — lNopehere pesynmama dobujeHux ®EM u COM memodom 3a yernuyHy
rnnody debrbuHe 8 mm npobujeHy mynum npojekmuiom
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Figure 24 — Compatrison of the results obtained by the FEM and SFM methods
for a 16 mm thick steel plate with a blunt projectile
Puc. 24 — CpasHumernbHbIl aHanu3 pesyrnbmamos, nony4yeHHoix FEM u SFM
mMemodamu, 8bIrNONTHEHHbIX Ha OCHOBAHUU 108pexX0eHUl cmarsbHOU Miaumbi MOAWUHOU
16 MM, Mopa>xeHHOU MyrnOKOHEeYHbIM CHapsiO0M
Cnuka 24 — lNopehere pesynmama 0obujeHux ®EM u COM memodom 3a YenuyHy
nnoyy debrbuHe 16 mm npobujeHy mynum rnpojeKmusiom

From the diagram, it can be noticed that the results obtained by the FEM and
SFM methods for the plates of small thicknesses overlap in the initial part; however,
in the final part, near the boundary ballistic velocities, the SFM method has minor
deviations. In the numerical analysis for the SFM method (Fig. 34) an iregular
shape of the separation of the rear part of the plate is seen, and in some cases, the
breakdown and breakage of the plate. For the thicknesses above 10 mm, the
matching of the results is within the limits of tolerance in all phases of the projectile
penetration, which was also shown for the penetration of the blunt projectile by the
SFM method for a plate of 16 mm in thickness.

Perforation of aluminum plates

This part of the paper deals with a perforation of AA5083-H116 aluminum
plates with a thickness of 15 mm to 30 mm with a conical tip projectile. The
software used for the analyses presented in this paper is 2D and 3D Autodyn for
two-dimensional and three-dimensional problems, respectively, in their original
form. Numerical natural velocities of projectiles and ballistic boundary velocities are
compared with the experimental data previously published by (Borvik et al, 2003,
pp.413-464), (Borvik et al, 2004, pp.367-384). The variation of the natural velocities
at the initial speeds for different plate thicknesses of 15, 20, 25 and 30 mm is
represented from Figures 25 to 28. The ballistic boundary velocities increase

o



linearly by increasing the thickness of the plates, as shown in the above figures,
showing a similar fracture pattern to the plates of all thicknesses.
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Figure 25 — Comparison of the results obtained with the FEM and SFM methods for an
aluminum plate with a thickness of 15 mm, conical projectile
Puc. 25 — CpasHumernbHbIl aHanus pesynbmamos, nosy4yeHHsix FEM u SFM
mMemodamu, 8bIMOTHEHHbIX Ha OCHOB8aHUU 08pex0eHull arntoMuHUes8ol Naumal
monuwuHot 15 MM, nopaxxeHHoU 0CMPOKOHEYHbIM CHapsidoM
Cnuka 25 — Nopehere pesynmama dobujeHux PEM u COM memodom 3a
anyMuHujymcky nsody 0ebrbuHe 15 mm npobujeHy KOHYCHUM MPojeKmusiom
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Figure 26 — Comparison of the results obtained with the FEM and SFM methods for an
aluminum plate with a thickness of 20 mm, conical projectile
Puc. 26 — CpasHumernbHbIl aHanu3 pesyrnbmamos, nosy4yeHHoix FEM u SFM
mMemodamu, 8bIMOIHEHHbIX Ha OCHO8aHUU MOBPEeX0eHUl antoMuHuUesol naumsi
monuwuHol 20 MM, nopaxxeHHoU 0CMPOKOHEYHbIM CHapsiooM
Cnuka 26 — lNopehere pesynmama dobujeHux ®EM u COM memodom 3a
anymuHujymcky nnody debrbuHe 20 mm rpobujeHy KOHYCHUM MPojeKmuiom
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Figure 27 — Comparison of the results obtained with the FEM and SFM methods
for an aluminum plate with a thickness of 26 mm, conical projectile
Puc. 27 — CpasHumernbHbIl aHanu3 pesyrnbmamos, nosny4yeHHoix FEM u SFM
memodamu, 8biMO/THEHHbIX Ha OCHOB8aHUU M08PeX0eHUU arntoMUHUE80oU Naumabi
monuuHoU 25 MM, nopaxxeHHoU OCMPOKOHEYHbIM CHapsi0oM
Cnuka 27 — lNopehere pesynmama dobujeHux ®EM u COM memodom 3a
anyMuHujyMmcKy niody 0ebrbuHe 25 mm npobujeHy KOHYCHUM pojekmusiom
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Figure 28 — Comparison of the results obtained with the FEM and SFM methods for an
aluminum plate with a thickness of 30 mm, conical projectile
Puc. 28 — CpagHumernbHbIl aHanu3 pesyrnbmamos, rnosy4yeHHoix FEM u SFM
mMemodamu, 8bIMOSIHEHHbIX Ha OCHO8aHUU MO8pexX0eHuUl antoMuHuUe8oU naumsi
monuwuHol 30 MM, nopaxxeHHoU 0CMPOKOHEYHbIM CHapsiOoM
Cnuka 28 — lNopehere pesynmama dobujeHux ®PEM u COM memodom 3a
anyMuHujymcky rnoyvy debrbuHe 30 mm npobujeHy KOHYCHUM rpojekmusiom
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The analyses were made for a range of initial velocities from 200 m/s to
400 m/s. The thickness of aluminum plates varies from 15 mm, 20 mm, 25 mm
and 30 mm. The output velocity of the projectile was measured when the
projectile speed at the perforation after the output from the plate stabilized. The
obtained results were compared with the experimental results obtained by
(Borvik et al, 2003, pp.413-464), (Borvik et al, 2004, pp.367-384). In the
previous diagrams (Figures 25-28), a comparison of the results for the FEM and
SFM with the experimental results is shown. It is noticeable that the SFM results
are closer to the experimental data, which is characteristic for softer plates.
Figure 29 shows effective plastic deformation for the SFM method at different
time intervals when perforating a 20 mm thick aluminum plate with an initial
initial velocity V;, = 370 [m/s]. The Figures show that the plate is penetrated due
to the ductile expansion of the hole. A similar behavior is also observed in the
FEM method (Figure 30) for a 15mm thick plate with the initial initial projectile
velocity V, = 302 [m/s], with an expressed part of the adiabatic shear, which is
the case with other thicknesses for which the calculations were performed.

