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In the paper the available literature data on the properties of different materials, currently used in the means of individ-
ual armour protection, were analyzed and the methods for improving their bulletproof and other operational properties 
were evaluated. It is shown that at the present time to create the means of individual armour protection, a variety of 
materials are used: fabric aramid or polyethylene fibers, metal plates based on steels, titanium, aluminum and their 
alloys, as well as ceramics based on boron and silicon carbides, etc. The main advantages and disadvantages of these 
armoured materials are shown. On the basis of literary data, it was established that for the 3rd–5th class of protection, the 
armoured plates of structural alloyed steels were widely used. To minimize the disadvantages inherent in steel armoured 
plates, it is necessary to apply bimetallic compositions with alternating hard and soft layers, produced, among others, 
by welding or surfacing methods. 20 Ref., 4 Tables, 3 Figures.
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At present, for manufacturing of means of individual 
armour protection a wide range of materials is used, 
ranging from light armour based on aramid or poly-
ethylene fibers to hard «shells» of different steels, al-
loys and ceramics intended for protection of a person 
from the most dangerous threats during the combat 
actions [1–6]. Each of these materials has its advan-
tages and disadvantages, depending on which it can 
be applied in different circumstances. Thus, due to its 
high degree of protection, relative ease of manufac-
turing and low cost, the armoured plates of different 
steels became widespread [7, 8]. At the same time, a 
large majority of such armoured plates, which is the 
result of increasing their thickness, negatively affects 
the manoeuvrability of a person, the ability to perform 
certain tasks, and, thus, exposes him to the greater 
danger [9].

The aim of the work was to analyze the properties 
of different armoured materials currently used in the 

individual means of armour protection and to evaluate 
the methods of improving their bulletproof and other 
operational properties.

The use of armoured materials is regulated by the 
requirements of special standards, in particular, in 
Ukraine this is DSTU 4103–2002 «Means of individ-
ual protection, armour vests. General technical speci-
fications» [10] (Table 1). According to these require-
ments, the means of individual armour protection are 
divided into three main classes: soft one with a pro-
tective structure based on special fabrics; semi-hard 
one with a basic fabric structure and additional hard 
protective elements and hard one on the basis of hard 
protective and shock proof elements.

The textile armoured materials and armoured pan-
els of polyethylene fibers are used in soft means of 
individual protection of the 1st, 2nd classes and can 
withstand low-energy weapons such as revolvers and 
pistol bullets. To protect against high-energy weapons 
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table 1. Characteristics of classes of protective structures [10]

Protection 
class

Destruction weapon Bullet type Weight, g Speed, m/s

1 Pistol PM, 9 mm, bullet of type 57-N-181s Steel jacket with steel core 5.9 315±10
2 Pistol TT, 7.62 mm bullet of type 57-N-134s Same 5.5 430±15

3
Gun AK-74, 5.45 mm bullet of type 7N6 » 3.4 910±15
Gun AKM, 7.62 mm bullet of type 57-N-231 » 7.9 730±15

4
Gun AK-74, 5.45 mm bullet of type 7N10 Steel jacket with steel heat-hardened core 3.6 910±15
Riffle SVD, 7.62 mm bullet of type 57-N-323s Steel jacket with steel core 9.6 850±15

5 Gun AKM, 7.62 mm bullet BZ of type 57-N-231 Steel jacket with steel heat-hardened core 7.4 745±15
6 Riffle SVD, 7.62 mm bullet B-32 of type 57-N-323s Same 10.4 830±15
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with a high penetrability (3rd class and higher), for ex-
ample, armour-piercing riffle bullets with heat-hard-
ened cores, it is necessary to use semi-hard and hard 
means of protection with armour elements made of 
metals, alloys or ceramics [1–6, 11]. In this case, the 
weight of the bulletproof vest of the 3rd class is 6–9 kg, 
that of the 4th class is 10–12 kg and those of the 5th–6th 
classes are in the range from 11 up to 20 kg [7, 9].

A large mass, as was indicated above, is one of 
the main drawbacks of steel armour plates. Therefore, 
in the armour vests of the 5th and 6th classes, ceramic 
materials based on boron and silicon carbides began 
to be used [8, 12–14]. The main advantage of this type 
of materials is that they effectively resist bullets of 
armour-piercing and high-speed type, because the rate 
of cracks formation in ceramics is lower as compared 
to the rate of bullet penetration. This means that a 
high-speed bullet spends a lot of energy on fragmenta-
tion of material. In the process of ceramics fragmenta-
tion, a bullet starts decomposing into small elements, 
which are then easily retained by the aramid fibers [2].

