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Abstract: The high specific strength of Ti-based alloys and composites makes them highly requested materials in various structural 

applications. However, reinforcement of the alloys with hard particles generally lowers the values of toughness and plasticity of material. A 

satisfactory combination of plastic and strength can be achieved by formation of layered structures comprising of two and more layers of 

different materials with different chemical compositions within individual layers. The multi-layer materials allow controlling the mechanical 

properties of the individual layers by changing microstructure and chemical composition within each layer specifically. In the present study, 

a cost-efficient process of fabrication of Ti-based multi-layer composites using blended elemental powder metallurgy (BEPM) and TiH2 

powder is proposed. Two and three-layered composites based on titanium or Ti-6Al-4V alloy and their metal-matrix composites (MMC) with 

TiC and TiB were fabricated. Multi-layered samples reinforced by TiC were successfully sintered due to very close shrinkage of adjacent 

layers. Shrinkage values of layers reinforced by TiB were lower than those for the Ti-alloy, which led to delamination of layered structures, 

distortion of shape, and cracking. We can control shrinkage in individual layers by means of optimizing the powder size, that allows to 

obtain multi-layer titanium matrix composites reinforced by TiB with well-balanced mechanical properties. 
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Introduction. 

Titanium alloys are widely used in automotive, aerospace and 

advanced military applications because of their unique set of 

properties such as high specific weight, great strength and ductility, 

good corrosion resistance [1-2]. However, as technology evolves, 

homogeneous titanium materials may not always satisfy operating 

requirements. First of all, it is not possible to achieve a combination 

of high strength values without decreasing toughness and ductility 

of the material. This combination of properties for titanium 

materials can be achieved by creating multilayer gradient products 

with different chemical composition and microstructure in each of 

the individual layers and leads to different properties of each layer. 

The different layers combination in one product allows to achieve 

unique properties that are unusual to homogeneous materials. One 

of the most optimized method for this class of materials is powder 

metallurgy approach that allows to obtain finished products which 

combines production simplicity and economical profit. Multilayer 

materials in which the top layer consists of titanium-matrix 

composite materials reinforced with titanium carbide or titanium 

boride can be successfully used as wear-resisting material in 

aviation, machine manufacturing and Anti-ballistic military 

applications. 

The aim of this work was to study the features of the production 

of 2-3 layered titanium materials by using titanium matrix 

composite materials with titanium carbide particles or titanium 

boride by powder metallurgy approach.  

The technological cost-effectiveness of titanium alloys usage 

was demonstrated in [3-4]. This approach has been successfully 

used in the production of titanium-matrix composite materials with 

both TIC and TiB [5-6]. This approach allows to achieve: low 

porosity values of sintered materials, purified materials from 

impurities by atomic hydrogen releasing, and reducing the final 

product cost. 

Materials and experimental procedure. 

The bi- and three-layered structures were fabricated in this 

study by combining the layers with high strength and hardness, and 

the layers with high toughness and ductility in one device.  

Ti-6Al-4V alloy was used to provide sufficient ductility, and metal-

matrix composites (MMC) on its base reinforced with hard TiC or 

TiB particles to create layers with high strength and high hardness. 

So, 2-layered samples consisted of Ti-6Al-4V alloy layer and MMC 

layer with either TiC or TiB particles as well as 3-layered samples 

consisted of Ti-6Al-4V alloy layer and MMC layers with different 

volume fraction of particles (either TiC or TiB) were explored. 