V3Tl ms

eTA
T

......

=001 ms =015 ms =0,025 +=0,030 ms

Figure 29 — Perforation of a 20 mm thick aluminum plate by a conical projectile (SFM method)
Puc. 29 — UsobpaxeHue npobosi anromMuHuegol niaumsi, monwuHol 20 MM, nopaxxeHHoU
0CMPOKOHEeYHbIM cHapsdom (SFM memod)

Cnuka 29 — lNpukas nepgopayuje anymuHujymcke rinioqe 0ebrouHe 20 mm Hacmare
ycned npobujarsa KoHycHUM ripojekmursiom (COM memodom)
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Figure 30 — Perforation of a 15 mm thick aluminum plate by a conical projectile (SFM method)
Puc. 30 — N306paxeHue npobosi antoMuHUe8ol niaumsl, moauuHol 15 mm, nopaxeHHol
OCMPOKOHEYHbIM cHapsidom (SFM memod)

Cniuka 30 — lNpuka3s nepgopayuje anymuHujymcke rrioye debrouHe 15 mm Hacmarne ycrned
npobujarba KoHycHUM ripojekmusiom (CO®M memodom)

Perforation of projectiles of various tip geometries

This part of the paper analyses the perforation of a 12 mm thick Weldox
460E steel plate by a blunt, conical and hemispherical tip of the projecitile.
Numerical average and ballistic boundary velocities are compared with the
experimental data from literature. It has been confirmed that the numerical
results are in good agreement with the experimental data, as shown in Table 4.
The results obtained for ballistic bound velocities using the FEM method show
that, for the tested cases, less than 6% of the experimental data deviate.

Table 4 — Ballistic boundary velocity (Vbl) for three different projectiles
Tabnuua 4 — Bbannucmudeckasi paHu4Hasi ckopocmb (Vbl)  mpex pasnuyHbix 8udo8 CHapsi0o8
Tabena 4 — banucmuyka epaHuyHa 6p3uHa (Vi) 3a mpu pasnuyuma npojekmuna

Ballistic boundary velocity, . .
Vbl (m/s) blunt cone hemispheric
Experiment 181.5 280.9 292.1
FEM 181.5 265.0 292.1

The numerical simulation of the penetration of a 12 mm thick steel plate with
three projectiles of different tip geometry, as shown in the diagram (Figure 31),
showed good agreement with the experimental results shown by Dey in his
scientific work.
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The numerical analysis has shown that conical and hemispherical projectiles
have a characteristic of faster penetration through various types of obstacles
(plates) by shifting the material in radial direction and by increasing the plastic
hole, as shown in Figures 32 and 33. For the same hemispherical projectile, the
SFM method shows the surface of a steel plate at a time fromt=00mstot=
0.12 ms. At a time of t = 0.06 ms, the surface of the steel plate rear begins to
irregularly disintegrate, and at the very end of the plate, separation (splitting) is
increasingly observed at the exit from the plate. The calculations were stopped at
a time interval t = 0.12 ms, when the projectile penetrated the plate.

