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In this paper, a new approach for additive manufacturing metal-matrix composites 
based on Ti–6Al–4V titanium alloy reinforced with titanium carbide particles, as 
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1. Ti-Based Metal-Matrix Composites  
and Manufacturing-Related Problematics 

Lightweight and strong titanium-based materials are very attractive for 
various structural applications, especially taking into consideration 
their high ductility and excellent corrosion resistance [1–3]. However, 
restricting disadvantages of titanium alloys are their low hardness and 
insufficient wear resistance, which can be overcome by creation of tita-
nium-based metal-matrix composites (MMCs) reinforced with hard high-
modulus phases. It is commonly recognized, high-modulus and light ti-
tanium carbide (TiC) and titanium boride (TiB) particles are the most 
promising to reinforce titanium alloy matrix [4–6]. 

Such MMCs can be manufactured by various processing routes, 
including conventional ingot melting approach [4, 7], which may cause 
some specific changes in final composition due to reaction between tita-
nium melt and hard particles [7, 8]. As a result of such interactions 
between charge materials and transformations of the phase composition, 
a relatively coarse cast microstructure with dendritic morphology of 
carbide phase can be formed, which has an extremely negative effect on 
the properties of such an MMC, being especially harmful for its plasti
city [4, 7, 9]. Another approach is based on powder metallurgy techno
logy that ensures much better dispersion and controlled uniformity of 
the final material [10–14]. However, since sintering of MMCs takes 
place at relatively high temperatures, the interaction of such a reactive 
metal as titanium with raw carbide or boride powder particles also takes 
place. Usually, titanium diboride TiB2 raw powders are used in powder 
approaches, which transform into disperse monoboride TiB particles on 
high-temperature sintering following the solid-state reaction 2Ti + TiB2 = 

well as layered structures consisted of such composite and Ti–6Al–4V alloy layers 
is considered. The approach is based on 3D printing with a conical electron beam 
using a special cored wire, whose composition corresponds to metal-matrix compos-
ite. The issues of production such a wire, the features of the 3D printing process, 
when using it, as well as the features of formation of the microstructure and phase 
composition of the printed composite material are described. The issues of titanium-
carbide particles’ wetting with Ti–6Al–4V melt during process of 3D printing, as 
well as possible thermogravitational effects (floating or drowning) for solid TiC 
particles within the melt are considered in detail with additional experiments. The 
influence of individual components of the wire composition on the formation of the 
microstructure and its uniformity over the cross section of the printed layer is 
shown. The possibility of controlling the formation of homogeneous structural state 
and obtaining sufficiently high values of the hardness (of above 600 HV) of the 
metal-matrix composite layer printed on the Ti–6Al–4V baseplate is shown.
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= 2TiB [14, 15]. Titanium carbide TiC is a relatively stable compound, 
but at temperatures commonly used for sintering of powder compacts 
(above 1000 °C), active diffusion of carbon from raw TiC powder parti-
cles into surrounding titanium matrix occurs, which leads to formation 
of layers of intermediate composition around the carbide particles [7, 
16]. Due to the differences in the transformations occurring during the 
sintering, MMCs reinforced by TiB and TiC differ in the microstructure 
dispersion of both the matrix and the strengthening particles, as well as 
in the residual porosity of the sintered materials. Sintered MMCs with 
TiB reinforcements are characterized with essentially finer all struc-
tural elements but increased porosity that results in drop of strength 
and in extremely brittleness, especially when the amount of TiB parti-
cles reaches 20 vol.% and more [13, 17]. At the same time, press-and-
sinter approach ensures lower residual porosity of the MMCs reinforced 
by TiC, some coarsening of TiC particles and matrix grains, such micro-
structure features jointly result in minor plasticity [13]. If nearly dense 
material is achieved with additional operations like HIP or post-sinter-
ing hot deformation, MMCs with TiB reinforcements have some superi-
ority in properties over MMCs reinforced with TiC. As shown in Ref. 
[16], there is a certain maximum allowable amount (40%) of introduced 
TiC particles in titanium-based matrix, at which maximal hardening ef-
fect is achieved. Higher TiC content hindered formation of matrix alloy 
from starting powder blend and led to increased porosity due to the in-
teractions between the matrix and carbide particles during sintering, 
thus, the hardening effect decreased (Fig. 1). 