Multi-layered titanium matrix composites were fabricated using 

BEPM. Hydrogenated titanium (TiH2) powder (3.5 % H, wt.) was 

used as the base powder for fabrication. TiH2 powder with different 

particles sizes (<40, <100, 100-125 µm) were used to evaluate the 

densification of individual blends to compensate the shrinkage 

mismatch of adjacent layers reported earlier [7]. Powder of 

hydrogenated titanium was blended with 60%Al-40%V master 

alloy powder (particles size < 63 μm) to form blend of total Ti-6Al-

4V composition. Whenever inclusions of the second phase, such as 

TiB or TiC were needed to form MMC their powders were added at 

required amounts to the blends and mixed before the pressing. TiC 

powder with the size 1-30 μm was used to make MMC with 5 and 

10 % (vol.) of reinforcement particles. In order to obtain TiB 

inclusions as a part of composite we used TiB2 powder with the size 

5-30 µm expected to chemically transform during the sintering 

following the reaction: TiB2+Ti=2TiB. For the layered structures, 

blends for each layer were prepared separately and added to the die 

before the pressing. We used two different compaction pressure. By 

using the die-pressing protocol relatively large flat products, 

preform plates, with the size 90×90×18 mm were pressed at  

150 Mpa. A smaller size samples, bars, with dimention  

65×10×10 mm, at 150 and 640 MPa. Single layer materials were 

fabricated to test the properties of individual layers, whereas bi- and 

three-layer structures were made to test mechanical properties 

MMC. Sintering of all preform samples was conducted in vacuum 

furnace (1250°C, 4h) followed by the slow furnace cooling. That 

provided dehydrogenation of titanium and formation of the bulk 

samples. We also performed some experiments to form the bi-

layered structures of Ti-6Al-4V alloy and MMC on its base where 

we used comecially pure Ti (CP-Ti) powder besides the TiH2 

powder. That was done to conduct the study on effect of the 

powder’s hydrogen content on the shrinkage effect of the layered 

compacts during their sintering. 

The residual porosity of fabricated structures, their shrinkage 

after the sintering and mechanical properties were measured on 
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materials with different individual compositions. The total 

shrinkage upon 4-hour sintering was determined by comparing 

linear dimensions of the samples before and after sintering; the 

measurement error was 0.2%. Additionally, in-situ shrinkage 

measurements were performed on a high-temperature vacuum 

dilatometric system [8]. The measurements were conducted during 

continuous heating of the samples at a rate 7°C min−1 up to 1250°C. 

Densities of individual materials were measured with the 

Archimede’s technique.  

Microstructure of the samples was studies using light optical 

microscopy (LOM), scanning electron microscopy (SEM). Light 

optical microscopy was performed on M600 (Nikon), an IX70 

(Olympus). Polished samples for LOM were etched with Kroll`s 

reagent. Scanning electron microscopy was performed on VEGA 3 

(Tescan). 

Vickers hardness tests were performed on a Wolpert Wilson 

452 SVD system. HV hardness values were average of 5–6 

measurements performed for each condition.  

Three-point flexural tests on the bar samples of sintered bi-

layered structures were performed on an INSTRON 8802 following 

ASTM E290-14 standard. Each value on flexural tests was an 

average of at least 3 samples tested. In 3-point flexural test on bi-

layered samples the concentrated load was applied on the side of 

MMC.  

Results and discussion. 

To achieve the highest possible balance of mechanical 

properties of multilayer materials it is necessary to obtain chemical 

and microstructural homogeneity in every material layer during 

sintering and reduce residual porosity of the product. It is necessary 

also to achieve maximum adhesion between the material layers 

(alloy and composite material) and prevent the formation of cracks 

between adjacent layers. An important condition of the hydride 

approach is complete hydrogen removal (less than 0.01 wt.%) 

during the sintering in vacuum to avoid hydrogen embrittlement. 