However, if low-speed or pointed bullets hit the ar-
mour of ceramics, they behave in different way: sepa-
rating pieces of ceramics, which subjected to cracking, 
such a bullet does not lose energy and accordingly, it 
is not destroyed and does not break up into several 
fragments. This can lead to an after-barrier impact 
of the bullet, i.e. to preserving of its properties after 
overcoming the armour protection. Hitting the same 
area with several bullets can be fatal [2, 12]. In oth-
er words, the «survivability» of the ceramic armour, 
i.e., its ability to withstand several shots, is noticeably 
worse than that of the metal analogs, especially during 
hitting the butt between separate ceramic inserts, and 
a considerable thickness of protective structure cre-
ates great problems to designers of armour vests and 
limitations in service for users [13, 14].

The comparative characteristics on a bulletproof 
resistance of ceramics and traditional metal armour 
are presented in Table 2 [13]. From Table 2 it follows 
that for the protection of 5 and 6 classes, the thickness 
of the steel sheet of 6.5–11.0 mm and that of ceramic 
panel of several times higher is required.

One of the methods to provide simultaneously a 
sufficient class of protection and reduce the weight 
of armoured plates by 15–30 % is the use of light al-
loys based on aluminum and titanium [7, 8, 14]. One 
of their advantages is also the absence of fragments 
during hitting of a bullet and a low degree of after-bar-
rier injuries. Nevertheless, these alloys are expensive, 
difficult in processing, and exclude the creation of ar-
mour vests of the highest classes [8]. Thus, for the 
3rd class of protection and higher at the present time, 
the armoured plates of structural steels with the nec-
essary mechanical properties became the most wide-
ly applied, the main of which are hardness, strength, 
elongation and toughness [1–3, 13]. The main diffi-
culty in creating bulletproof steel is determined by 
the need in combining high values of hardness and 
strength, which provide a resistance to penetration of 
bullet into the metal and a sufficient class of ductili-
ty and toughness to prevent its brittle fracture [1–3]. 
Thus, brittle steels of high hardness, as well as tough 
ductile steels of low hardness, are characterized by a 
low bullet resistance. The main alloying elements in 
armour steels are carbon, chromium, nickel, molybde-
num, silicon [1–3]:

• carbon, first of all, provides an increase in the 
steel strength. At the same time, carbon significantly 
reduces the resistance of steel against the formation 
of solidification cracks. At a carbon content being 
lower than 0.44 % in combination with other alloy-
ing elements and their respective mutual influence, 
it is not possible to obtain a hardness of steel higher 
than HRC 50, however, a carbon content of more than 
0.48 % is not advisable;

• chromium mainly increases the strength and 
hardenability of steel, and also contributes to some 
increase in its toughness due to the austenite grain re-
fining. The chromium steels are sensitive to temper 
brittleness, the appearance of which can be avoided 
by their additional alloying with molybdenum;

• nickel increases the steel resistance to brittle frac-
ture, ductility and toughness of steel, reduces sensitivi-
ty to stress concentrators and provides a high resistance 
to brittle fracture, but the disadvantage of these steels 
is a greater sensitivity to temper brittleness. As in the 

table 2. Comparative characteristics of protection, made from different armoured materials [13]

Type of armoured material
Class of protection according to DSTU 4103–2002

1 2 3 5 6

Steel and its alloys 135/1.7 187/2.4 343/4.4 500/6.4 860/11.0
Titanium alloys 135/3.0 155/3.5 310/7.0 445/10.0 –

Aluminum alloys 135/5.0 190/7.0 590/22.0 860/32.0 1160/43.0
Ceramics based on corundum – – – 380/19.5 440/35.6

*In the numerator, the surface density in g/dm2, and in the denominator, the sheet thickness in mm are indicated.
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case of alloying with chromium, this can be avoided by 
additional alloying by molybdenum;

• molybdenum inhibits the growth of austenite 
grain. It is introduced to prevent temper brittleness. At 
the same time, the molybdenum by some increasing 
the hardness of ferrite, reduces its impact toughness;

• silicon like carbon hardens steel and increases 
the steel strength and reduces its toughness more than 
other alloying elements. In steel, there should be a 
sufficient amount of silicon, but not reducing the re-
sistance against cracks formation.

