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The alloy Ti–6Al–4V and composites on its base reinforced with 5 to 80% vol. 

TiC are manufactured by press-and-sinter approach using TiH2, Al–V master 

alloy and TiC powder blends. Increase in TiC content up to 40% provides ef-
fective structure consolidation and continuous rise of material hardness. 
Composites fabricated at higher than 40% TiC content demonstrate insuffi-
cient integrity of the sintered structure due to excessive porosity. Using 

these data, 3 and 4 layers plates consisted of Ti–6Al–4V alloy and composites 

on its base containing from 10% to 40% TiC are made. Fabricated plates with 

dimensions of 90×90 mm and a thickness of 11–32 mm demonstrate complete 

integration between the layers and are suitable for the ballistic examination. 

Performed ballistic tests reveal an enhanced resistance of multilayered plates 

against piercing by various bullets types, which exceeds the performance by 

7–40% when compared to the conventional Ti–6Al–4V alloy in terms of the 

specific kinetic energy required for the plate piercing. Kinetic energy of bul-
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lets is mainly dissipated by the deformation of the hard surface composite 

layers with 20% and, especially, 40%TiC, leaving not much energy for bullet 

to penetrate deep into subsequent ductile alloy layer. 

Key words: titanium alloys, metal matrix composites, layered microstruc-
tures, mechanical properties, projectiles, ballistic tests. 

Стоп Ti–6Al–4V та металоматричні композити на його основі, зміцнені 
частинками TiC (5–80% за об’ємом), виготовлено методом пресування і 
спікання сумішей порошків TiH2, ліґатури Al–V та TiC. Збільшення вміс-
ту TiC до 40% забезпечує поступове підвищення твердості при отриманні 
необхідних мікроструктур композитів, проте вищий вміст фази TiC веде 

до надмірної пористості та недостатньої міцності спечених матеріалів. 

Беручи до уваги ці дані, виготовлено плити 90×90 мм та товщиною 11–32 
мм, які складаються з 3-х та 4-х шарів стопу Ti–6Al–4V та композитів на 

його основі з вмістом ТіС від 10% до 40%, з необхідною міцністю з’єднань 

між шарами. Проведено балістичні випробування, які показали підвище-
ні характеристики стійкості багатошарових плит при ударі кулями з різ-
ною кінетичною енергією у порівнянні зі стандартним стопом Ti–6Al–4V 

— для пробивання багатошарових плит необхідна питома кінетична енер-
гія вражаючих елементів на 7–40% вища. Кінетична енергія уражальних 

елементів витрачається, переважно, на деформацію поверхневих шарів 

твердих металоматричних композитів з 20% та, особливо, з 40%TiC, що 

мінімізує глибину проникнення вражаючих елементів в наступний шар 

в’язкого стопу. 

Ключові слова: титанові стопи, металоматричні композити, шаруваті 
структури, механічні властивості, уражальні елементи, балістичні ви-
пробування. 

(Received August 7, 2020) 
  

1. INTRODUCTION 

Titanium alloys and metal-matrix composites (MMC) on their base are 

widely used in military industry as efficient elements for armour pro-
tection [1–3] owing to high strength and low specific weight. A signifi-
cantly better balance of mechanical characteristics and anti-ballistic 

resistance for military purposes can be achieved by combining them in 

multilayered or gradient structures, individual layers of which are dif-
ferent in their phase and microstructural state and/or chemical com-
position that provides the varieties of physical and mechanical proper-
ties [4, 5]. The multilayered (ML) structures that unite hard and high-
strength MMC at surface layers with ductile titanium alloys at the base 

of the armour provide a significantly better general combination of 

product characteristics, unreachable on homogeneous materials [5–7]. 
 Powder metallurgy technologies are efficient methods of creating 

ML structures of titanium materials [5, 8]. In particular, by pressing 
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and sintering multicomponent powder blends based on titanium hy-
dride, structures combining 2–3 layers of Ti–6Al–4V% wt. alloy and 