Produced multi-layer materials with 5% and 10% ТіС satisfy all 

of the above requirements (Fig.1). Each layer of Ti-6Al-4V/Ti-6Al-

4V+5%TiC/Ti-6Al-4V+10%TiC material has a homogeneous 

microstructure and different residual porosity (3-5%). The 

boundaries between the material layers have an excellent adhesion 

without cracks between them. Layers shrinkage of gradient material 

is at the 15.1-15.8%, significant shrinkage is caused by the change 

in the phase state of titanium (δ(TiH2) → α(Ti) → β(Ti)) and the 

diffusion processes during the sintering of powder mixtures. It 

should be noted that the addition of 5% and 10% TiC, which is inert 

and almost does not interact with the matrix phase during sintering, 

to the matrix phase (Ti-6Al-4V) as a reinforcing additive has little 

effect on the shrinkage of the respective layers. So, multi-layer 

materials were successfully produced from the layers based on 

titanium and titanium-matrix composites with TiC with excellent 

adhesion between the layers. 

        
a     b 

Fig.1 Appearance (a) and microstructure (b) of metal matrix 

composites reinforced whit TiC. 

The fabrication of multi-layer material reinforced by titanium 

boride particles is fundamentally different from the TiC 

reinforcement process. When TiB is used, multi-layer materials 

have size distortions and cracks between layers (Fig. 2). 

  
 a b 

Fig. 2 Examples of sintered (1250°C, 4h) MMC containing layers 

reinforced with TiB. The plate demonstrates the significant 

distortion, delamination and extensive cracking caused by the 

composite layer (b). Image (a) shows bi-layered bars of Ti-Al6-4V 

alloy and MMC with the TiB. 

A detailed study of shrinkage processes in the material 

reinforced by TiB by means of dilatometry showed that the 

shrinkage values of titanium hydride was 10% (Fig.3). The addition 

of Al-V alloying powder did not affect the shrinkage behavior of 

the compact. The addition of 10% of TiC particles to a Ti-6Al-4V 

compact led to a reduced shrinkage level of about 8–8.5%. 

However, the presence of 10 and 20% TiB particles in the blend 

reduced the size of the samples by only 4 and 2 % correspondingly 

as seen in curves 4 and 5 (Fig.3). The powder blend compact with 

20% TiB was made to test specifically the shrinkage behavior of 

compacts with a higher fraction of TiB. This test demonstrated that 

the shrinkage level of compacts reduced when the boride particle 

content increased.  

 

Fig. 3  Dilatometric heating curves for TiH2 powder compact 

(1) and different compacted powder blends on the base of TiH2. 

Blend compositions correspond to: Ti-6Al-4V (2), Ti+10%TiC (3), 

Ti+10%TiB (4), Ti+20%TiB (5).  

TiB particles are formed within the MMC following an in situ 

reaction (TiB2+Ti→2TiB) above 900°C. At this temperature, we 

observe elongation instead of shrinkage. Within this temperature 

range, the diffusion of boron into the titanium matrix leads to the 

formation of a TiB needle and an increase in the porosity due to the 

large difference in mutual diffusion mobility of boron and titanium 

(Kirkendall effect). This effect increases with titanium diboride 

increasing in the starting mixture. 

When heating MMC containing TiB particles there is a 

significant difference in shrinkage of individual layers (15-17% for 

Ti-6Al-4V alloy and 8-11% for ММС). This disparity causes 
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significant shape change (bending), cracking of the plate surface 

and visible delamination of the layers (Fig. 2). 

We need to identify the factors that allow to adjust the 

shrinkage separately for each layer to equalize the shrinkage 

mismatch between the individual layers during sintering. It is 

known that material shrinkage can be influenced by using titanium 

powder instead of titanium hydride, compression pressure (Fig. 4), 

and the size of initial particles [9]. 

 

