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Abstract. To create protective elements, information is needed on the 

resistance of various combinations of metal, ceramic, and heterogeneous 

plates, including layered ones, both in contact and with spacing. In 

addition, an intensive process is underway to create complex materials 

such as cermet composites. In this work, for verification of the code, 

numerical calculations of the breakdown of both monolithic and layered 

steel barriers by a striker with an ogival nose are performed. A series of 2D 

and 3D calculations for modeling the processes of penetrating 

heterogeneous barriers has been performed. It is shown that the resistance 

of heterogeneous barriers to penetration by a rigid striker is approximately 

the same, whereas the impact of a deformable striker on heterogeneous 

barriers shows that the resistance of layered barriers is lower compared to a 

monolithic barrier, and spacing of layers reduces the resistance of the 

barrier. 

1 Introduction 

The use of steel plates has found wide application in protective elements for any purpose, 

therefore, it has an extensive bibliographic history. Here are just a few classic works from 

this area. Thus, in [1,2], the resistance of Weldox 700E steel barriers to the action of a solid 

impactor with an ogival nose in the range of speeds not exceeding 450 m/s was 

experimentally investigated. The following barriers were considered: (1L) a monolithic 

steel plate 12 mm thick, (2L) a two-layer barrier consisting of steel plates 2x6 mm thick in 

contact, (1R) two-layer barrier consisting of steel plates 2x6 mm with spacing of 12 mm, 

and (2R) same barrier, but the layer spacing was 24 mm. The perforation processes were 

calculated using LS-DYNA package. In general, good agreement was obtained between the 

experimental data and the results of numerical simulations. The finite elements modeling 

using appropriate material models allows one to capture the basic physical behavior during 

perforation of both monolithic and two-layer steel plates. All results and conclusions made 

in this study are based on a limited number of ballistic tests. The constructed ballistic 
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curves for the studied barriers show that a monolithic steel plate is more resistant to two-

layer barriers, both with contact of layers and with different spacing, whereas two-layer 

barriers have almost the same resistance. In [3], the ballistic resistance of one-, two-, three-, 

and four-layer steel plates to the action of strikers with lively warheads was experimentally 

investigated. Multilayer barriers with the arrangement of thicknesses in various 

combinations with the same total thickness were considered. Ballistic velocities were 

obtained for each obstacle configuration, the influence of air gaps between the layers, the 

number, order, and thickness of the layers on the ballistic resistance of each obstacle was 

determined. The conclusions of the work practically coincide with the results of [1,2], 

namely, the monolithic targets have higher ballistic ultimate velocities than multilayer 

targets, the ballistic ultimate velocities of multilayer targets in contact are greater than those 

of spaced multilayer targets. The order of the layers affects the ballistic ultimate speeds of 

multilayer targets, the ballistic resistance of multilayer targets is better when the first layer 

is thinner than the second layer. 

To reduce the specific weight of the protective elements, heterogeneous and gradient 

materials based on various metals and ceramics are being developed. Thus, in [4,5], a 

method was proposed for creating fundamentally new functionally gradient heterogeneous 

materials based on B4C ceramic powders with various mass fractions in the initial mixture 

and Ni plastic metal additive using the combined method of cold gas-dynamic spraying 

followed by layer-by-layer laser processing. It was shown that the microhardness of the 

track increases with increasing B4C concentration in the initial mixture. It was established 

that the structure of tracks depends on the size of ceramic particles in the range from 3 to 75 

μm. For the first time, a decrease in the size of B4C particles (by about 2–3 times) inside the 

track due to fragmentation under the action of a laser beam was observed. 

Impact interaction of SiC spherical clusters with a rigid wall was studied in papers [6,7] 

by the molecular dynamics method. In [8], an experimental and theoretical analysis of the 

processes of penetration of a long rod into a multilayer barrier made of a metal-matrix 

composite (MMC) was carried out. MMC are potential materials for protective elements 

due to their light weight. Plates of two types of MMC made by liquid pressing: 

A356/45%vol.SiC and Al7075/45%vol.B4C with a uniform distribution of SiC and B4C 

particles were studied. The mechanical properties were determined using a Hopkinson rod, 

hardness and compression tests, and the popular Johnson-Cook model was used for 

calculations. The front ceramic plate provides a slight increase in the effectiveness of the 

barrier by weight. A thin metal plate on top of the ceramic layer enhances the efficiency. 