MMC with the addition of 5–10% vol. of reinforcing particles were 

successfully fabricated and tested [4, 5]. For instance, TiC and TiB 

compounds are characterized by good thermal stability, high Young’s 

modulus and thermal expansion coefficient close to the corresponding 

parameter of the matrix Ti–6Al–4V alloy, therefore, the noted com-
pounds are considered as the most promising to achieve the required 

physical and mechanical characteristics of such composites [9]. Opti-
mization of the press-and-sinter powder technology parameters pro-
vides the control over the microstructure, residual porosity, and, cor-
respondingly, the characteristics of each individual layer resulting in 

enhanced properties of entire ML structures [5, 10]. The ML materials 

showed significantly higher characteristics of strength and ductility 

in 3-point flexure tests and better characteristics of armour resistance 

on ballistic impact when compared to homogeneous structures of Ti–
6Al–4V alloy and MMCs [5]. It was found that by increasing of the TiC 

particles content within the individual layers their mechanical charac-
teristics significantly changing: the strength and hardness is increas-
ing, while the plasticity is dropping. Besides, the ML armour struc-
tures performance depends significantly not only on TiC content with-
in the individual layers, but also on the layers’ thickness. Initial study 

of anti-ballistic performance of ML structures indeed show very prom-
ising results, however the data were obtained on ML materials contain-
ing in the surface layer only 10% of TiC with gradually decreased 

amount of reinforcement at the deeper layers of the plates [6]. 
 At the same time, the role of many other important factors was out-
side the objectives of that earlier study. The most obvious would be ex-
ploration of potentials on increasing of TiC content over 10% and its 

effect on microstructure and properties of uniform MMC produced 

with press-and-sinter powder approach. Also it could be very im-
portant to investigate the peculiarities of the formation of multi-
layered structures with individual layers containing higher amount of 

TiC particles. And finally, the credibility of such materials in ballistic 

resistance against projectiles with different kinetic energy, as well as 

consideration of bullet related factors such as extra-hard core, and the 

presence of the incendiary mixture. All the above aspects have not been 

studied yet, and that was the motivation in the present study. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

The first task of present study was to determine the influence of TiC 

content varied from 10 to 80% vol. on the microstructure of Ti–6Al–
4V based MMC. The next step was to create ML plates with 3 and 4 lay-
ers that were suitable for ballistic examination with different types of 
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projectiles. 
 Titanium hydride TiH2 was used as the base of all powder blends in 

the study. It has some obvious advantages over conventional titanium 

powder use in production of alloys and composites utilizing Blended El-
emental Powder Metallurgy (BEPM) approach [8, 11]. Titanium hy-
dride powder was manufactured in this study by hydrogenation of TG-
110 titanium sponge, followed by its grinding. 
 Size fraction <100 µm of TiH2 powder was separated by sieving and 

blended with a corresponding amount of 60%Al–40%V master alloy 

(particles size <63 µm) to form blend corresponding to Ti–6Al–4V com-
position. To produce MMC containing 5, 10, 20, 30, 40, 50, 60, 70 and 

80% vol. TiC phase, titanium carbide powder (particle size <30 µm) was 

additionally added to the blend at needed amount. For microstructure 

study and hardness tests the powder blends were pressed in dies to cy-
lindrical green preforms with a height of 12 mm and a diameter of 10 

mm at room temperature using 650 MPa pressure. The samples were 

sintered in a vacuum furnace at 1250°C for 4 hours, followed by furnace 

cooling. For the ballistic test ML plates structures with dimensions of 

90×90 mm and a height of 11–32 mm, which consisted of 3 and 4 layers, 

were fabricated. The blends of the appropriate composition were put 

layer-by-layer into a plate mold and pressed, obtaining flat powder pre-
forms. The used size of preforms was predetermined by the require-
ments of ballistic tests, however, the increase in the cross-area of the 

pressed preform did not allow applying (in laboratory conditions) the 

compaction pressure higher than 150 MPa. ML powder preforms were 

sintered under the same conditions as individual (single-layer) blends. 
The used sintering mode provided removal of hydrogen from TiH2 and 

conversion of each powder blend into a bulk homogeneous material of 

corresponding composition (Ti–6Al–4V alloy or different MMCs), and 

the creation of ML structures simultaneous bonding of the layers. 
 Microstructure of sintered materials was studied with light optical 
(LOM; Olympus IX70) and SEM microscopy (TESCAN VEGA 3). Porosi-
ty was evaluated by quantitative analysis of the surfaces of metallo-
graphic sections. The Vickers hardness of each layer was determined us-
ing a Wolpert 452 hardness tester. Ballistic examination of ML struc-
tures were performed in a certified laboratory of the Ivan Chernyakhov-
skyi National Defence University of Ukraine using cartridges that dif-
fer in caliber, mass, kinetic energy and hardness of the bullet core. 