Thus, most often the armoured steel represents a 
medium-carbon, medium-alloyed steel of the mar-
tensitic class (st is at least 1500 MPa, hardness is 
HV 360–600). The high strength characteristics of 
armoured steels are achieved as a result of heat treat-
ment, including hardening for martensite and low 
tempering [1–5]. Moreover, as to its structure, such 
armour can be homogeneous, i.e., uniform in hard-
ness and toughness across the section, and heteroge-
neous: having an outer layer of higher strength and a 
rear tough, ductile layer which does not produce frag-
ments [11]. The hardness of the outer layer of such 
materials is enhanced by surface hardening [1–3]. The 
typical representatives of armoured steels correspond-
ing to the specified requirements are: MARS 240–300 
(France); ARMOX 400–600 (Sweden); 4340 TOD 
(USA); 44S, 56 (Russia); RAMOR 550 (Finland), etc. 
[4, 6]. The chemical composition, as well as mechani-
cal properties of some of these steels, are given in Ta-
ble 3. For example, a sheet of steel 44S with a thick-
ness of 5.5 mm, having a hardness at the level of HRC 
55–57, provides protection against simple bullets of 
AKM, AK74 and SVD (3rd class) and with an increase 
in sheet thickness to 6.5 mm the protection against 
bullets with a steel hardened core of 5.45 mm caliber 
is provided, which corresponds to the 4th class of pro-
tection [1–4]. To provide a higher class of protection 
by the 5th and 6th classes, the thickness of sheets of 44S 
steel type should be at least 7 and 15 mm, respective-
ly. At the same time, the bulletproof steel of grade 56 

provides a protection according to the 6th class even at 
the sheet thickness of 12 mm (see Figure 1).

However, with increase in thickness of the steel ar-
moured sheet, the problem of its mass appears again. 
In addition, such armoured plates are not capable to 
save a person from the after-barrier impact of bullet. 
Even in case of impenetration of armoured vest, a bul-
let with a superpower after-barrier effect strikes the 
user’s body [12, 15]. In addition, the armoured plates 
should provide a protection not only from the hitting of 
bullets, but also from the fragments, caused by a close 
burst of grenades or shells, and destruction of natural 
and artificial objects, as well as from the impact of air 
wave as a result of increasing (or decreasing) pressure 
in the places of explosions [16]. One more danger-
ous phenomenon to which steel armoured plates are 
exposed is a ricochet. When the bullet interacts with 
the protective plate at large angles from the normal, a 
bullet can ricochet and defeat the unprotected parts of 
the body, as well as the people around [1–3].

These drawbacks can be eliminated by optimizing 
the properties of the armour material [11] and the appli-
cation of bimetallic composite armour panels [6, 17]. 
The basic principle of operation of such a two-layer 
armoured plate is the following [5, 14]. The face layer 
should destroy or at least delay the jacket of the bullet, 
partially absorb its energy, flatten or break the core and 

figure 1. Comparison of protective characteristics of steels of 
grades 44S (a) and 56 (b) [2, 3]

table 3. Chemical composition and mechanical properties of bulletproof steels [4]

Steel grade Rated chemical composition Sheet thickness, mm st MPa Hardness HV

MARS 270 0.35C–0.75Cr–3.10Ni–0.40Mo < 25 2000 534–601
MARS 300 0.50C–0.80Si–4.0Ni–0.40Mo ≤ 8 2180 578–655
ARMOX 560 0.35C–1.0Mn–1.2Cr–3.0Ni–0.65Mo–0.002B 8–20 1850 534–601
ARMOX 600 0.43С–0.3Mn–0.25Si–0.5Cr–2.0Ni–0.35Mo–0.002B 4–10 2150 570–640
4340 TOD 0.4C–0.3Si–0.6Mn–0.8Cr–1.5Ni–0.2Mo – 1900 477–514
RAMOR 550 0.36C–0.7Si–1.5Mn–1.5Cr–2.5Ni 3–15 2100 540–600
77Sh 0.35C–1.4Si–1.1Cr–2.4Ni–0.3Mo – 1900 477–522
Ts85 0.42C–1.5Si–1.1Cr–1.2Ni–0.45Mo – 2050 485–522
SPS 43 0.43C–1.65Si–1.2Cr–1.3Ni–0.45Mo – 2050 444–552
44S 0.44C–1.1Cr–0.9Ni–0.8Mo – 2100 560–610 
56 0.50C–3.0Cr–1.7Ni–1.95Mo–0.3V – 2300 570–600
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distribute its action to a possibly larger area. To do this, 
it should be as solid and strong as possible, and not 
allow breaking with the entire bullet. The inner layer 
should absorb the energy of the remaining part of the 
bullet as much as possible, delay the secondary frag-
ments and possible breaks of the first layer and not pro-
duce the secondary fragments by itself.