Replacing the metal front layer with MMC shows the best mass efficiency without loss in 

the DoP test. 

Several approaches have been proposed for modeling of MMC behavior in the process 

of deformation. The authors of [9] state that at the macro level, metal matrix composites 

(MMC) resemble homogeneous material, but at the micro level they have an 

inhomogeneous microstructure. The first step in the model development process is to 

decide on the size of the representative volume element (RVE). The further stages of the 

construction are clear from Fig. 3 from [9], where the geometric parameters for RVE are 

obtained from microphotographs using image processing software with open source 

software (OOF2) and MATLAB. Periodic boundary conditions have been successfully 

implemented in ABAQUS. The optimal parameter values for the Johnson-Cook model are 

found. The MMC model was satisfactorily implemented in plugin Materiales for ABAQUS. 

In contrast to [9], the authors of [10–12] used a different approach: inclusions of another 

material, for example ceramics, were introduced directly into the metal matrix in the MMC 

numerical model. The model from [11,12] allows one to create directly heterogeneous and 

gradient materials according to a given law of the distribution of ceramic concentrations in 

the metal. According to approach [10], the volume of the composite at the micro level is 
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modeled by a three-dimensional continuum, which is an aluminum matrix with embedded 

silicon carbide particles that occupy several finite elements. The microstructural properties 

of the metal matrix composite were selected in accordance with metallographic studies 

[13]. Software has been developed capable of generating three-dimensional models for 

structurally heterogeneous materials with a complex internal structure compatible with the 

input format of ANSYS package. 

2 Numerical simulation 

Based on the models and statement of the impact problems [14–18], 2D and 3D modeling 

of the processes of steel barriers perforation with a solid striker with an ogival nose was 

performed, according to the experimental data presented in [1,2]. The dimensions of the 

striker and barrier plates, as well as their mechanical properties are taken there. Hardened 

steel: yield strength is 1900 MPa, no information about fracture parameters; mild steel: 

yield strength is 850 MPa, fracture stress is 1550 MPa. The geometry of the problem for the 

2R configuration in the 3D case is shown in Fig. 1. 

 

 

Fig. 1. The geometry of the problem of perforation of an obstacle from two steel plates spaced 24 mm 

apart. 

 

The results of calculations of the 2L configuration (a two-layer barrier with the contact 

of the layers), are shown in Figs. 2 and 3 in the 2D case, and in Fig. 4 for the 3D case, the 

impact velocity is 400 m/s. 
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Fig. 2. The position of the hard striker in two-

layer steel barrier with the contact of the layers 

at time t = 400 μs at the impact speed of 300 m/s 

(cross-section along the axis with the difference 

grid), the graph in the right corner is the 

behavior of the momentum in time. 

Fig. 3. The position of the hard striker in two-

layer steel barrier with the contact of the layers at 

time t  = 500 μs at the impact velocity of 310 m/s 

(cross section along the axis with the difference 

grid), the graph in the right corner is the behavior 

of the momentum in time. 

 

 

Fig. 4. The process of perforation of two-layer steel barrier with contact of the layers. 

 

In the process of calculations, it turned out that the Prandtl – Reuss model with a 

constant yield strength does not ensure that the calculation results for the 2R configuration 

are consistent with the experimental data [1], while for a monolithic obstacle (1L 

configuration) it gives acceptable results. Based on a series of calculations with a variable 

yield strength, it was found out that to satisfy the experimental conditions, it is necessary to 
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have Y = 2.25 GPa for the collision velocity up = 280 m/s, Y = 2.05 GPa for velocity 

up = 350 m/s, and Y = 1.55 GPa for velocity up = 450 m/s. The ballistic curves and 

calculation points are shown in Fig. 5, where up – projectile velocity, ur – residual velocity. 