3. RESULTS AND DISCUSSION 

3.1. The Effect of ТіС Content on Microstructure and Properties 

of Ti–6Al–4V–(Х)ТіС Metal Matrix Composites 

The hydrogen desorption of titanium hydride powder and conversion 
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of powder blends into a bulk Ti–6Al–4V alloy and composites on its 

base cause characteristic volume reduction of the samples during sin-
tering. The observed linear shrinkage of green preforms was consistent 

with the amount of the reinforcement particles used: the shrinkage de-
creases with increasing TiC phase content in the powder blends. The 

maximum linear shrinkage of 15.5% was measured after sintering of 

the green preform sample composed using the powder blend of the Ti–
6Al–4V alloy without any TiC particles added. The samples of MMC 

exhibited significantly lower reduction during sintering. For example, 

linear shrinkage of the 40% TiC composite was measured about 9% 

and 70–80% composite was only 3–4%. 
  

 The typical microstructures of individually sintered materials are 

shown in the Fig. 1. The involved temperature-time sintering regime 

provides the formation of chemical and microstructural homogeneity 

of the Ti–6Al–4V matrix (Fig. 1, a–d) due to the complete dissolution 

of Al–V master alloy particles and these elements diffusion into Ti. At 

the same time, some minor inhomogeneity of TiC particles distribution 

is observed within the matrix (Fig. 1, b, c). It is pre-determined by the 

blending conditions of powders and the initial localization of the TiC 

particles between the other components of the blend. The TiC phase has 

high melting point making particles sufficiently stable at the used sin-
tering temperatures. There was no significant alteration of the parti-
cles shape was observed. However, some minor diffusion of carbon into 

the surrounding matrix and formation of a transition layer was not 

completely excluded [12]. 
 When TiC content was 50% and higher (Fig. 1, e, f) the reinforce-
ment phase actually becomes the base of the composite material and 

corresponding microstructures were markedly different from struc-
tures of composites with lower reinforcement fraction. As it was dis-
cussed before the volume changes of the samples during sintering de-
pends on the TiC content in the blends. Increase in amount of TiC phase 

above 40% constrains the formation of fully consolidated material re-
sulting in residual porosity, which was higher for a greater content of 

reinforcement particles. At a compaction pressure of 650 MPa used on 

small cylindrical specimens, Ti–6Al–4V alloy demonstrated residual 
porosity close to 1% (Fig. 1, a). The porosity fraction noticeably in-
creases for MMC with 40% of TiC (Fig. 1, b–d). When TiС content is in 

the range 50–80% the applied temperature-time sintering regime 

forms highly porous (10–20% of pores) materials (Fig. 1, e, f). Be-
sides, TiC particles form the conglomerates, which could be easily 

crashed, thus, preventing sufficient strength of such composites. This 

result is due to the used sintering temperature (1250°С) is sufficient 

for sintering of the alloy’s particles, but not TiC. In powder technolo-
gies it is generally accepted to choose the sintering temperature in the 

range of 0.5–0.8Tm (where Tm is the melting point of the material). 
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Since the melting point of TiC is 3065°C and titanium is 1670°C, the 

sintering temperature of 1250°C used in this experiment was suitable 

for the alloy, but obviously was not sufficient for diffusion bonding of 

TiC particles. 
 The dependence of the Vickers hardness on TiC content up to 40% in 

Ti–6Al–4V matrix is presented in Fig. 2. The adequate hardness meas-
urements on the samples with higher particles content was obscured by 

the premature fracturing of highly porous materials. However, shown 

in Fig. 2 data clearly demonstrates a significant increase in the MMC 

hardness with an increase of the high-modulus TiC particles content. 
When the particles content is higher than 40%, the relatively high re-

 

Fig. 1. Microstructure of some sintered materials: (a) Ti–6Al–4V alloy, and 

MMC on its base containing: (b) 10%, (c) 20%, (d) 40%, (e) 60%, and (f), 
80%ТіС. All samples were pressed at 650 MPa. SEM: (a) SE, (b–f) BSE. 
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sidual porosity and the insufficient bonding of the reinforcement par-
ticles embrittle the TiC conglomerates leading to premature destruc-
tion of specimens. 
 Hence, it could be concluded that the practical range for the compo-
sites reinforcement utilized in fabrication of the armour protecting 

elements using present BEPM processing should not exceed 40% of 

TiC particles by volume. 