The shock of a bullet with a steel core against steel 
can be considered as a collision of bodies of two iden-
tical materials (Figure 2). There are data [15] on the 
increased ability of certain classes of materials and 
alloys to dissipate the energy of dynamic effects for a 
period of time which is commensurable with the time 
of interaction of a bullet with a barrier (see Table 4).

As is seen from the data in Table 4, the low-car-
bon steel St3 reduces the effect of after-barrier action 
to a lesser extent. The higher shockproof values are 
observed in complexly-alloyed steels, some titanium 
and nickel alloys and in the case of using bimetal Steel 
25 + Kh6VF [15]. The similar results were obtained 
in [6], according to which the multilayer armour made 
of a combination of steels St3 and U12A, showed a 
bullet proof at the level of special armour steel of type 
RAMOR 550, and at the same time allowed reducing 
the mass of armoured plates by 20 %.

At the same time, the serial production of bimetal 
armour at the territory of CIS was not mastered [1-
3], although in the EU countries such armour is used 
rather extensively [11]. There are data [11, 17, 18] on 
single attempts to create bimetallic armour by differ-
ent welding methods. Thus, in the works [11, 18] with 
the help of explosion welding a composite of spring 
steel 65G and aluminum AD0 was produced. The 
tests of the produced materials showed that they can 
serve as effective plates for armour vests according to 
the 5th class of resistance.

In the works [7, 17] it is proposed to improve the 
ballistic characteristics of titanium armoured plates by 
creating high-strength intermetallic compounds of ti-
tanium aluminides. The realization of this idea, which 
consists in alternating the layers of high-strength in-
termetallic with soft aluminum layers, is achieved by 
diffusion welding (Figure 3). In the authors’ opinion, 
such an approach allows excluding brittle fracture 
of titanium armoured plate, as well as increasing the 
area, to which a pulse during hitting a bullet is trans-
mitted, thus reducing the after-barrier effect.

From the scientific and practical point of view, the 
investigations on application of coatings of carbon 
nanotubes, characterized by a high elastic modulus 
of about 1.0 TPa (0.21 TPa for steel) and by an ulti-
mate strength, as an outer layer of bimetallic armour 
plates — up to 45 GPa [1, 19, 20] are of interest. How-
ever, for today nanomaterials are still very expensive, 

figure 2. Scheme of shock interaction of a bullet with a bullet-
proof protection: 1 — jacket of a bullet; 2 — core with a jacket; 
3 — incendiary composition; 4 — hard layer of armoured plate; 
5 — tough layer of armoured plate; 6 — shockproof layer

table 4. Results of firing the armoured packages of different materials by bullets PST from PM [15]

Material grade Sheet thickness, mm Nature of defeat After-barrier effect, %

St3 2.4 Through penetration 6–9
17Kh18N9 2.5 60 % impenetration 0

Steel 25 + Kh6VF 2.0 + 0.5 Destruction/impenetration 0
AD31 4.0 Through penetration 15
V95 4.5 80 % impenetration 5

AD31 + V95 2.0+2.0 Through penetration 5–6
VT9 2.0 Through penetration 0
VT9 3.0 Impenetration 0
VT20 2.0 Through penetration 3–5

KhN77TYuR 2.0 Impenetration 0

figure 3. Variant of layers arrangement in the composite ar-
moured plates (a) and macrostructure of joint (b) produced by 
explosion welding [7, 17]: 1 — Ti layer; 2 — intermetallic TiAl3 
inclusions
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which makes it difficult to conduct investigations in 
this direction.

conclusions

1. To create means of individual armour protection, 
a wide range of different materials was developed: 
fabric aramid or polyethylene fibers; metal plates of 
steels as well as titanium, aluminum and their alloys; 
ceramics based on boron and silicon carbides, etc. 
Each of these materials has its own advantages and 
disadvantages, depending on which it can provide 
protection by the 1st–6th class.

2. Due to sufficient reliability, low cost and ver-
satility, for protection by the 3rd–5th classes the ar-
moured plates of low-alloyed structural steels with 
high hardness, ductility and toughness found a wide 
application.

3. To reduce the weight of steel armoured plates, as 
well as to reduce the probability of obtaining after-bar-
rier injuries and ricochet, it is proposed to use bimetallic 
plates with alternating hard and soft layers produced by 
different methods of welding and surfacing.
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