 

 

Fig. 5. Ballistic curves for the 2R configuration: two-layer steel barrier 2x6 mm with 24 mm spacing. 

Designations: 1 – experimental data from [1], 2 – results of 2D calculations with variable yield 

strength Y, 3 – results of 2D calculations with constant yield strength Y = 860 MPa, 4 – 3D 

calculation results, the curves are Lambert-Jonas functions approximating the data. 

 

Heterogeneous barriers were built on the basis of the model from [11,19] with the 

conservation of weight, i.e. the barrier thickness was increased from 12 mm to 18.18 mm, 

2x9.09 mm for two-layer barriers. Calculations were performed to compare the resistance 

of heterogeneous barriers similarly to the combinations of steel plates considered above, 

namely, a monolithic steel plate with the addition of 50% ceramic by volume (1L), the 

same material, but the barrier of two plates in contact (2L), two-layer barriers with plates 

spacing 12 mm (1R) and 24 mm (2R). The calculations were carried out both in 2D and 3D 

versions. Figures 6 and 7 show the geometry of 2D and 3D problems for heterogeneous 

barriers with 24 mm spacing. 
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Fig. 6. The geometry of the 2D problem of 

perforation of a barrier from two spaced 

heterogeneous plates at distance of 24 mm. 

Projectile – hard steel, plates – mixture mild steel 

with ceramic B4C 50% volume concentration. 

Fig. 7. The geometry of the 3D problem of 

perforation of a barrier from two spaced 

heterogeneous plates at distance of 24 mm. 

Projectile – hard steel, plates – mixture mild 

steel with ceramic B4C 50% volume 

concentration. 

 

The calculations were performed for two cases: in the first case, the yield strength of the 

impactor was overestimated to Y = 5.0 GPa (hard impactor), in the second case, 

Y = 1.9 GPa (deformable impactor). The results of model calculations revealed rather 

interesting trends in the resistance of heterogeneous barriers. The limiting ballistic velocity 

for both impactors is the same and is approximately equal to ubl = 275 m/s. However, the 

behavior of the residual velocity is different: for the rigid impactor, all configurations of the 

barriers show practically the same resistance with an increase in the impact velocity 

(see Fig. 8). In the case of a deformable impactor, the ballistic curves with an increase in 

the impact velocity are a diverging set of curves, and the calculation results have a 

significant spread in the residual velocity (see Fig. 9). In Figures 8 and 9 are indicated: 1 – 

monolithic obstacle, 2 – two-layer barrier with the layers contact, 3 – two-layer barrier with 

24 mm spacing, 4 – two-layer barrier with 12 mm spacing. This is due to the random 

distribution of ceramic particles over the volume of the metal, because for the deformable 

impactor, the presence of ceramics in the front layers of the obstacle, especially the 

monolithic one, leads to deformation of the head part and an increase in the cross section, 

i.e. increase the resistance. Thin heterogeneous plates to a lesser extent deform the head of 

the projectile, and therefore the spread of the residual velocity is much lower. 
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Fig. 8. Ballistic curves of perforation of 

heterogeneous barriers with the hard projectile. 

Fig. 9. Ballistic curves of perforation of 

heterogeneous obstacles by the deformable 

projectile. 

Conclusions 

Calculations with constant yield strength do not allow satisfactory agreement with the 

experimental data for spaced plates to be obtained. 

Model calculations of the perforation of heterogeneous barriers based on metal-ceramic 

showed that for a rigid impactor, all configurations of barriers have the same resistance 

over a wide range of impact velocity. At that, as for a deformable impactor, the ballistic 

curves with an increase in the impact velocity are a diverging set of curves 

The ballistic limit velocity for both impactors and all configurations of barriers is 

practically the same. 

 
The work is supported by the SB RAS Interdisciplinary project “Development and synthesis of new 

functional gradient materials” (No. АААА-А17-117030610136-3). 
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