3.2. Microstructure of Multilayered Materials 

The generally accepted concept of efficient antiballistic performance 

suggests the armour component of dual properties: with maximum 

hardness and durability at the surface (front) layers, and high ductili-
ty at the base (back) layer. Such approach was also utilized in this 

study to manufacture ML structures where the surface layers contain 

up to 40% of TiC particles and the base was made of ductile Ti–6Al–4V 

alloy with no reinforcement. The maintenance of the ML armour com-
ponent integrity during their fabrication is a challenging technologi-
cal problem due to significantly different volume changes (shrinkage) 

that occur in different adjacent layers with dissimilar TiC content dur-
ing sintering of the powder blends. It is obvious that in order to mini-
malize the possibility of layers delamination and cracking the multi-
layered structures should be fabricated with adjacent layers sustaining 

a relatively small difference in volume changes during the sintering. 

Based on earlier reported data the difference in TiC content of the ad-
jacent layers was chosen not to exceed 10–20% considering used plates 

dimension [4]. Adopted gradation of TiC concentration between the 

adjacent layers successfully compensate the stresses built up at the in-
terface between the layers due to some variation of porosity in adjacent 

 

Fig. 2. The Vickers hardness dependence of the sintered Ti–6Al–4V + TiC(X) 

composites on ТіС content. 
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materials. 
 To validate this approach, a number of 90×90 mm plates having 3 or 

4 layers were fabricated (Fig. 3). The base or the backside of the plate 

was always made of the alloy Ti–6Al–4V with no reinforcement added. 

In cases of 4-layered structures, 2 transitional composite layers with 

20% TiC and 10%TiC were added between the surface composite layer 

with 40% TiC and the base. In case of 3-layered plates, the surface 

composite layer used was 20% TiC and only one transition layer with 

10% of TiC was added. Adopted approach on structure composition 

provides relatively smooth gradual change of physical and mechanical 
characteristics between the layers (Fig. 4), which prevents negative 

consequences during plates fabrication and a significant concentration 

of stresses under static and shock (including ballistic) loads. 
 The mentioned difference in volume changes during sintering (low 

shrinkage of MMC layers with high TiC content as compared to the lay-
er of the Ti–6Al–4V alloy) still led to some minor distortion of the 

shape (bending) of flat ML plates, however, desired integrity with suf-
ficient adhesion between the layers were achieved. Typical microstruc-
tures of ML materials are shown in Fig. 5. It is clearly seen that there 

are no cracks observed on the bond line between the layers. At the same 

 

Fig. 3. Schematic presentation of the structure of the manufactured (a) 3-, 
and (b) 4-layered plates and the direction of the ballistic impact during the 

tests. 

 

Fig. 4. Schematic distribution of hardness in depth of (a) 3- and (b) 4-layered 

plates with a total thickness of 15.5 mm. The arrows schematically show the 

penetration depth of PP-type bullets (see Table 1). 
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time reduced pressure (not higher than 150 MPa) used for the compac-
tion of 90×90 mm plates caused in a relatively higher porosity in all 
layers as compared to cylindrical specimens that were pressed at 640 

MPa (compare Figs. 2 and 5). The pores volume fraction increases sig-
nificantly with increasing TiC content, reaching about 2–3% for the 

Ti–6Al–4V alloy layer (Fig. 5, a, bottom), being even higher for MMC 

with 10%TiC layer (Fig. 5, d) and approaching about 15% for the com-
posite layer with 40% TiC (Fig. 5, c). 

3.3. Ballistic Tests 

The ML plates with 3 and 4 layers were further subjected to a ballistic 

test that schematically shown in Fig. 3. The thickness of the individual 
layers was not less than 2 mm, while the total thickness of the plates 

varied from 11 to 28 mm. Besides, the thickness ratio between individ-
ual layers was changed keeping the same total thickness of the plates. 
That allowed checking the effect of the thickness ratio between the 

ductile back layer of the Ti–6Al–4V alloy and combined thickness of 

used MMC layers, which ranged from 2:1 to 1:2. 

