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Abstract: Titanium matrix composites reinforced with titanium borides (TiB) represent a promising class of advanced structural 

materials due to their high specific strength, hardness, wear resistance, and thermal stability. The combination of titanium alloys with 

ceramic TiB reinforcing phases enables the development of lightweight materials with improved mechanical and эксплуатаційними 

characteristics for aerospace, biomedical, and engineering applications. 

This study investigates the fabrication of Ti/TiB titanium matrix composites using X-Beam 3D printing technology. The process is based 

on electron-beam additive manufacturing under vacuum conditions, which ensures stable melting conditions, reduced oxidation, and 

controlled heat input during layer-by-layer deposition. Special attention was focused on the in situ formation of TiB reinforcing phases and 

their influence on the microstructure evolution of the composite material. 

Microstructural analysis was carried out using scanning electron microscopy and metallographic techniques. The obtained results 

demonstrated the formation of dense composite structures with relatively low porosity and homogeneous distribution of reinforcing phases 

within the titanium matrix. TiB particles and whisker-like precipitates were observed to form during solidification, contributing to 

microstructure refinement and strengthening effects. 

The fabricated Ti/TiB composites exhibited improved structural uniformity and enhanced hardness compared with unreinforced titanium 

materials. The morphology and distribution of TiB phases were found to depend on the thermal conditions and processing parameters of X-

Beam printing. The results confirm the potential of X-Beam additive manufacturing for producing advanced titanium matrix composites with 

tailored microstructure and improved performance characteristics. 
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Introduction. 

Titanium and its alloys possess an outstanding combination of 

high specific strength, corrosion resistance, and thermal stability, 

which makes them attractive materials for aerospace, automotive, 

marine, and biomedical applications [1–3]. Nevertheless, their 

relatively low hardness and limited wear resistance restrict the use 

of titanium-based materials in components subjected to intensive 

friction and abrasive conditions. One of the most effective 

approaches to overcoming these limitations is the development of 

titanium matrix composites (TMCs) reinforced with high-strength 

ceramic phases. 

Among various reinforcement phases, titanium monoboride 

(TiB) is considered particularly attractive due to its high elastic 

modulus, excellent thermal stability, and strong interfacial bonding 

with the titanium matrix. The incorporation of TiB whiskers into 

titanium matrices significantly improves hardness, wear resistance, 

and mechanical performance while maintaining relatively low 

density. However, the enhanced hardness and brittleness of TiB-

reinforced composites complicate their processing using 

conventional manufacturing technologies. 

Additive manufacturing (AM) provides a promising route for 

producing near-net-shape titanium matrix composites with complex 

geometries and reduced material waste. Among various AM 

technologies, the xBeam electron-beam wire-feed process has 

demonstrated considerable potential for manufacturing titanium-

based materials. The hollow electron beam used in this process 

enables precise control of the thermal conditions, melt pool 

geometry, cooling rate, and resulting microstructure, which are 

critical factors for obtaining high-quality titanium products. 

The fabrication of conventional solid wires from TiB-reinforced 

composites is difficult because of their limited ductility. An 

alternative solution is the use of cored wires consisting of powder 

mixtures enclosed within a ductile metallic sheath. Such feedstock 

materials make it possible to introduce reinforcing components 

directly during the printing process and provide flexibility in 

tailoring the composition of titanium matrix composites. 

Despite the growing interest in titanium matrix composites 

produced by additive manufacturing, the microstructure formation, 

phase evolution, and processing characteristics of TiB-reinforced 

materials fabricated using cored wires in the xBeam process remain 

insufficiently studied. Therefore, further investigation is required to 

evaluate the feasibility of this approach and to establish the 

relationships between processing conditions, phase composition, 

and microstructural features of the printed composites. 

The aim of the present study is to evaluate the potential of cored 

wires as feedstock materials for xBeam additive manufacturing of 

TiB-reinforced titanium matrix composites and to investigate the 

resulting phase composition and microstructural characteristics of 

the fabricated products. 

Materials and experimental procedure. 
The advanced directed energy deposition (DED) technology 

known as xBeam 3D Metal Printing, developed by the company 

"Chervona Hvylya" [4,5], has demonstrated significant potential for 

manufacturing titanium alloy components with controlled 

microstructure, precise chemical composition, and consequently 

predictable mechanical properties [6–10]. Unlike conventional 

wire-fed DED processes, xBeam employs a hollow conical electron 

beam to generate the melt pool while the wire feedstock is supplied 

coaxially through the center of the beam (Fig. 2) [7]. 

This unique deposition configuration, combined with the 

relatively low power density of the hollow electron beam, reduces 

overall heat input and minimizes thermal gradients within the 

deposited material and surrounding regions. As a result, 

solidification conditions can be effectively controlled, suppressing 

the formation of the coarse columnar microstructures commonly 

observed in many metal additive manufacturing processes. Previous 

studies have shown that Ti–6Al–4V components produced by the 

xBeam process and subjected to appropriate post-processing heat 

treatment can exhibit microstructures comparable to, or even 

superior to, those of conventionally wrought materials [7–10]. 

