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Abstract. The development of lightweight protective structures of 

increased ballistic resistance is not an easy task, since often there are 

conflicting requirements in terms of cost, weight, thickness, materials 

availability, processability, etc. To assess the effectiveness of protective 

structures one should use methods that allow to research the obstacles 

destruction when collided with high-speed particles. The paper is devoted 

to the actual problem of studying the ballistic stability of thin barriers made 

of various protective materials (steel, titanium alloy, ceramics, metal 

ceramics) when interacting with a metal fragment simulator - a spherical 

steel drummer - in the range of interaction speeds of about 2500 m/s. An 

experimental technique has been developed to study the most important 

indicators: the depth of a crater in an obstacle, a fragment’s velocity drop 

when interacting with protection, the obstacle’s and splinter’s fragments 

scattering in overgraded space. Mathematical modeling was carried out 

within the framework of continuum mechanics, which adequately 

describes the interaction process of the drummer and the obstacle under 

various impact conditions. 

1 Introduction 

The development of lightweight protective structures of increased ballistic resistance is not 

an easy task, since often there are conflicting requirements in terms of cost, weight, 

thickness, materials availability, processability, etc. In addition, the design must take into 

account the spectra of threats, which include, in particular, the defeat of obstacles in 

collisions with high-speed fragments. Recently, there are many researches conducted in the 

field of the protective barrier’s ballistic resistance increase against high-speed collisions 

with metal fragments. 

In high-speed collisions, single-layer protective ceramic barriers are fragile and 

unreliable. High-hard ceramics contain a large number of strain concentrators (grain 

boundaries, cracks, pores, etc.) even in the area of elastic deformation of the material. 

Microdamages in such materials may appear under compression under the influence of 
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deviatoric strains. With an increase in the intensity of the load pulse, the degree of 

microdestruction in the compression phase increases sharply, which subsequently leads to a 

drop in tensile strength [1]. The literature data analysis [2-7] shows that increasing the 

strength of metallic materials has not exhausted its capabilities. As a promising solution for 

protective systems, the use of multilayer structures is noted, the individual layers of which 

are made from metal-ceramic materials in combination with durable metal layers, and in 

general, they are characterized by enhanced performance characteristics. One of the 

progressive methods of obtaining such structures is self-propagating high-temperature 

synthesis (SHS) with simultaneous pressure application to a layered preform containing an 

exothermic powder mixture [8]. The developed SHS-technologies make it possible to 

quickly and effectively solve the problem of creating materials of a new generation [9]. 

The purpose of this article is to develop a methodology for conducting ballistic tests of 

thin barriers of various protective materials during high-speed collisions with a metal 

fragment and to study the behavior of protective barriers in the range of impact speeds of 

2500 m/s. 

A series of experiments in a wide range of speeds was carried out on an experimental 

ballistic complex [10]. Numerical simulation was carried out in the framework of the 

mathematical model [11]. The spherical pores growth model is used as a materials 

destruction model [12]. The software package was used for calculation [13]. 

2 Experimental part 

In order to determine the ballistic stability of thin barriers made of various protective 

materials, ballistic tests of plates made of specified materials were carried out in a high-

speed collision with a high-speed fragment. A series of experiments was carried out on a 

ballistic stand equipped with a 23 mm caliber smooth-bore ballistic unit, fig. one. 

 

 

Fig 1. Ballistic stand. 

A steel spherical drummer was used as a high-speed splinter simulator, fig. 2. The 

drummer is made of bearing steel SHH15 with mass m = 2.18 g and diameter d = 8.1 mm. 

To determine the armor resistance of the tested materials samples, the two series of 

experiments were carried out: in the first series of experiments the sample is located 

directly on the barrier - “witness”, in the second series the sample is at some distance L = 
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215 mm from the barrier - “witness”. In all cases, the depth of the crater h in the “witness” 

was measured as the main armor resistance indicator. A massive disk made of D16T 

aluminum alloy with a density of ρwit = 2.78 g/cm3 was used as a barrier – “witness”. 

 

 

Fig 2. The type of steel spherical drummer in the master 

The following samples of materials were used for tests: corundum ceramics No. 1 

Al2O3, two-layer cermet materials No. 2 (TiB2 + NiTi) + Ti [9], titanium alloy No. 3 VT1-0 

and plate of steel grade St3 - No. 4 St3. The sample (TiB2 + NiTi) + Ti consists of two 

layers: the front layer 4.5 mm thick is cermet (TiB2 + NiTi) with a density of 4.92 g/cm3, 

the back layer 3 mm thick is an alloy of titanium VT1-0 with a density of 4.32 g/cm3. The 

average density of the sample (TiB2 + NiTi) + Ti is 4.68 g/cm3. Fig. 3 demonstrates the 

photographs of the tested materials samples. 