 

Fig. 5. Typical microstructures (LOM) of ML plates; images a and b show the 

area in the visinity of the joint indicated by arrows, a—between MMC layer 

containing 10%TiC (top) and Ti–6Al–4V alloy layer (bottom); b—between 

MMC layers containing 20% (top) and 10% (bottom) of TiC; images (c) and (d) 
show the bulk of the layers containing 40% (c) and 10% (d) of TiC. Compac-
tion pressure of 150 MPa. 
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 Ballistic tests were performed using cartridges of different caliber, 

mass and velocity of bullets, and therefore delivering a different kinet-
ic energy, as well as having additional striking factors (Table 1). It 

should be specified, that used cartridges and bullets were character-
ized by three striking factors, namely: i) kinetic energy impact, ii) 

hardened (above 700 HV) steel core, and iii) presence of incendiary 

mixture. One LPS bullets have only the first affecting factor, PP bul-
lets—two factors, while BZ and B32 bullets—all three affecting fac-
tors. 
 Typical examples of different plates after ballistic tests are present-
ed in Fig. 6. Piercing or fracture of these specimens took place, usually 

without essential deformation observed on the front and on the back of 

the plates. In the case of piercing all deformation was realized in the 

form of ‘knocking out the cork’ (Fig. 6, a). When the piercing did not 

occur, there was no any deformation observed on the backside of the 

plate (Fig. 6, b). At the same time, there were brittle fracture of the top 

40%TiC layer was observed as well as its total separation from the ad-
jacent 20% TiC layer along the interface between them in 4-layered 

plates (Fig. 6, c). It could be underlined that despite of some penetra-
tion of the bullet into deeper layers containing 20%TiC and 10%TiC, 

TABLE 1. Cartridges and some characteristics of bullets used in ballistic tests 

of ML materials. 

No. 
Cartridges/ 

bullets,  
caliber 

Bullets 

mass,  
g 

Bullets 

speed, 
m/s 

Kinetic 

energy 

of  

bullets, 
J 

Specific  

energy (kinetic 

energy/bullet 

cross-section), 
J/m2 

Affecting  

factors 

1 

Machine-gun  

cartridge PP 

(7Н10),  
5.45 mm 

3.61 910 1495 64.16⋅106 
2: Kinetic impact 

+ hardened steel 
core 

2 

Machine-gun  

cartridge BZ  

(57-БZ-231s),  
7.62 mm 

7.4 772 2205 48.35⋅106 

3: Kinetic impact 

+ hardened steel 
core + incendiary 

mixture 

3 

Rifle cartridge 

LPS 
(57-Н-323s)  

7.62 mm 

9.6 850 3468 76.05⋅106 1: Kinetic impact 

4 

Rifle cartridge 

B32  

(57-БZ-323)  
7.62 mm 

10.4 830 3582 78.56⋅106 

3: Kinetic impact 

+ hardened steel 
core + incendiary 

mixture 
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these layers still not fractured and the backside of the plate has no 

signs of deformation. 
 We believe that the main reason of detouching of 4-layered plates 

structure along the interface between MMCs with 40% and 20% ТіС 

can be explained by relatively high difference in TiC content, which 

causes essential residual stresses between the layers due to difference 

in volume changing taking place during sintering. The lowered ductili-
ty and increased porosity of the MMC under higher content of the TiC 

phase are most likely among few other negative factors affecting the 

ballistic resistance of tested material. These factors are effectively 

contributed to the nucleation and propagation of the cracks even at 

relatively low loads. Therefore, despite the absence of visible defects 

(cracks, conglomerates of pores) between these layers after their sin-
tering, precisely the interface between these two MMCs’ is the weakest 

link. Such adverse effect is not observed at the interfaces between oth-
er layers, when the TiC content was differs by only 10%. This fact al-
lows concluding that for higher reliability of layered materials to bal-
listic impact the difference in TiC content between adjacent layers 

should not exceed 10%. 