Alternative to conventional ingot metallurgy and powder metallurgy 
manufacturing approaches are additive manufacturing technologies, 
which, due to a relatively small melting zone, provide some intermediate 
microstructural states between those obtained by cast and powder sin-
tering methods [18–20]. Additive technologies, including 3D printing 
approach, have a great potential for cost-efficient manufacturing of 
near-net-shape metallic products, which is extremely important for tita-
nium-based materials taking into account their relatively high cost com-
pared to other construction materials like steels and aluminium alloys. 
In addition, this approach looks as very promising to produce various 
titanium-based MMCs. At the same time, achievement of desirable me-
chanical and other characteristics of 3D printed titanium-based pro
ducts is a great challenge, requiring sustainable protection of molten 
metal from contamination and formation of desirable solidified micro-
structure because of multiple local melting and heat effects during layer-
by-layer printing [21]. Therefore, there is a great interest for testing 
and adaptation of 3D printing methods to produce titanium-based MMCs 
products with desirable microstructure and characteristics. Present in-
vestigation is dedicated to achievement of this target.
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2. Features of the Advanced DED-Wire 3D Printing Method  
with a Profile Electron Beam and Coaxial Wire Feed

Advanced additive manufacturing (AM) technology called xBeam 3D 
Metal Printing developed by the company ‘Chervona Hvylya’ [22, 23] 
has already demonstrated the possibility of manufacturing products 
from titanium alloys with a controlled microstructure, stoichiometric 
chemical composition, and therefore the desired mechanical characteris-
tics [24–31]. The key distinctive feature of the xBeam 3D Metal Print-
ing compared to other DED-wire methods is the employing a profile 
electron beam in the form of a hollow inverted cone to create a melt pool 
on the substrate and melt the wire feedstock, which is fed coaxially with 
the said electron beam (Fig. 2). [25]. This configuration of the deposi-
tion zone, together with a moderate power concentration in the focus of 
such an electron beam, substantially reduces the total heat input during 
the deposition of added material and reduces temperature gradients in 
and around the deposition zone. This provides good control over the 
formation of the metal structure of the deposited material, in particu-
lar, preventing the formation of a coarse columnar structure typical for 

Fig. 1. Microstructure of Ti–6Al–4V + X%TiC MMCs with (a) 20, (b) 40, and (c) 
50%TiC, and (d) influence of TiC content on hardness of MMCs. (a, b) SEM, SE, (c) 
SEM, BSE [16]
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Fig. 2. Configuration of the xBeam 3D Metal Printing process: (a) general configu-
ration, and (b) configuration of distribution of the electron beam power in the depo-
sition zone [26]
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most metal AM methods. For example, it has already been demonstrated 
that the structure of the Ti–6Al–4V titanium alloy, obtained by the 
xBeam technology, when appropriate heat treatment is applied, can be 
comparable and even better than the structure of the wrought metal 
[25–29]. Accordingly, the mechanical properties of the 3D printed ma-
terial also have good indicators that meet all related standards [28]. In 
addition, the essential advantages of this method over other technolo-
gies of 3D metal printing are the combination of high performance with 
high accuracy and low production cost, which, in particular, is ensured 
by using ordinary commercial wire as a feedstock.

Separately, it is worth noting that the possibility of coaxial feeding 
the feedstock with a profile-heating source, which surrounds the feed-
stock evenly from all sides, allows using a cored wire as a feedstock 
[23]. By definition, cored wire is a thin-walled metal tube filled with 
powder-like fillers necessary to form the required chemical composition. 
The use of cored wire must guarantee the reliable entry of all the pow-
der into the melt pool on the surface to maintain the stoichiometry of 
the chemical composition. When using an electron beam as a heating 
source, it is critically important to avoid the direct impact of the elec-
tron beam on the powder from the cored wire to prevent electrostatic 
scattering of the powder in the vacuum. This can be ensured only by 
creating conditions where the powder enters the melt pool before the 
wire sheath, which protects the powder from the direct action of the 
electron beam, melts. Only the coaxial configuration of feeding the 
cored wire feedstock can create such conditions. However, this still re-
quires the fulfilment of certain additional conditions, which will be 
discussed in the description of the experiment in the following sections.

Contrary to ductile titanium alloys, there is a great problem to pro-
duce wire made of relatively brittle titanium-based MMC using standard 
approach based on hot rolling, drawing or extrusion operations. That is 
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why, there is an important task to develop methods to produce wires of 
corresponding MMC compositions, which can be used as feedstock mate-
rial for further 3D processing and manufacturing of MMC products. 
The aim of present investigation was development of processing route 
to produce wire of prescribed MMC composition, further testing of that 
MMC wire in 3D printing process to obtain MMC structures, determina-
tion of general rules of microstructure formation and properties of 3D 
printed composites.