For blunt projectiles, plate penetration occurs with adiabatic cleavage and
compression where the thickness of the compressed section is similar to that of
the plate and leaf flattening detected on the rear surface shown in Figure 34,
which is characteristic for the application of the SFM method in a numerical
analysis of a blunt projectile effect on a hard steel plate.

Plate 12 [mmm]

= Blunt estimate
= Blunt experiment A

Konical estimate o
4 Konical experiment

Hemispheric estimate
+  Hemispheric experiment »

Qutput speed [m/s]

Starting speed [m/s]

Figure 31 — Comparison of experimental, average values of numerical and ballistic
boundary velocities
Puc. 31 — CpasHeHue skcriepumeHmarbHoU, cpedHel YucneHHol u 6annucmu4yeckol
epaHuy4HoU ckopocmu
Cnuka 31 — lNopehere ekcriepuMeHmarsnHux, MPOCeYHUX 8peOHOCMU HYMEPUYKUX U
banucmuykux epaHu4dHuUx 6p3uHa
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Figure 32 — Perforation of a 12 mm thick steel plate, hemispherical projectile (SFM
method)
Puc. 32 — lNpobol cmarnbHoU naumsi, moauwuHou 12 MM, xemucghepudeckum cHapsiOom
(SFM memod)
Cnuka 32 — lNepghopayuja yenuyHe rode 0ebrbuHe 12 mm, Hacmarna ycneo npobujara
xemucgepuydHuM ripojekmusnom (COM memoda)
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Figure 33 — Perforation of a 15 mm thick steel plate, hemispherical projectile
(SFM method)
Puc. 33 — lpobou cmanbsHol rnnumsl, monwuHol 15 MM, xemucgepuyeckum cHapsdom
(SFM memod)
Cnuka 33 — lMepgpopauyuja yenuyHe nnove 0ebrbuHe 15 mm, Hacmana ycned npobujakba
xemucpepudHum npojekmursiom (COM memoda)
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Figure 34 — Perforation of a 6 mm thick steel plate, hemispherical projectile (SFM
method)
Puc. 34 — lNpobol cmarnbHoU naumsi, mosuwuHol 6 MM, xemucgepudeckum cHapsidom
(SFM memod)
Cnuka 34 — lNepgpopayuja YyenuyHe roye 0ebrbuHe 6 mm, Hacmarna ycned npobujara
xemucgepudHuM ripojekmusniom (CO®M memoda)

The results obtained by numerical simulations included the effect of damaging
the steel plate of various thicknesses by the action of projectiles of different shapes
of the tips (noses), as shown in Figs. 35 to 38. The indicated damage regimen for
each verified case is within the limits of the experimental results given in the
literature used. The analysis was performed with a blunt projectile for two different
plate thicknesses (6 and 16 mm), by simulating average speeds (296 and 356 m/s)
and limit speeds (145 and 239 m/s), as shown in Figures 35 and 36. From the
analysis of the results, it can be seen that by the action of a blunt projectile, the
initiation of the adiabatic shear range appears very quickly, due to the geometric
singularity of the projectile, after several milliseconds. Such a range of adiabatic
shear creates a plug that is ejected during the final break of the plate. It can be seen
form the Figure that the higher speed is, the sooner the plate breaks down, and the
section created by the adiabatic shear is thinner at higher speeds. Also, it was
noticed that with the impact of the projectiles of the same caliber on 6 mm thin
plates (Figure 35), and for lower speeds (near the ballistic velocity), plate bending
was three times more expressed. In order to compare the results for the 16 mm
thick plate (Figure 36), an analysis was performed for two different speeds and it
was confirmed, as in thinner plates, that at higher speeds penetration occurs faster
and there is a difference in the thickness of the cutoff after penetration, which is
visible in the Figure. However, it was noticed in thicker plates that the "plate-like"
twisting was significantly less prominent than in thinner plates (see Figure 36).