 

Fig. 6. General view of tested plates on the front (top) and back sides (bottom): 
a—3-layered 11 mm in thickness; b—3-layered 22 mm in thickness; c—4-
layered plate 15,5 mm with 40%TiC in the top layer. 
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 It should be specifically emphasized that during the ballistic tests of 

such MMC, when there is no penetration observed throughout the 

plates and the bullet gets stuck inside them, there are no signs of de-
formation taking place on the back side (Fig. 6, b, c), in contrast to the 

usual deformed titanium alloy [1, 6, 13]. 
 The general advantage of ML structures in comparison with the ho-
mogeneous Ti–6Al–4V alloy, made by the same powder approach and 

used as a reference, is clearly demonstrated by the depth of penetration 

of an armour-piercing incendiary bullet caliber 7.62 mm (BZ—p. 2 in 

Table 1) into these materials (both were not pierced). The depth of pen-
etration into the ML structures was in various experiments from 11 to 

18 mm (Fig. 7, b), while the depth of penetration of the same bullets 

into a homogeneous alloy—19–23 mm (Fig. 7, a). At the same time 

testing with more powerful B32 (p. 4 in Table 1) bullets caused in par-
tial piercing of this 3-layered plate (Fig. 7, c). Also, it can be mentioned 

that the hard steel core bullet was cracked despite hardness of all lay-
ers (Fig. 4, a) was essentially lower than hardness of the projectile core 

(above 700 HV). 
 Analysis of the deformed microstructures in the vicinity of ballistic 

impact (Fig. 7) showed that the presence of hardened with TiC surface 

MMC layers requires significant energy dissipation on their defor-
mation, which in turn essentially inhibits the penetration of the pierc-
ing elements into the deeper layers of material. Traces of localized sig-
nificant deformation of both composite layers and alloy layer are ob-
served in the areas near the ballistic impact site, with the formation of 

adiabatic shear bands in their structure (Fig. 8). This issue is discussed 

in more details elsewhere [1, 6, 14]. 
 The ballistic test results were analyzed taking into account the fol-

 

Fig. 7. Cross-sectional images of the plates after ballistic test: a—
homogeneous Ti–6Al–4V alloy produced with powder metallurgy approach; b, 
c—three-layered plates consisted of No. 1—20%TiC MMC, No. 2—10%TiC 

MMC, No. 3—Ti–6Al–4V alloy. Plates tested by bullets (a, b) BZ, and (c) B32. 
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lowing striking factors: kinetic energy of the bullet, the hardness of 

the bullet core, and the presence of the incendiary mixture. Besides the 

main features of the ML structures including their composition and 

layers thicknesses allowed to specify the following important conclu-
sions. Firstly, the effect of kinetic energy should be considered in its 

specific value, i.e. taking into account the caliber (cross-sectional area) 
of the bullets used [1, 6], which determines the volume of material de-
formed as a result of the ballistic impact. In this study we were focused 

on complicated cartridges and bullets which, in addition to kinetic en-
ergy (LPS), also has two additional damaging factors: a hardened core 

(PP) and an incendiary mixture (BZ, and B32). 
 The results obtained in this study can be conveniently compared to 

the earlier reported data obtained for the conventional (cast and 

wrought) Ti–6Al–4V alloy armour. It is appropriate to present the da-
ta in the form of dependencies of the specific kinetic energy over the 

thickness of the tested materials as it is shown in Fig. 9. The dotted 

lines on the chart represent the conventional Ti–6Al–4V alloy tested 

with the bullets having soft (1), hard core (2), and addition of incendi-
ary mixture (3). The areas above and to the left of each line correspond 

to the combination of kinetic energy and the thickness of the material 
providing piercing while the areas below and to the right of these lines 

correspond to full protection against the piercing. The results of cur-
rent study for 3- and 4-layered plates added to this chart correspond to 

the no-piercing cases. The arrows adjacent to the experimental point 

illustrate how much they surpass similar cast and wrought alloy mate-
rial in terms of their ballistic resistance. 
 Results on ballistic evaluation of ML armour plates could be summa-
rized in a few statements: 
 i) ML plates of both kinds tested in this study have a sufficient re-
sistance for the piercing by all three types of bullets. The overall ballis-
tic performance of ML plates significantly exceeds the performance of 

the conventional Ti–6Al–4V alloy plates. 