3. Manufacturing of Cored Wire

In the present study, the approach to produce wire whose composition 
corresponds to MMC on the base of Ti–6Al–4V (wt.%) alloy matrix re-
inforced with 40% (vol.) TiC was developed first. Then, the noted wire 
was tested in 3D printing process to establish the general laws of micro-
structure formation and properties of MMC products. To produce the 
wire of Ti–6Al–4V–40%TiC composition, specific technology was deve
loped at E.O. Paton Electric Welding Institute [32–35]. Powder blend of 
Ti powder (less than 100 µm in size), 60Al–40V (wt.%) master alloy 
powder (less than 63 µm), and titanium carbide TiC (less than 30 µm) 
was sealed in titanium foil shell (commercial purity Ti Grade 1, 0.2 mm 
thickness). The reciprocal amount of the titanium foil shell and powder 
blend inside was calculated to meet totally the prescribed Ti–6Al–4V–

Fig. 3. Manufacturing of Ti–6Al–4V–40%TiC MMC cored wire: (a) the general 
scheme of manufacturing device (1 — charger; 2 and 3 — rollers; 4 — powder dis-
penser; 5 — spinner); (b) the view of wire produced and (c) wire cross section show-
ing foil shell with powder blend inside
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40%TiC MMC composition. Titanium foil shell was stretched and de-
formed using special device (Fig. 3, a) at simultaneous filling of shell 
with powder blend to obtain a straight ‘wire’ 3 mm in diameter (Fig. 3, 
b) and 62% filling of inner space (Fig. 3, c). The stretching of foil shell 
was performed at speed of 30–35 m per hour; set of spinners was used 
to reduce cross-section of wire on deformation (0.1 mm for each reduc-
tion step). Subsequently, the wire was used as feedstock material in 
xBeam 3D printing process using electron beam melting [22–27]. Ti–
6Al–4V–40%TiC MMC samples having 10–20 mm horizontal size and 
up to 12 mm in height were layer-by-layer printed at Ti–6Al–4V cast 
and wrought substrate to study the general laws of microstructure for-
mation and material characteristics obtained with 3D printing process. 

The microstructure of the 3D printed material was studied using 
Olympus IX-70 light microscope and a VEGA 3 TESCAN scanning elec-
tron microscope (SEM) equipped with Brucker EDX analyzer for inves-
tigation of local chemical composition. Local crystallographic orienta-
tions (texture) of phase constituents were studied with electron back 
scattering diffraction (EBSD) method at MIRA 3 TESCAN device. Vickers 
hardness of 3D printed products was measured with a Wolpert Wilson 
Instruments 452 SVD hardness tester.

4. Reaction Processes between Ti-Matrix Melt and TiC Particles

4.1. General Behaviour of TiC Particles and Diffusion of Carbon  
under Conditions of Short-Term Melting of the Metal Matrix

Taking into consideration that TiC phase has the melting point (3066 °C 
[36]) significantly higher than those for titanium (1668 °C) and Ti–6Al–
4V alloy, the first step for investigation of 3D printing process of MMC 
was to determine the general behaviour of solid TiC particles inside 
molten Ti-based pool, including possible wetting of TiC particles with 
melt. To study the melting and wetting processes, the TiC powder was 
pressed in a mould at a pressure of 
300 MPa to obtain disk sample 30 mm 
in diameter. Then, the sample was 
hot pressed in an SPD-120 apparatus 
[37] using graphite die pre-coated 
with boron nitride powder to protect 
the sample from direct interaction 
with the tools. An induction heating 
with heat rate 100 °C/min was set to 
achieve temperature of 2000 °C. The 

Fig. 4. Microstructure of hot pressed TiC. 
SEM, BSE
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initial load was 8 MPa and, once achieved the peak temperature, the 
load was increased to 32 MPa. The dwell time at the maximum tem-
perature was 20 min; the furnace was slowly cooled down to 1200 °C to 
avoid crack formation. Hot pressed TiC sample was used in wetting ex-
periments, which were carried out by the sessile drop technique [38] in 
a vacuum furnace.

A small piece of pure Ti was put on the polished surface of the hot 
pressed TiC substrate, and then the metal/ceramic couple was intro-
duced into the furnace chamber. The chamber was pumped down to a 
vacuum of 10−3 Pa at room temperature and then heated (rate of 50 °C/
min) up to the temperature above titanium melting point. The tempera-
ture was measured by pyrometer and was 1700  °C. The final contact 
angles between molten phase and solid TiC were measured after cooling 
using the ImageJ software [39]. 

Fig. 5. Cross section of model Ti–TiC system after wetting experiment: (a) general 
view of zones formed at liquid/solid interface, (b, c) TiC–Ti–TiC interfaces, (d, h) 
TiC particles within Ti–Co–Fe–Ni areas, (e) small particles of TiC at TiC/Ti–Co–Fe–
Ni interface; (f) general view of interaction zone, (g) microstructure features of 
interaction zone. SEM, BSE
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Microstructure of hot pressed titanium carbide sample is shown in 
the Fig. 4 and is characterized by TiC matrix with complex WC–(Fe–
Co–Ni) compound inclusions and 7% residual pores. WC–(Fe–Co–Ni) 
impurities are a result of TiC powder preparation by milling using tung-
sten carbide balls, which, in turn, were sintered with Fe–Co–Ni binder. 
Results of the heating of Ti/TiC couple above titanium melting point 
can be illustrated with Fig. 5, where cross section of interaction zone 
between Ti melt (top) and TiC (bottom in Fig. 5, a) is shown. In general, 
microstructure obtained after this experiment contains 3 different 
zones: 1) melt zone, 2) interaction zone, and zone of TiC substrate 
(Fig. 5, a). 