Consequently, the mechanical properties of the printed material 

satisfy the requirements of relevant industrial standards [10]. 

Additional advantages of the xBeam technology include its 

combination of high deposition rates, good dimensional accuracy, 

and relatively low production costs, largely due to the use of 

commercially available wire feedstock. 
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Fig. 1. Principle of the xBeam 3D Metal Printing process: (a) 

general arrangement of the deposition system and (b) spatial 

distribution of electron-beam power in the deposition area [26]. 

Fig. 2. Fabrication of Ti–TiB composite cored wire: (a) schematic 

of the manufacturing setup (1—powder hopper, 2 and 3—forming 

rollers, 4—powder feeder, 5—spinning unit); (b) appearance of the 

fabricated cored wire; and (c) cross-sectional view showing the 

metallic sheath filled with the powder mixture. 

An important feature of the xBeam process is the possibility of 

using cored wire feedstock owing to its coaxial wire-feeding 

configuration. A cored wire consists of a metallic sheath filled with 

powdered materials designed to achieve a required chemical 

composition. Such feedstock offers a practical route for introducing 

alloying or reinforcing constituents directly into the melt pool 

during deposition. To ensure the desired composition of the 

deposited material, it is necessary to achieve complete transfer of 

the powder filler into the molten pool. In electron-beam-based 

processes, direct interaction between the electron beam and the 

powder should be avoided because it may cause electrostatic 

dispersion of powder particles under vacuum conditions. This 

requirement can be satisfied when the powder reaches the melt pool 

before the metallic sheath is fully melted, thereby shielding the 

powder from direct beam exposure. The coaxial feeding 

arrangement of the xBeam process provides favorable conditions 

for such powder transfer, although several additional processing 

requirements must also be fulfilled, as discussed in the experimental 

section. 

In contrast to ductile titanium alloys, the production of wire 

feedstock from titanium matrix composites reinforced with ceramic 

phases is challenging because of their limited ductility and 

increased brittleness. Conventional wire-manufacturing techniques, 

such as rolling, drawing, or extrusion, are generally unsuitable for 

such materials. Therefore, the development of alternative feedstock 

concepts capable of delivering the desired composite composition 

into the additive manufacturing process is of considerable practical 

interest. 

The aim of the present study was to develop a processing route 

for the fabrication of cored wire feedstock with a prescribed 

titanium matrix composite composition, to evaluate its applicability 

in the xBeam additive manufacturing process, and to investigate the 

resulting microstructure, phase composition, and properties of the 

fabricated composite materials. 

The microstructure of the fabricated composites was examined 

using an Olympus IX-70 optical microscope and a VEGA 3 

TESCAN scanning electron microscope (SEM) equipped with a 

Bruker energy-dispersive X-ray spectroscopy (EDS) system for 

local chemical analysis. The crystallographic characteristics and 

local texture of the constituent phases were investigated by electron 

backscatter diffraction (EBSD) using a MIRA 3 TESCAN 

microscope. Vickers hardness measurements were performed using 

a Wolpert Wilson Instruments 452 SVD hardness tester. 

Results and discussion. 

In the present study, a processing route was developed to 

produce a cored wire feedstock corresponding to a titanium matrix 

composite reinforced with TiB. The fabricated wire was 

subsequently employed in the xBeam additive manufacturing 

process to investigate the feasibility of producing TiB-reinforced 

titanium composites and to establish the fundamental relationships 

between processing conditions, microstructure evolution, and 

material properties. 

The cored wire was manufactured at the E.O. Paton Electric 

Welding Institute using a specially developed technology [11-12]. 

A powder mixture containing commercially pure titanium powder 

and boron-containing precursor powders was encapsulated within a 

titanium foil sheath (commercially pure Ti Grade 1, 0.2 mm 

thickness). The relative amounts of the powder core and titanium 

sheath were selected to achieve the target composite composition 

after deposition. During fabrication, the titanium foil was 

continuously formed and drawn using a dedicated wire-

manufacturing device (Fig. 3a) while simultaneously being filled 

with the powder mixture, producing a straight cored wire with a 

diameter of approximately 3 mm (Fig. 3b). The filling ratio of the 

internal wire volume was approximately 62% (Fig. 3c). The wire 

was manufactured at a drawing speed of 30–35 m h⁻ ¹, while a 

series of spinners was used to gradually reduce the wire diameter, 

with each reduction step corresponding to approximately 0.1 mm. 

The produced cored wire was subsequently used as feedstock 

material in the xBeam electron-beam additive manufacturing 

process [6-10]. Composite specimens with lateral dimensions of 

10–20 mm and heights of up to 12 mm were fabricated layer-by-

layer on Ti–6Al–4V substrates. The printed samples were used to 

investigate the microstructure development, phase formation, and 

mechanical characteristics of the deposited material. 