 

   
No. 1 Al2O3 No. 2 (TiB2+NiTi)+Ti No. 3 VT1–0 

 
No. 4 St3 

Fig. 3. The samples of tested materials 

Table 1 and fig. 4, 5 show the results of the first series of experiments at an impact 

velocity V0 of about 2500 m/s. After a collision with a steel spherical drummer, sample No. 

1 Al2O3 collapsed completely into a fine crumb. In a collision with sample No. 2 (TiB2 + 

NiTi) + Ti, the drummer breaks through both layers. The front layer is partially destroyed, a 

through hole is formed in the back layer. The drummer also breaks through the samples No. 

3 VT1–0 and No. 4 St3, forming a through hole in them. After each experiment in the 

barrier - "witness" there remains a crater, fig. 5. All the measurement results of the craters 

in the barrier - "witness" are displayed in table 1. 
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Judging by the results of the first series of experiments, sample No. 1 Al2O3 has the 

lowest armor resistance: first, it completely collapsed after the impact, and, second, left the 

crater of the greatest depth in the barrier-“witness”. A armor resistance comparison of 

samples No.2 (TiB2+ NiTi) + Ti and No.3 VT1–0 with close surface density shows similar 

results, however, the sample No.3 has a high impact velocity, which makes correct 

comparison difficult. Sample No.4 St3 showed armor resistance close to sample No.1 

Al2O3. 

Table 1. The results of the first series of ballistic tests 

Sample 

Sample 

thickness hsam, 

mm 

Sample 

density, ρsam, 

g/cm3 

Surface 

density, ρSsam, 

g/cm2 

Impact 

velocity V0, 

m/s 

Crater 

depth h, 

mm 

No. 1 8.00 3.20 2.56 2515 9.97 

No. 2 7.42 4.68 3.47 2481 9.32 

No. 3 7.81 4.51 3.52 2638 9.16 

No. 4 4.80 7.85 3.77 2413 9.93 

 

    

No. 1 No. 2 No. 3 No. 4 

Fig 4. Samples after impact in the first series of experiments 

    
No. 1 No. 2 No. 3 No. 4 

Fig 5. Crater in the barrier-“witness” after impact in the first series of experiments 

Below are the results of experiments with the separation of the tested samples and 

barrier - "witness" table 2 and fig. 6 - 8. There is also the value of the velocity drop ∆V = 1 

- (V0 - Vk) / V0. High-speed video was used to measure the speed of the drummer before and 

after the collision. Fig. 6 demonstrates the interaction of the drummer with sample No. 1 

Al2O3 in a time interval of 1.29 ms (movement of the drummer from right to left). After the 

collision, a cloud of fragments with a leading fragment of a drummer expanding in a certain 

solid angle φ is observed. 

Like in the first series of experiment, after interaction with the drummer Sample No. 1 

Al2O3 crumbled into small fragments. In the barrier-“witness”, a single crater of the greatest 

depth was formed in this series of experiments. The drummer breaks through the two-layer 

plate No. 2 (TiB2 + NiTi) + Ti. The front layer is destroyed, the back titanium layer is 

broken through. The drummer, after interacting with this plate, shatters into small 

fragments. There are a lot of small craters from fragments of the drummer and the barrier in 

4

EPJ Web of Conferences 221, 01043 (2019) 
EPPS 2019

 https://doi.org/10.1051/epjconf/201922101043



the barrier-“witness”. Table 2 shows the depth of the deepest crater, formed by the leading 

fragment of the drummer. The result of the collision with samples No. 3 VT1–0 and No. 4 

St3 is similar to the previous case. In this series of experiments, sample No. 2 (TiB2 + NiTi) 

+ Ti has the smallest crater formed by the leading fragment and the largest angle of the 

scattering fragments. 

Table 2. The results of the second series of ballistic tests 

Sample Sample 

thickness 

hsam, mm 

Sample 

density 

ρsam, 

g/cm3 

Impact 

velocity 

V0, m/s 

After-

impact 

velocity 

Vk, m/s 

Velocity 

drop 

∆V, % 

The depth of 

the crater 

formed by 

the leading 

fragment h, 

mm 

Solid 

angle of 

shattering 

fragments 

φ, degree 

No. 1 8.00 3.14 2357 1523 64 8.69 – 

No. 2 7.50 4.68 2395 1405 59 5.46 35.4 

No. 3 9.00 4.51 2433 1204 49 7.33 31.81 

No. 4 4.80 7.85 2413 1403 58 6.45 24.91 

 

 

 

 

Fig 6. Photographic record of the sample No. 1 Al2O3 break through 

   
No. 2 No. 3 No. 4 

Fig 7. Samples after impact in the second series of experiments 
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No. 1 No. 2 No. 3 No. 4 

Fig 8. Craters in the barrier-“witness” after drummer’s impact on the sample in the second series of 

experiments 

For the armor resistance comparison of the tested materials samples the equivalent 

depth of the crater in the barrier-“witness” after the spherical drummer impact was 

determined by the results of the experiments with the use of the next formula: 

𝐿𝑠𝑎𝑚
𝑒𝑞

= ℎ +
ρ𝑠𝑎𝑚∗h𝑠𝑎𝑚

ρ𝑤𝑖𝑡
    (1) 

the effective thickness at which the drummer does not pierce the tested sample: 

ℎ𝑠𝑎𝑚
𝑒𝑓𝑓

= ℎ𝑠𝑎𝑚 +
ρ𝑤𝑖𝑡∗ℎ

ρ𝑠𝑎𝑚
    (2) 

and the surface density ρSsam of each tested plate at the estimated effective thickness ℎ𝑠𝑎𝑚
𝑒𝑓𝑓

. 