Zone of the melt has a heterophase structure and consists of Ti, 
Ti2Co, and TiC components (Figs. 5, a–e), thus, different elements are 
not uniformly distributed over the melted zone (Fig. 6). The Ti2Co phase 
was formed because of the chemical interaction of Ti melt with WC–
(Fe–Co–Ni) compound. The mechanism of Ti2Co intermetallic formation 
can be described as a following. On heating up to temperature of about 
1550 °C (i.e., quite below titanium melting point) melting of the metallic 
binding in the WC–(Fe–Ni–Co) hard compound occurs. The Fe–Ni–Co 
liquid phase (in which cobalt predominates) interacts with solid tita
nium, saturating b-Ti phase with noted b-stabilizing elements with sub-
sequent formation of the Ti2Co phase and the beginning of the TiC dis-
solution in Ti–Fe–Ni–Co solution. 

According to the phase equilibrium diagrams for Fe–TiC, Co–TiC, 
and Ni–TiC systems, the solubility of the titanium carbide is within 

Fig. 6. Chemical elements 
distribution map inside 
the melted zone. SEM-
EDS
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1.5–6 mol.% [40]. WC did not participate in the interactions and did 
not form new compounds, its solubility in titanium carbide, titanium, 
or cobalt does not exceed 2 at.% [40]. When the temperature of the wet-
ting experiment (1700 °C) is reached, titanium completely melts star
ting a liquid-phase interaction with TiC substrate. The interaction pro-
cess takes place in the mode of TiC substrate dissolution, as indicated 
by the shape of titanium carbide particles, Fig. 5, b–e. At the interface 
of Ti–Fe–Ni–Co liquid, small TiC particles with a size of 2–5 µm form 
due to the classical mechanism of dissolution inherent for the systems 

Fig. 8. Scheme of interaction between components in TiC–Ti system during wetting 
experiment

Fig. 7. The distribution of chemical elements around TiC particle along the line L1. 
SEM-EDS quantitative analysis
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TiC–Fe, TiC–Co, TiC–Ni [41, 42]. Bearing in mind that the initial TiC 
powder (before sintering) had particles of similar sizes, it can be as-
sumed that, when interacting with the metal melt, titanium carbide 
‘remind’ its primary structure, obviously due to the peculiarities of the 
bonding between sintered particles. Contrary, part of TiC contacting 
with pure titanium melt has a sharp boundary (Fig. 5, d) that indicates 
a rather weak interaction between TiC and molten Ti. The distribution 
of elements throughout the TiC particle and across two boundaries along 
its edges (Fig. 7) indicates the preservation of a relatively sharp bound-
ary between Ti melt and TiC (point A), while the boundary between 
Ti–Fe–Ni–Co melt and TiC (point B) is blurred due to more active mu-
tual interaction with the formation of small TiC particles. In general, 
due to diffusion activation, the TiC phase does not maintain its stoichio
metry during heating to noted temperatures. 

In the interaction zone, the phase composition is represented by TiC 
with Ti–Fe and WC inclusions (Fig. 5, f, g). The higher amount of im-
purities Fe (≈23 at.%), Ni (2 at.%) and Co (≈6 at.%) in the Ti–Fe–Co–
Ni matrix can be explained below, using the general scheme of interac-
tion between Ti and TiC shown in Fig. 8. 

When the Ti–TiC contact pair (Fig. 8, a) is heated, the metallic 
binding compound (Fe–Co–Ni) contained in {WC–(Fe–Co–Ni)} impurity 
melts at a temperature of about 1550 °C (Fig. 8, b). The liquid Fe–Co–
Ni phase appeared at the grain boundaries inside the sintered TiC com-
pact below the contact surface with titanium. Then, liquid redistributed 
between the TiC grains and fill the residual pores, which is confirmed 
by the formation of separate WC inclusions (Fig. 5, g) in which there is 
no metallic bond. A similar extraction of bindings from a WC-based 
hard alloy and other carbides was observed [42]. At the same time, the 
Fe–Co–Ni liquid that is in contact with pure titanium is spent acting 
with it (Fig. 8, c). The interaction process is characterized by the forma-
tion of the b-Ti phase in the initial stages, while the subsequent increase 
in temperature to 1700 °C leads to the formation of a titanium-based 
liquid enriched in Fe–Co–Ni (Fig. 8, d). Simultaneously, molten titani-
um penetrates inside sintered TiC compact and interacts with the Fe–
Co–Ni liquid.