 

Fig. 8. Microstructure of deformed areas near bullet penetration channel in 

(a) MMC containing 20%TiC and (b) 10% TiC. SEM, SE. 
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 ii) For the high-energy LPS bullets the SKE required to pierce the 3-
layered plate of 22 mm thick surpass the energy required to pierce the 

standard Ti–6Al–4V alloy armour plate of the same thickness by about 

7%; while for the 4-layed plates with a thickness of 15.5 mm this value 

is surpassing the reference on 40% (!) 
 iii) For the PP bullets class having strengthened steel core both 

types of layered plates (3 and 4) surpass the resistance of the standard 

Ti–6Al–4V alloy plate by more than 40%. 
 iv) For the bullets with all three impact-destruction factors, the test 

results depend on the level of kinetic energy: for BZ bullets with lower 

kinetic energy, both types of plates (15.5 mm thick) were characterized 

by sufficient ballistic resistance, while for more powerful B32 bullets, 

3- and 4-layers plates with a thickness of 22 mm were resistant. 
 Additionally, few important remarks could be made on the depth of 

bullets penetration. From the comparison of ballistic tests of 3- and 4-
layered plates with PP type ammunition (bullets with heat - strength-
ened core) it follows that at the same total thickness, increased ballistic 

resistance is demonstrated by 4-layered structures with the surface 

 

Fig. 9. The dependence of Specific Kinetic Energy (SKE) on the thickness of 

the armour plates tested for different classes of the bullets. The lines shows 

the dependence for the cast and wrought Ti–6Al–4V tested with: is the ‘soft’ 
core bullets (7.62 caliber, [1]) (1); is the hard steel core (2); and is the hard 

steel core + incendiary mixture (3) [6]. Arrows illustrate the superiority of the 

tested in this study ML plates over the cast and wrought Ti–6Al–4V alloy 

plates for corresponding classes of tested bullets. 
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layer built of 40% TiC composite. The depth of penetration of the bul-
let core into 4-layers structures is about 6 mm, the sphere penetrates 

the surface layer of the composite with 40% TiC with a thickness of 5.5 

mm, and stops by the next layer with 20% TiC only partially deform-
ing it. In contrary the 3-layered plates with the surface built of the 

same thickness but with 20% TiC the depth of the bullets penetration 

is 8–15 mm, i.e. the bullet pierces not only the surface layer, but also 

the next 10% TiC layer, stopping in the base one (Ti–6Al–4V) as Fig. 

7, b shows. This observation suggests that for the same thickness of 

the surface layers having 40% and 20% TiC, composites with a higher 

content of reinforcement (despite their increased porosity and brittle-
ness) provide significantly greater dissipation of kinetic energy of the 

bullets, which is spent on deformation and fracture of this layer during 

the ballistic impact. Furthermore, for the same thickness of ML struc-
tures, the change in the total thickness of the composite layers relative 

to the base Ti–6Al–4V layer has minor effect on the depth of bullet 

penetration into the material. For example, BZ bullet penetrates 17 

mm into 3-layer structures where combined composites’ layers thick-
ness with 20% and 10% TiC have only 30% of the total thickness of 

the ML plate, and 16 mm if these two layers have 40% of the total 
thickness of the ML material. In general, the ballistic resistance char-
acteristics of these armour materials are determined by the complex 

influence of such factors as the content of the reinforcing phase in 

MMC, the number of layers and their mutual thickness, the specific 

energy of the bullet related to its cross section, core hardness, and the 

presence of incendiary mixture. The solution of this multiple-factor 

problem requires additional research and possibly computer modelling 

to determine the impact of each specific factor and to optimize such 

structures. 

4. CONCLUSIONS 

1. Press-and-sinter blended elemental powder metallurgy using TiH2 

powder was employed to produce Ti–6Al–4V-based MMCs with content 

of reinforcing TiC particles varied in the range 5 to 80%. The used 

processing parameters allowed successful manufacturing of compo-
sites with TiC content up to 40%, while higher content of reinforce-
ment particles resulted in excessive porosity and inappropriate integ-
rity of sintered materials. 
2. Three- and four-layered plates consisted of Ti–6Al–4V alloy as basic 

layer and MMC on its base containing from 10% to 40% TiC were pro-
duced with complete integration of the layers and absence of the de-
fects (cracks, enhanced porosity) on the interface between the layers. 
3. ML plates tested in this study have an excellent ballistic perfor-
mance against piercing by various types of bullets, which for the most 
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bullet classes significantly exceed the performance of the conventional 
Ti–6Al–4V alloy of the same thickness. 
4. For the high-energy bullets having additional impact factors (hard 

core and incendiary mixture), ML plates surpass the resistance of the 

conventional Ti–6Al–4V alloy by about 7–40% in terms of the specific 

kinetic energy required for the plate piercing. 