Fig.4 Test results for evaluation of parameters affecting the 

shrinkage of bi-layered plates based on the alloy and MMC with 

10%TiB particles, including compaction pressure (150 and  

640 MPa) and hydrogen content in the base powder. 

In order to determine the equalizing potential of the shrinkage 

values of Ti-6Al-4V and Ti-6Al-4V+10ТіВ layers, we performed a 

special test on bi-layered preforms. Samples were tested at two 

different compaction pressures: 150 and 640 MPa, using three 

different powder combinations. Layers were made using 

preliminary dehydrogenated TiH2 (CP-Ti) powder and TiH2 

powder. In general, the shrinkage of the hydrogenated powder 

layers is noticeably higher than those based on CP-Ti powder. At 

the same time, the shrinkage of all bars during sintering decreases 

with increasing the compaction pressure. Additionally, MMC layers 

with 10% TiB in all three combinations demonstrate a lower linear 

shrinkage (3–9 %) compared to the adjacent alloy layer (6–17%) for 

both tested powders (TiH2 and CP-Ti). Fig. 4 shows the acceptable 

inter-layer shrinkage mismatch that can be achieved when CP-Ti 

powder is used for the alloy layer and TiH2 for the MMC, at applied 

pressure of 640 MPa. Unfortunately, it is difficult to access such 

equipment. In this case we didn't want to lose the positive effect of 

titanium hydride. 

According to [10], the selection of powder size is a very important 

parameter, which can be used to control the densification of sintered 

products. In our case densification of each layer can be specifically 

adjusted by choosing a different powder sizes for different layers’ 

blends. We have tested the effect of powder size on shrinkage levels 

using TiH2 with the particle sizes varied in the range of <40μm to 

100–125μm (Fig 5). Samples were compacted at 150 MPa and 

preforms were sintered following the standard protocol used in this 

study. The shrinkage levels ranged between 18 to 13%, with the 

highest densification value measured for the smallest particle sizes 

tested. This method of control over the powder particles size can be 

efficiently applied for minimization of the shrinkage mismatch 

between Ti-6Al-4V alloy and TiB MMC. 

Additional testing was performed on two different bi- and three-

layer bars to check the combined effect of powder size and type. 

We used TiH2 powder for both layers. The use of only 

hydrogenated titanium as the base powder guaranteed a lower 

residual porosity within all layers after sintering and potentially 

could provide better mechanical properties. The particle sizes of the 

base powders were different and properly selected for each layer 

(proprietary data). Hence, only hydrogenated titanium was used as 

the base powder in the following experiments. Binary and ternary 

bars and plates made by using the optimized powder particle sizes 

were then sintered successfully with no shape alteration or 

delamination between the layers. Fabricated plates had dimensions 

acceptable for further ballistic testing (Fig. 6). 

 

Fig.5 Shrinkage of TiH2 powder with different particle sizes at 

150 MPa compaction pressure. 

Measured characteristics of the sintered materials for each 

individual layer are presented in Table 1. The residual porosity was 

the lowest (~ 1.8%, item 1, Table 1) for Ti-6Al-4V. To match the 

shrinkage value of the related Ti-6Al-4V layer, relatively coarse 

TiH powder was used resulting in a higher (~3.6%) residual 

porosity (item 4, Table 1). Ti-6Al-4V samples with TiC had 

somewhat higher porosities (~ 3.6-3.8%, items 2-3, Table 1). An 

increase in TiC particle volume fraction (from 5 to 10%) in the Ti-

6Al-4V matrix did not noticeably change porosity. However, 

residual porosity of MMC reinforced with TiB particles was 

markedly affected (from 4.5% to 8%) by the increase of 

reinforcement particles volume from 5 to 10% (items 5, 6, Table 1). 

 
a 

 
b 

Fig.6 Metal-matrix composites sintered using optimized parameters 

at 150 MPa compaction pressure(а). Three-layers fabricated using 

TiH2 powder of different particle sizes. The microstructure shows 

sintered 3i-layered plate fabricated using optimized parameters (b) 
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Table 1: Residual porosity, Vickers hardness and tensile 

properties of individual layers. 