As a general result of wetting experiment, sufficiently high wetting 
of solid TiC particles with molten phases was established from the analy
sis of the final contact angles between phases after material cooling. 
Liquid phase of pure titanium wets TiC surface with contact angle of 
50° without formation of any intermediate phases. Having the lowest 
contact angle (≈14°), the Fe-enriched melt redistributed between TiC 
grains and filled the pores, forming a dense zone. At the same time, Ni 
and Co remained in the zone of the molten metal have the wetting an-
gles 20° and 30°, respectively [43, 38].
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At a temperature of 1700 °C, all metal elements are in the liquid 
phase. According to the Ti–Co binary phase diagram, formation of two 
liquid phases (pure Ti and Ti2Co) is thermodynamically favourable in 
liquid area. The mechanisms of interaction of liquid Ti with TiC and 
liquid Ti2Co with TiC are different. In the first case, the boundary is 
clean without a change in the chemical composition along the cross-
section of the b-grain, and TiC dissolution is weakly expressed. In the 
second case, the process of TiC dissolution is more pronounced, because 
the amount of dissolved TiC in Co is greater than in pure titanium. Be-
low the molten titanium drop (Fig. 8, d), the interaction occurs due to 
the redistribution of Fe–Co–Ni elements. Molten titanium penetrates 
the areas enriched in Fe–Co–Ni and forms a core–shell (gradient) struc-
ture of inclusions, Fig. 5, g, the shell of which is the Fe2Ti phase, and 
the core is the TiFe phase. The formation of such a gradient structure 
was also revealed when studying the interaction between Fe and Ti [44]. 

Therefore, pure titanium melt is reacting with titanium carbide less 
actively, as compared with the presence of Fe, Ni, or Co impurities, 
which changes the interaction process and leads to the formation of 
small TiC crystals because of the massive TiC matrix dissolution.

4.2. Possible Redistribution of TiC Particles  
n the Ti-Based Melt because of Thermogravitational Convection

Since the Ti–6Al–4V matrix alloy and titanium carbide differ somewhat 
in density (4.43 g/cm3 for the alloy versus 4.9 g/cm3 for TiC), we con-
sidered it necessary to check the probability of displacement of heavier 
TiC particles towards the bottom part of the MMC volume because of 
the alloy matrix melting. At the same time, ascending convection flows 
should exist in the molten alloy, which, on the contrary, in theory can 
move TiC particles towards the top of the melt. To test the possible ef-
fect of these two mutually opposite factors, an additional experiment 
was carried out: MMC Ti–6Al–4V  +  40%  TiC preliminary produced 
with powder technology (press-and-sintered) was remelted in a labora-
tory vacuum-arc furnace [45]. The sample for such experiment had a 
weight of 40 g and a small size in order to be as close as possible to the 
melting conditions for 3D printing of MMC with powder wire. 
Microstructure of remelted MMC is presented in Fig. 9. 

As can be seen from Fig. 9, microstructure of remelted MMC is 
rather uniform from point of view of amount of TiC particles in all loca-
tions including top (Fig. 9, a), centre (Fig. 9, b), and bottom (Fig. 9, c) 
parts of the ingot, excepting very thin rim on the bottom edge that 
could be related to extreme cooling conditions on water-cooled copper 
hearth of the furnace. This means that both above mentioned possible 
processes (convection floating up or sinking to the bottom of the heavi-
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er TiC component) mutually did not have obvious effect. Perhaps the 
latter process is even absent due to the fact of active diffusion of carbon 
from TiC particles into the titanium matrix, because of which the spe-
cific gravity of the metal matrix and inclusions converge even more. It 
can be noted some difference in the morphology of TiC crystals in the 
top and bottom parts of the ingot (Fig. 9, a vs. 9, c). In the upper part 
of the ingot, almost all titanium carbides have a manifested dendritic 
morphology (Fig. 9, a), while in the centre (Fig. 9, b) and especially in 
the bottom part (Fig. 9, c), at least some of them retain their shape close 
to equiaxed, which was in the initial sintered MMC (Fig. 1, b). Such a 
difference in the microstructure can be explained by some variation in 
temperature along the height of the melt, i.e., in the upper part, where 
there was a direct impact of the arc, the temperature was higher than 
in the lower part, where heat was removed towards the water-cooled 
copper hearth.

5. Microstructures Formed on 3D Printing

The experiments on 3D printing of Ti–6Al–4V–40%TiC MMC with 
cored wire were started from production of single (A, Fig. 10), and few-
layers (B in Fig. 10) samples.