All calculations are given in table 3. The results are calculated for two cases when the 

sample is on the barrier and at a distance from it. 

If sample No. 1 Al2O3 is not taken into consideration due to its complete destruction 

after the collision, then from the analysis of the estimates from the results of the second 

series of experiments, we can state the advantages of sample No. 2 (TiB2 + NiTi) + Ti. 

Table 3. Estimates. 

Sample 

material 

Samples on the barrier-“witness” 
Samples at a distance from the barrier-

“witness” 

𝐿𝑠𝑎𝑚
𝑒𝑞

, mm ℎ𝑠𝑎𝑚
𝑒𝑓𝑓

, mm ρSsam, 

g/cm2 
𝐿𝑠𝑎𝑚
𝑒𝑞

, mm ℎ𝑠𝑎𝑚
𝑒𝑓𝑓

, mm ρSsam, 

g/cm2 

No. 1 19.18 16.7 5.33 17.73 15.7 4.93 

No. 2 21.81 12.95 6.35 18.08 10.7 5.32 

No. 3 21.72 13.5 6.04 21.93 13.5 6.10 

No. 4 23.48 8.3 6.51 20.0 8.1 6.35 

3 Math modeling 

Next, we consider the mathematical modeling of the high-speed interaction of a steel 

spherical drummer with a target of Al2O3. Numerical simulation was carried out with initial 

data repeating conditions from the first series of experiments, when the tested obstacle is 

located directly on the barrier — “witness” at V0 = 2515 m/s (Fig. 9 a), and the second 

series of experiments — the interaction of a drummer with a single obstacle without taking 

into account the barrier - “witness” at V0 = 2357 m/s (Fig. 9 b). 
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t = 1.9 mcs, umax =2319 m/s, usp=1973 m/s t = 2 mcs, umax =2238 m/s, usp=1912 m/s 

 

 

t = 7.9 mcs, umax = 995 m/s, usp = 966 m/s t = 6 mcs, umax = 1352 m/s, usp = 1193 m/s 

 

 

t = 22 mcs, umax = 873 m/s, usp = 11 m/s t = 8 mcs, umax = 1319 m/s, usp = 1091 m/s 

Fig 9. Chronogram of the interaction process of a steel spherical drummer with a Al2O3 barrier 

The results are presented in the form of a velocity field with respect to the maximum 

velocity umax (left) and pressure field (right) in a cylindrical coordinate system x, z, (cm) at 

various points in time t of the interaction between the drummer and the obstacle. It also 

shows the values of the velocity of the drummer’s center of mass umax. 

In the first case, the calculation is stopped when the drummer in the barrier is almost 

completely stopped. The estimated depth of the crater is 9.8 mm. 

In the second case, the calculation is stopped when the speed of the drummer behind the 

obstacle ceases to change with time. At the same time, the drummer’s speed is ucm = 1091 

m/s and it ensures complete penetration of the obstacle. Judging by the results of the 

experiment (Fig. 6), the splitting of the barrier into small fragments occurs in the time 

interval of 1.29 ms, which is later than the interval considered in the calculation. 

In the considered period of time there was a destruction of the drummer and the 

destruction of the barrier (marked in green), which, judging by the velocity vector, will 

continue to expand. Local macroscopic ceramics destruction occurs during compression as 

a result of plastic wicking of pores. The drummer destruction occurs by a shear mechanism. 

The accordance between the calculation and the experiment on the crater depth is 2.6%, 

and on the residual speed of the drummer — 0.8%. 
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4 Conclusion 

The method of researching the thin protective obstacle’s armor resistance against a high-

speed metal fragment, presented in this article, showed performance in the range of impact 

speeds of about 2500 m/s and the possibility of conducting a comparative analysis for the 

most important indicators: the crater depth in the barrier-“witness”, the fragment’s velocity 

drop on the impact with protection, the barrier’s and the drummer’s fragments scatter. 

Among the studied samples of protective materials, a two-layer cermet material (TiB2 + 

NiTi) + Ti is distinguished by the highest armor resistance in the speed range of about 2500 m/s. 

Mathematical modeling with the help of the chosen model of continuum mechanics 

adequately describes the interaction process between the drummer and the barrier under 

various impact conditions. 

 
In this paper, we used the results obtained in the course of project implementation No. 8.2.09.2018 of 

the TSU competitiveness improvement program. 
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