Titanium matrix composites reinforced with TiB were 

fabricated using a powder cored-wire feedstock via the xBeam 

additive manufacturing process. The feedstock consisted of a 

titanium sheath filled with a powder mixture designed to form TiB 

reinforcement during electron-beam deposition. The composites 

were produced directly by layer-by-layer melting of the cored wire 

on a Ti–6Al–4V substrate using a coaxial hollow electron beam. 

The results confirm that the xBeam process enables stable 

fabrication of Ti–TiB composite structures from powder cored wire. 

During deposition, in situ formation of TiB occurs within the 

molten pool, leading to the development of a composite 

microstructure consisting of a titanium matrix reinforced with TiB 

phases. The rapid solidification conditions inherent to the process 

govern the morphology and distribution of the reinforcing phase. 
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Fig. 3. General view of 3D-printed MMC sample. 

The X-ray diffraction patterns and microstructural features of the 

Ti–40% TiB MMC fabricated using cored wire with raw TiB₂  

additions are presented in Figs. 4 and 5. Notably, no residual TiB₂  

phase was detected by XRD analysis (Fig. 4), indicating that the Ti 

+ TiB₂  → TiB reaction was either fully completed or proceeded

nearly to completion during the additive manufacturing process.

The diffraction patterns reveal the presence of α (hcp) titanium

matrix and TiB monoboride reinforcing phase, with a clear increase

in the TiB phase fraction toward the upper regions of the build.

In addition, minor amounts of β (bcc) titanium were identified in 

the lower part of the deposit, which can be attributed to the 

influence of vanadium originating from the Ti–6Al–4V substrate. 

The printed composite exhibits a lamellar titanium matrix 

microstructure reinforced with TiB precipitates of non-uniform 

morphology and size along the build height. 

Fig. 4. X-ray diffraction patterns of the upper and bottom sections 

of the MMC produced by 3D printing with Ti + 40% TiB₂  cored 

wire. 

The lower region of the MMC (Figs. 5a, b) is characterized by 

relatively fine needle-like TiB precipitates with widths in the range 

of 1–10 µm, while the interfacial zone between the MMC and the 

Ti–6Al–4V substrate contains even finer boride particles, typically 

1–4 µm in size. A well-defined and sharp interface between the 

deposited composite and the substrate is observed in all 

microstructural images. 

For the middle region of the MMC (Fig. 5c, d), fine boride 

particles coexist with coarser boride precipitates reaching up to 20 

µm in width and 100–150 µm in length. In cross-section, these 

coarse features exhibit a hollow hexagon-like morphology. The 

spatial distribution of coarse and fine precipitates within the CP-Ti 

matrix is highly non-uniform; in particular, regions adjacent to 

coarse boride formations are largely depleted of fine particles (Fig. 

5d). 

The upper part of the MMC contains boride precipitates with a 

broad size distribution. The largest boride needles reach lengths of 

up to 1 mm and widths of approximately 50 µm, while finer 

precipitates are present between them (Fig. 5e, f). 

Fig. 5. Microstructural evolution of the TiB-reinforced MMC 

across the build height: bottom region adjacent to the Ti–6Al–4V 

base plate (a–d), central region (e–h), and upper region (i, j). SE 

mode (a, c, e, g); BSE mode (b, d, f, h, i, j). 

Despite the pronounced microstructural heterogeneity, EDX 

analysis indicates a slight increase in the overall boron content in 

the upper region of the MMC compared to the bottom part (Table 

2). Minor aluminium contamination is detected primarily in the 

lower region, attributed to diffusion from the Ti–6Al–4V substrate, 

whereas only trace amounts are observed in the upper part. 

A clear variation in hardness is observed along the build height. 

The lowest hardness values (399–406 HV) are recorded at the 

MMC/substrate interface. The bottom region exhibits higher 

hardness levels in the range of 432–447 HV. The upper region 

shows the highest but also most scattered hardness values, varying 

between 430 and 541 HV 

Conclusions. 

Titanium matrix composites reinforced with TiB were 

successfully fabricated using cored-wire feedstock via the xBeam 

electron-beam additive manufacturing process. The approach 

ensured stable layer-by-layer deposition and formation of dense 

near-net-shape structures on a Ti–6Al–4V substrate. 

X-ray diffraction confirmed in situ formation of TiB, with no

residual TiB₂  detected, indicating near-complete transformation of 

the precursor during processing. The resulting material consists of a 

titanium matrix reinforced with TiB phases formed during 

solidification. 

The microstructure is heterogeneous along the build height, 

with variations in TiB morphology and distribution governed by 

local thermal conditions. This structural gradient leads to 

corresponding variations in hardness, with increased values 

compared to unreinforced titanium. 

Overall, the results demonstrate that xBeam processing 

with cored-wire feedstock is an effective route for producing 

TiB-reinforced titanium composites with enhanced 

mechanical properties. 
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