Microstructure of printed MMC layers and heat affected zone with-
in the Ti–6Al–4V plate used as a substrate was studied in the vertical 
cross sections cut through the middle of the printed beans and along 
printing direction (as it is shown in Fig. 10).

The ability to simultaneously melt both the wire feedstock and the 
substrate around the feed point (i.e., to create a melt pool) with the pro-
filed electron beam is one of the essential advantages of the xBeam 
process. But, when using a cored wire, this technique did not work 
properly: part of the electron beam that fell directly on the wire in-
stantly melted the thin (<0.2 mm) shell of the cored wire and released 
the powder, which immediately flew in all directions due to electro-

Fig. 9. Microstructure of Ti–6Al–4V + 40%TiC MMC remelted in vacuum arc fur-
nace: (a) top, (b) centre, and (c) bottom of the ingot
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static repulsion caused by the picking up electrons by free powder par-
ticles. Due to this, only a tiny part of the powder entered the melt pool, 
leading to significant deviations from the settled chemical composition. 
In addition, the scattered powder partially fell into the discharge cham-
ber of the electron gun and onto the cathode causing breakdowns that 
significantly worsened the stability of the deposition process, resulting 
in a further declined the uniformity of the distribution of MMC compo-
nents in the 3D printed material.

To prevent these phenomena, the configuration of the mutual place-
ment of the process elements (the profile electron beam, the wire, and 
the substrate) was adjusted in such a way that the electron beam did not 
fall directly on the wire and, accordingly, did not melt it above the sub-
strate. For this, the substrate was placed closer to the gun. In this con-
figuration, all electron beam energy fell on the substrate, creating a 
wider and deeper melt pool than usually done using a conventional wire. 
In this way, the cored wire was immersed in the melt pool and melted 
there due to the energy accumulated in the pool, keeping the sheath in 
a solid state above the pool during the entire deposition process (Fig. 11). 
Due to this, the sheath prevented the powder from being released before 
it entered the liquid metal in the pool. This solution made it possible to 
ensure a reasonably stable deposition process and relatively uniform 
distribution of MMC components throughout the volume of the 3D 
printed sample. True, such a solution became possible under the condi-
tion of excessive heat investment in the substrate. However, the effect 
of such overheating on the structure still needs to be studied.

Above noted problems were the reasons of not optimized structure 
of 3D printed MMC products (Fig. 12) obtained during first testing ex-
periments using cored wire. In addition to pores (some of them were up 
to 500–600 microns in size (Fig. 12, a)), visible inhomogeneity of ma-
trix microstructure and titanium carbide precipitations of various mor-
phology not uniformly distributed over the alloy matrix (Figs. 12, b–f) 
were observed as distinctive features of printed MMC products. In the 

Fig. 11. xBeam process configuration with melting the cored wire feedstock by 
energy accumulated in the melt pool

Fig. 10. General view of 3D printed single (A) and several (B) MMC layers on the 
Ti–6Al–4V base plate



Fig. 12. Typical SEM images of 3D printed products obtained in testing experi-
ments. (a) General view of Ti–6Al–4V–40%TiC MMC at Ti–6Al–4V base plate with 
indicated line where hardness was measured and locations of detailed microstruc-
tural analysis: (b) zone (A) inside non-uniform layer of low-alloyed titanium between 
base substrate and MMC; (c) zone (A1) with non-uniform distribution of TiC, (d) 
dendritic type of TiC inside zone (B), (e) zone (C), and (f) pore inside zone (D) with 
fine TiC particles on its inner surface and around. SEM, BSE
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Fig. 13. SEM BSE image, and maps of elements distribution inside the zone (B) 
(shown in Fig. 12, d)
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Fig. 14. Not smooth edges of TiC particles 
and points of local chemical composition 
analysis showing different Carbon content 
within surrounding remelted matrix. SEM, 
BSE

best case, when the entire cored wire 
material enters the melting zone uni-
formly, its melting and crystalliza-
tion led to formation of lamellar a + 
+ b alloy matrix, whose composition 
was close to prescribed Ti–6Al–4V  
alloy material with rather homoge-
neously distributed crystals of TiC. At the same time, areas having an 
obvious deficit of alloying elements (Al and V) and a deficit of carbide 
particles were observed in the matrix, for instance, in the layer adjus
ting to the Ti–6A–4V baseplate (zone (A) in the Fig. 12, a, also shown 
at higher magnification in Fig. 12, b). Probably, such areas are the result 
of a non-uniform supply of the powder blend to the melting zone, when 
the melted material was enriched with titanium due to the foil used for 
the wire shell. As was shown by EDX, local chemical composition of 
such matrix areas was close to unalloyed titanium (96%  Ti, 3%  C, 
1% Al) that confirms above assumption. As for the layers located above 
(zone (A1) in Figs. 12, b and c), both a lamellar a + b matrix and dis-
persed TiC particles (nearby globular one 5–10 µm in size that is rather 
close to initial size of used powder [16]) are observed (Fig. 12, c). How-
ever, the crystals of the hardening phase are not very uniformly distri
buted, which is also most likely caused by the uneven supply of the 
powder components of the wire.