№ Material Porosity, 

% 

Hardness, 

HV 

UTS, 

MPa 

Elong., 

% 

1 Ti-6Al-4V 1.8 345 1034 7.2 

2 Ti-6Al-4V 3.6 299 969 8.3 

3 Ti-6Al-

4V+5%TiC 

3.6 333 708 <1 

4 Ti-6Al-

4V+10%TiC 

3.8 373 618 0 

5 Ti-6Al-

4V+5%TiB 

4.5 327 847 0 

6 Ti-6Al-

4V+10%TiB 

8 324 512 0 

 

Vickers hardness and tensile properties of all materials  

(Table 1) are determined by the combined effect of residual porosity 

and the fraction of reinforcement particles used. An increasing 

amount of strengthening particles causes the expected drop in 

tensile elongation, while the anticipated increase in strength and 

hardness is not always observed due to a related increase in porosity 

and premature brittle fracture prior to yield stress. 

Different bi-layered samples of Ti-6Al-4V alloy and MMC with 

5 and 10% of either TiC or TiB particles were produced using 

optimized shrinkage regimes. The results on their mechanical 

behavior upon 3-point flexure tests and fracture analysis are quite 

positive. The combination of hardness and robustness of MMC 

layer and plasticity and toughness of alloy layer together gives high 

balance of mechanical characteristics (Table 2). 

 

Table 2: Three-point flexure test data on bi-layered samples 

with different composition. Flexure test shows results for the 

concentrated load applied on the MMC side. 

№ Material Flexure Strength, 

MPa 

Flexure 

Strain, % 

1 Ti-6Al-4V+5%TiB/ 

Ti-6Al-4V 

1710 10.3 

2 Ti-6Al-4V+10%TiB/ 

Ti-6Al-4V 

1660 9.1 

3 Ti-6Al-4V+5%TiC/ 

Ti-6Al-4V 

2140 18.5 

4 Ti-6Al-4V+10%TiC/ 

Ti-6Al-4V 

2158 14.0 

 

Deformation Energy was calculated by measuring the area 

under the engineering stress-strain curve using standard options of 

the Origin Pro software. The physical meaning of this parameter is a 

total energy or work which must be spent to deform the sample 

(including elastic, uniform and localized plastic deformation) to 

fracture it [11]. The bi-layered samples demonstrate higher 

deformation energy (Ti-6Al-4V/Ti-6Al-4V-5%TiB - 80 MJ/m3, Ti-

6Al-4V/Ti-6Al-4V-5%TiC - 300 MJ/m3) compared to single-layer 

composites (Ti-6Al-4V-5%TiB - 15 MJ/m3, Ti-6Al-4V-5%TiC - 30 

MJ/m3) 

Ballistic tests were performed at NATO certified laboratory 

(lvan Tchernyakhovky National University of Defense Kyiv, 

Ukraine). Two different projectiles were tested: caliber 7.62 mm 

and caliber 5.45 mm; projectile speed was in the range of 830-960 

m/s, and the shooting distance was 15 m. The results of anti-

ballistic tests of sintered structures demonstrate promising 

protective characteristics. Bi-layered structures enable absorbing 

higher energy upon impact compared to single-layer plates made by 

casting and hot deformation methods. 

 

 

Conclusions. 

 Multi-layered titanium plates comprised of layers of Ti-

6Al-4V and Ti-6Al-4V-based MMC reinforced with TiB or TiC 

particles were successfully fabricated using BEPM (cold pressing 

and vacuum sintering). 

 The technological parameters (initial particle size, 

pressing and sintering conditions) of production were optimized. 

Sintered materials demonstrate similar shrinkage levels and uniform 

microstructure within each layer and complete integration between 

layers of different chemical composition, providing sufficient 

properties for anti-ballistic applications. 

 It was shown that two-layer materials Ті-6Al-4V/Ті-6Al-

4V+ТіВ(ТіС) have an order of magnitude greater deformation 

energy than the corresponding single-layer Ті-6Al-4V+ТіВ(ТіС) 

analogues. 

 Multi-layered plates fabricated in the course of this study 

using BEPM were successfully tested for anti-ballistic application. 

The advantages of multilayer structures in comparison with the 

single-layer titanium alloys obtained by the methods of casting and 

hot deformation were shown. 
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