From the analysis of the results, it can be seen that a conical projectile
penetrates the plate significantly earlier. Also, in these types of projectiles,
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adiabatic shear is generated, but a plug is not foormed when the plate is
penetrated (Figure 37). It can be seen from the Figure that the higher the speed
is, the sooner penetration occurs, as in the case of a blunt projectile. When the
same caliber projectile penetrates a thin plate of 6 mm (Fig. 37) at lower speeds
(near the boundary ballistic velocity), plate bending is two times more prominent.
For the hemispherical projectile nose (Figure 38), the results also showed that for
a plate of 6 mm thickness, simulation of the action at two different speeds
confirmed that the thinner plates were faster to break and there was a difference
in the thickness of the cutoff after plate penetration (as seen in the Figure).
However, it was noticed that, at lower speeds, there would be a "plate-like" twist
as in the case of a blunt projectile, as shown in Figure 38.

Ve=145[m's] (border speed) Ve=296 [m's]

6 mm

=002 ms 0,01 ms

0,02 ms

0,05 ms

Adiabatic shear
volume

0,03 ma
0,09 ms

0.04 ms

Figure 35 — Comparison of blunt projectile penetration through a 6mme-thick steel plate at
two speeds, Vo=145 m/s and Vo=296 m/s, FEM method
Puc. 35— CpasHumersibHoe usobpaxxeHue npobosi cmaribHOU Miaumbil, mosauuHol 6Mm
MyroKoHeYHbIM cHapsidom ¢ 08ymsi ckopocmsmu: Vo=145 m/s u Vo=296 m/s, FEM memod
Cniuka 35 — YnopedHu npukas npoboja yernuyHe nrodye 0ebrouHe 6 mm mynum
npojekmusniom npu 6p3uHama Vo=145 m/s u Vo=296 m/s, ®DEM memodom
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Figure 36 — Comparison of blunt projectile penetration through a 16mm-thick steel plate
at two speeds, Vo=239 m/s and Vo=356 m/s, FEM method
Puc. 36 — CpasHumeribHoe usobpaxkeHue npobosi cmaribHOU rnumel, moauuHot 16mm
MYIOKOHeYHbIM CHapsidoM ¢ d8ymsi ckopocmsmu: Vo=239 m/s u Vo=356 m/s, FEM memod
Cnuka 36 — YnopedHu nipuka3s npoboja YyenuyHe rnoye debrbuHe 16 mm mynum
npojekmurnom npu 6psuHama Vo=239 m/s u Vo=356 m/s , ®DEM memodom
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Figure 37 — Compatrative illustration of steel plate penetration by two-speed cone
projectiles, FEM method
Puc. 37 — CpasHumerbHoe u3obpaxxeHue npobosi cmasbHOU MAuMmbl OCMPOKOHEYHbLIM
cHapsidom ¢ d8yms ckopocmsamu, FEM memod
Cnuka 37 — YnopeOHu rnipuka3 rpoboja YyesnuyHe rriodye KOHyCHUM rpojekmurioM ca 0ge
bp3urHe, ®EM memodom
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Figure 38 — Compatrative illustration of steel plate penetration by two-speed hemispherical
projectiles, FEM method
Puc. 38 — CpasHumernbHoe uzobpaxxeHue rnpobosi cmasbHOU rnaumel Xxemucgepu4yeckum
cHapsidom ¢ 08ymsi ckopocmsmu, FEM memod
Cniuka 38 — YrnopedHu nipukas npoboja YyenudyHe rniovye xeMucghepuyHUM rpojeKmusiom
ca 0se bp3urHe, DEM memodom
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The presented results were obtained by the coupled SPH-FEM method
(SFM) and the FEM, which were adopted for simulating the perforation of
steel and aluminum plates of various thicknesses at high speeds, with steel
projectiles of different noses. It has been confirmed that both methods can
predict fairly accurate fracture patterns, natural missile speeds, and ballistic
boundary velocities compared to those observed in previously published
analyses of impacts of different types of projectile tips. The deviation in the
results was observed for the perforation of thin plates with a blunt projectile
using the SFM method. However, changes in the fracture pattern do not fully
reflect in the solution obtained from the adopted method, except for smaller
impact speeds on thin plates, and these changes occur due to the problem of
unstable load which is characteristic for the SFM method. With a reduced
range of impact velocities, FEM solutions are in better agreement with
experiments and can be adopted for this range of impact velocities. The SFM
method combines the benefits of the SPH and FEM methods, while solving
their shortcomings in the demanding (at higher speeds) processing and early
end of the program due to the serious interruption of the original elements
from the real application. Although the SFM is less accurate at lower impact
speeds of 170 m/s and less, the method is suitable and efficient for
numerically analysing high-velocity penetration and perforation of softer
materials, such as aluminum plates.