In the upper part of the 3D printed material, where the melt tem-
perature was obviously the highest, the formation of TiC crystals in the 
form of dendrites was found (Fig. 12, d). Study of chemical composition 
in this zone showed that the distribution of carbon is most inhomoge-
neous in comparison with all others elements (Fig. 13). In the central 
part of the printed material, the ‘layered’ microstructure was observed 
in terms of the density and uniformity of the distribution of dispersed 
TiC particles (area C in Fig. 12, a and its magnified image in Fig. 12, e).

The structural features of the internal surfaces of the pores should 
also be mentioned. First of all, the surface of the pore is characteri- 
zed by a sufficiently high smoothness, and its structure actually repeats 
the microstructure of the surrounding MMC material, namely, similar 
dispersed particles and individual sections of the titanium lamellar  
a + b matrix (Fig. 12, f).
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Apart from purely thermal considerations, the formation of den-
dritic type of titanium carbide precipitations can be explained from the 
analysis of Ti–C binary phase diagram. Carbon content in starting TiC 
powder observed with EDX analysis was within 25–51 at.% in various 
particles at average carbon content of 47%. It is seen from Ti–C binary 
phase diagram [36], the formation of liquid phase is possible at 1645 °C 
if carbon content is below 30%, and noted temperature is a little lower 
than titanium melting point (1668 °C). Taking into consideration rela-
tively fast diffusion mobility of C in titanium [1], and active diffusion 
of carbon from TiC particles to surrounding Ti-based matrix at high 
temperatures [46], which led to reduction of carbon content in carbides 
below stoichiometric TiC composition (50 at.% Ti and C), partial melting 
of initial TiC particles can be assumed on 3D printing process together 
with melting of Ti foil and Ti powder. Further solidification of such 
Ti–C system results in formation of dendritic morphology of titanium 
carbide precipitations.

To confirm the carbon redistribution related to partial melting and 
dissolution of TiC particles, local composition in detail was studied in 
the sample described in Sec. 4.1. In this experiment, a piece of titanium 
was melted on the surface of a massive hot pressed TiC sample. The area 
presented in Fig. 6 was examined, but local chemical compositions were 
measured inside 4 different locations indicated in Fig. 14. Results of 
EDX analysis are listed in Table 1. After Ti melting, titanium carbide 
particles with dissolved edges are surrounded by titanium matrix satu-
rated with Fe, Co, Ni impurities (Table 1) inevitably presented in TiC 
powder as a result of powder manufacturing process. In addition to 
‘toothed’ edges of titanium carbide particles, partial dissolution of car-
bides during short-time melting process was accompanied with reduc-
tion of carbon content inside them (Table 1) as well as saturation of 
surrounding titanium matrix with carbon. As seen in Fig. 14, and points 
3, 4 in Table 1, dissolution of TiC particles is more pronounced at the 
edges enriched with the Fe and Co impurities that obviously promotes 
melting.

Table 1. Local chemical composition of carbide particles  
and surrounding titanium matrix (Fig. 14) after melting

Point  
in Fig. 14

Content of elements (at.%)

Ti C Fe Co Ni

1 81.4 18.5 <0.1 <0.1 <0.1
2 96.0 3.4 0.2 0.3 0.1
3 84.5 5.9 5.7 3.6 0.3
4 65.6 6.2 8.7 14.9 4.6
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Melting point of 60%Al–40%V master alloy (1405 °C [47]) is even 
lower than those are for other constituents of the wire (Ti foil, Ti and 
TiC powders). Therefore, Ti–Al–V–C molten pool (with presence of Fe, 
Co and Ni impurities) and solid remnants of initial TiC particles inside 
are formed in heating area on 3D printing process. Titanium carbides of 
various morphologies (Figs. 15), including chains of bonded particles 
and elements of dendritic structure were observed on subsequent crys-
tallization. Local carbon content within 21–30 at.%, i.e., noticeably 
lower than that for stoichiometric TiC composition, was determined in 
densely spaced neighbouring carbide precipitations (like those shown in 
Fig. 15, a), while distantly separate particles (Fig. 15, b) in alloy matrix 
were the most depleted with carbon (21% at. C).