ACKNOWLEDGMENT 

Parts of this work were supported by funding from the NATO Agency 

Science for Peace and Security (grant No. G5030), and National Acad-
emy of Sciences of Ukraine (project No. III-09-18). 

REFERENCES 

1. J. Fanning, J. Mater. Eng. Perform., 14: 686 (2005). 
2. J. S. Montgomery and M. G. Y. Wells, JOM, No. 4: 29 (2001). 
3. T. L. Jones, K. Kondoh, T. Mimoto, N. Nakanishi, and J. Umeda, 

Key Engineering Materials, 551: 118 (2013). 
4. O. M. Ivasishin, P. E. Markovsky, D. G. Savvakin, O. O. Stasiuk, M. Norouzi 

Rad, and S. V. Prikhodko, J. Mater. Processing Technol., 269: 172 (2019).  
5. P. E. Markovsky, D. G. Savvakin, O. M. Ivasishin, V. I. Bondarchuk, and 

S. V. Prikhodko, JMEPEG, 28, Iss. 9: 5772 (2019). 
6. O. M. Ivasishin, P. E. Markovsky, D. G. Savvakin, O. O. Stasiuk, V. A. Golub, 

V. I. Mirnenko, S. H. Sedov, V. A. Kurban, and S. L. Antonyuk, Usp. Fiz. Met., 
20, Iss. 2: 285 (2019). 

7. Zhaoxin Zhong, Biao Zhang, Yicheng Jin, Haoqian Zhang, Yang Wang, 
Jian Ye, Qiang Liu, Zhaoping Hou, Zhiguo Zhang, and FengYe, Ceramics  

International, 46, Iss. 18, Part A: 28244 (2020). 
8. O. M. Ivasishin, V. M. Anokhin, A. N. Demidik, and D. G. Savvakin, Key Eng. 

Mater., 188: 55 (2000). 
9. T. Saito, JOM, 56: 33 (2004). 
10. P. E. Markovsky, S. V. Prikhodko, D. G. Savvakin, O. O. Stasyuk, and 

O. M. Ivasishin, Mater. Sci. Forum, 941: 1384 (2018). 
11. O. M. Ivasishin and V. S. Moxson, Sci. Technol. Applications (Eds. Ma Qian, and 

S. H. Froes) (Elsevier: 2015), p.117. 
12. P. Wanjara, R. A. L. Drew, J. Root, and S. Yue, Acta Mater., 48: 1443 (2000). 
13. T. R. Jones, Army Research Laboratory, Report ARL-CR-0533, February 

(2004), p. 19. 
14. P. E. Markovsky, Mater. Sci. Forum, 941: 839 (2018). 

https://doi.org/10.1361/105994905X75457
https://doi.org/10.1007/s11837-001-0144-2
https://doi.org/10.4028/www.scientific.net/KEM.551.118
https://doi.org/10.1016/j.jmatprotec.2019.02.006
https://doi.org/10.1007/s11665-019-04263-0
https://doi.org/10.15407/ufm.20.02.285
https://doi.org/10.15407/ufm.20.02.285
https://www.sciencedirect.com/science/article/pii/S0272884220323427?via%3Dihub%23!
https://www.sciencedirect.com/science/article/pii/S0272884220323427?via%3Dihub%23!
https://www.sciencedirect.com/science/article/pii/S0272884220323427?via%3Dihub%23!
https://www.sciencedirect.com/science/article/pii/S0272884220323427?via%3Dihub%23!
https://www.sciencedirect.com/science/article/pii/S0272884220323427?via%3Dihub%23!
https://www.sciencedirect.com/science/article/pii/S0272884220323427?via%3Dihub%23!
https://www.sciencedirect.com/science/article/pii/S0272884220323427?via%3Dihub%23!
https://doi.org/10.1016/j.ceramint.2020.07.325
https://doi.org/10.1016/j.ceramint.2020.07.325
https://doi.org/10.4028/www.scientific.net/KEM.188.55
https://doi.org/10.4028/www.scientific.net/KEM.188.55
https://doi.org/10.1007/s11837-004-0125-3
https://doi.org/10.4028/www.scientific.net/MSF.941.1384
https://doi.org/10.1016/S1359-6454(99)00453-X
https://doi.org/10.4028/www.scientific.net/MSF.941.839


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