The Johnson-Cook constituent model and the finite element method, as
well as the coupled method (FEM and SFM), were used to perform a
numerical analysis of the impacts of a steel projectile on aluminum plates at
high velocities. The analyses have shown that there is fairly good agreement
with the experimental data for smaller thickness plates, while smaller
deviations occur in plates with larger thickness. Also, numerical results deviate
more from the experimental ones in the area of lower impact velocities. In
order to improve the numerical model and bring the obtained results closer to
the experimental ones, it is possible to introduce the influence of the
temperature change in the Johnson-Cook constitutive material strength model
on plates of larger thicknesses and introduce the influence of friction that
occurs during the interaction between projectiles and plates.

Conclusion

The research includes modern methods for modeling impact damage
based on the combined application of methods developed by theoretical,
experimental and numerical tools. Various types of impacts are analysed
numerically. Defined numerical models were applied for the analysis of normal
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impacts of projectiles with different types of steel and aluminum tips for a wide
impact speed range. Different thicknesses of obstacles were used for the
analyses (Weldox steel plate from 6 to 20 mm, aluminum plates from 10 to 25
mm). By varying geometric shapes and materials, wide possibilities have been
created for the numerical analysis of various phenomena occurring during the
impact, previously identified by experimental tests. By combining the numerical
analysis, the theoretical results and the experimental tests, it is possible to gain
a wider insight into the processes that occur in impact damage on different
metal structures.

An insight gained through the research of analytical and empirical models
of impacts on metal structures has helped develop numerical models for more
complicated geometry conditions and different structures and surfaces.

During the research, numerical methods based on the finite element method
(FEM) and the method based on the coupling of the smooth particle
hydrodynamics method and the finite element method (SFM) were applied. It has
been confirmed that both methods can predict the exact shape of a fracture, the
natural velocity of the projectile, and the ballistic boundary velocity in comparison
with those observed in the previously published analyses on the impacts of
different projectile nose shapes, with the limits of the application of both methods.
The deviation in the results was observed for the perforation of hard steel plates
by blunt projectiles using the SFM method. However, disagreements in the
predicted fracture shape have no greater impact on the calculated output speeds,
except for lower impact speeds on thin plates. At impact speeds that are close to
the ballistic ballistic velocity of the FEM solution, they are in better agreement with
experiments and can be adopted for the interval of impact velocities applied in the
analysis. The SFM method combines the advantages of the SPH and FEM
method, overcoming the problem related to the inability to realise the FEM
calculation due to the excessive deformation of the numerical network, which is
particularly expressed in complex geometric shapes. Although the SFM is less
accurate at lower impact speeds, the method is suitable and efficient enough for
the numerical analysis of high-velocity penetration and perforation of softer
materials such as aluminum plates, whereby with minimal increase in the
required computation time, problems with excessive deformation of numerical
networks are avoided. Using the Johnson-Cook constituent model for fracture
models and materials, the results are obtained that are in good agreement with
the corresponding experiments for both applied numerical methods. The
analyses for the aluminum plate have shown that for smaller thicknesses there
are fairly good matches with the experimental data, while there are significant
deviations in plates of larger thicknesses. Also, the numerical results deviate more
from the experimental ones in the area of lower impact velocities. In order to
improve the numerical model and the obtained results closer to the experimental
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ones, in the case of larger thicknesses it is possible to introduce the influence of
temperature change in the JS constitutive material strength model and to
introduce the influence of friction that occurs during the interaction of the projectile
and the plate.

The results are shown for the perforation by missiles with different noses,
showing the influence of temperature, plastic deformations, speed of plastic
deformations, shear and velocity for projectile penetration through steel and
aluminum plates of different thicknesses (from 6-25 mm).
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YNCNEHHOE MOLENVPOBAHWE YOAPA CHAPALA
Mo METAINNTMYECKOW CTPYKTYPE

[pazonob M. Cnacuny
BoopyxeHHble cunbl Pecnybnuku Cepbus, NeHepanbHbin wTab,
YnpasneHwve no noructuke (J-4), r. benrpap, Pecny6nuka Cepbus

OBJIACTb: malumHOCTpOEeHNe
BWO CTATbW: o630pHas ctatbs
A3bIK CTATbW: aHrnunckun

Pesome:

B OdanHol pabome onucaHO 4ucrneHHoe MmodernuposaHue YyOapHbIX
rnospexxo0eHuli, obpasoeaswiuxcsi ecredcmeue ylOapa cHapsida Mo
Memarnnudeckol cmpykmype U uenu. B pabome npedcmaeneHsbl
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pe3ynbmambl  3KCHepUMEHMO8, UCTbIMbI8aoWux enusHue ¢opmb!
2oroeku  cHapsida Ha nocredcmeusi om ydapa CHapsida O
Memarsniu4yeckyro 6poHb. OKcriepuMeHmbl MPo8oOUIUC, Ha OCHOBaHUU
ydapoe cHapsi008 o Memarsiiudeckol 6POHU, 8bINOIHEHHOU U3 cmarnu u
anmnoMuHUsi pasfuyHoU mosnuuHbl. B xo0e akcriepuMeHma yHumbiearnoch
U 8rusiHUe U3MEHEHUST cKkopocmu O8LkeHUs1 cHapsida Ha rocriedcmausi
om e2o ydapa. [nss moz2o 4mobbl aghghekmbl 3KCrepuMeHmarbHo20
molenuposaHusi ydapa eblenisidenu MakCcuMaslbHO peariucmuYdHbIMU,
cKkopocmb yOapa cHapsidoe eapbuposariacb om cpedHel 00 2paHUYHoU
bannucmuyeckol CcKopocmu, fpu Komopol ocyujecmersisicss rnpobou
rpeepadkl. [lonydeHHble pe3yrbmambl 3KCIepuUMeHma MOTHOCMbIO
coenaru ¢ rpoeedeHHbIMU pearibHbIMU elicmeusiMu Ha Memari/iud4ecKue
npespadbl U coomeemcmeyrom  pe3ynbmamam  uccriedogaHud,
onybriuKo8aHbIX 8 3agpaHUYHbIX U30aHUsIX.

Knovesble crioga: 8030ywHoe CyOHO, aguayuoOHHbIe CMPYKMyphbl,
yolap, ydapHble ro8pex0eHus, modernuposaHue, cHaps0,
b6poHebOoUHbIl CHapsd, neHempamop, Npopkle cHapsida, rMpoHUKaHuUe,
b6annucmuyeckas 3awuma.

HYMEPNYKO MOOEJIOBAHE YOAPA NMPOJEKTUIA
O METAINHE CTPYKTYPE

Hpazorby6 M. Cnacuh
Bojcka Cpbuje, N'eHepanwTab, Ynpasa 3a noructuky (J-4), beorpag,
Penybnuka Cpbuja

OBJTIACT: malwmnHCTBO
BPCTA UJTAHKA: npernegHu unaHak
JE3VK YJTAHKA: eHrnecku

Caxemak:

Y pady je onucaHo Hymepudko Modesiogarbe yOapHux ouwimehera Koja
Hacmajy npu ydapy npojekmurna o MemasiHe cmpykmype. [pukasaHu cy u
eKcriepumeHmarnHu pesynmamu yoapa npojekmurna pasnuqumux obruka
8pxos8a 0 MemasiHe cmpykmype. Excnepumermu cy cripogedeHu ydapom
ripojekmusia 0 MemarsHe rperpeke 00 Yeriuka U anyMuHujyma pasnudumux
OebrbuHa ca npomeHom 6psuHe ydapa npojekmuna. Kako 6u egbekmu
eKcriepuMeHmarnHux — cumynauuja ydapa 6unu  wimo  npubnXHUU
cmeapHoM, 6p3uHe ydapa rpojekmuria Cy eapupaHe, mako Oa odzosapajy
MPOCEYHUM U epaHu4HUM bp3uHama ydapa rpojekmura rpu Kojuma dorasu
0o nipobujarba nipenpeke. [JobujeHu excriepuMeHmarnHu pesynmamu cy ce
rnodydapurnu ca criposedeHUM peariHum OejCmeoM Ha MemariHe rnperpeke u
CUYHUM ucrumuearbuma rpuKasaHuM y cmpaHoj numepamypu.
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KrbyuyHe peuu: sa3dyxoririos, s8a30yxoriogHe cmpykmype, yoap, yoapHa
owmehera, MoOerogare,  MpoOjeKMusn,  naHUUpHU  rpojekmurt,
rieHempamop, npodop fpojekmurna, npobojHocm, banucmuyka 3awmuma.
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