Above data presented in chapters 4.1 and 4.2 demonstrated that 
during conventional melting process, TiC particles rather uniformly dis-
tributed over the titanium-based molten pool due to sufficient surface 
wetting ability of TiC particles with the melt, their comparable densities 
and/or intensive mixing of molten material. Investigation with EBSD 
method of similar relatively uniform MMC areas obtained with 3D prin
ting approach (Fig. 16) also confirmed formation of rather isotropic 
structure of Ti–6Al–4V alloy matrix with fine (5–10  µm) a phase 
(Fig. 16, b), β phase (Fig. 16, c), and TiC (Fig. 16, d) crystallites. No 
obvious crystal texture of all phase constituents (a and b ones for Ti–
Al–V matrix as well as TiC phases) was not determined for 3D printed 
material from EBSD observations. At first glance, this result looks 
somewhat unexpected, taking into account the fact that in the case of 
3D printing by the same method of the Ti–6Al–4V alloy, a rather shar
pened crystallographic texture takes place, caused by strictly directed 
heat flow during wire melting and subsequent crystallization of the 

Fig. 15. Formation of densely spaced carbide chains (a) and distantly separated ti-
tanium carbide precipitations (b) in alloyed titanium matrix. SEM, BSE
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Fig. 17. Improved microstructure of 3D 
printed material after optimization of pro-
cessing parameters. SEM, BSE

Fig. 16. Analysed area (a), 
and orientation maps of (b) 
a-h.c.p., (c) b-b.c.c., and 
(d) TiC phases in 3D prin
ted Ti–6Al–4V–40TiC MMC. 
SEM and EBSD results

melt [24–26]. In our opinion, in MMC 
case, the crystallographic random-
ness of the orientation of crystallites 
of the a and b phases is determined 
by the fact that, during cooling, the 
high-temperature b phase crystallizes 
on still solid (or crystallized first) 
TiC particles. TiC particles, by their 
nature, have a random orientation, 

given by the processes of grinding and mixing, thus promoting random 
orientation of b titanium crystals nucleating on their surface. In the 
process of further cooling, the high-temperature b phase releases a cer-
tain amount of the a phase, which crystallography is specified by 12 
Burgers orientation relationships [1, 48].
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Fig. 18. Hardness distribution vs. distance from the surface of MMC 3D printed 
with several passes after (a) primary experiments, and (b) adjusted 3D process. 
Zones in (a): I — surface with reduced amount of TiC (Fig. 12, a), II — top layer 
with dendrite morphology of TiC (Fig. 12, d), III — area with high density of fine 
equiaxed TiC (Fig. 12, e), IV — area with not uniform distribution of TiC (Fig. 12, 
c), V — area depleted by TiC and alloying elements (Fig. 12, a, layer adjacent to the 
Ti–6–4 based plate), VI — Ti–6Al–4V based plate

Summarizing all above, it is possible to conclude that microstruc-
ture inhomogeneity observed in printed MMC (Figs. 12, b–e) can be re-
lated to not uniform powder distribution inside the wire and not steady 
feed of wire to a heating/melting area. 

Further adjustment of 3D printing regimes with change the process 
configuration to melt the cored wire feedstock by energy accumulated 
in the melt pool (Fig. 11) allowed manufacturing of relatively homoge-
neous Ti–6Al–4V alloy matrix with rather uniform distribution of 
mainly globular TiC particles inside (Fig. 17). Some occasional pores can 
be found in 3D printed products, despite of the number and size of pores 
was noticeably reduced.

6. Hardness

To evaluate mechanical characteristics of 3D printed MMC material and 
its uniformity over the height of the printed zone, Vickers hardness was 
determined as dependence of layer depth (Fig. 12, a). As presented in 
Fig. 18, a, in case of not optimized first attempts of 3D printing, 6 
separate locations (zones), which have essential difference in hardness, 
can be identified. Top surface zone I is slightly depleted by TiC particles 
(top of Fig. 12, a), and alloying elements due to relatively long exposure 
of this upper layer in melted state, that caused a little lower level of 
hardness (around 400 HV). Next zone (II) represented by TiC of den-
drite morphology (Fig. 12, d), in which hardness is varied between 480 
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and 577 HV depending on size and spatial density distribution of car-
bide crystals. Zone III is characterized by the highest hardness above 
800 HV that is a result of high and uniform spatial density of fine 
equiaxed TiC particles (Fig. 12, e). Within the widest zone IV, hardness 
again varied within a similar range 470–560 HV that is a result of des
cribed above non-uniformity in TiC distribution (Fig. 12, c). Thin layer 
near the boundary with Ti–6Al–4V plate (zone V) has the lowest hardness, 
because it is a layer of titanium containing a small amount of alloying 
elements, and moreover, obvious deficit of hardening TiC particles 
(Fig.  12, b). The base Ti–6Al–4V plate is characterized by hardness 
level of about 340 ± 15 HV usual for commercial cast and wrought alloy. 

In the case of obtaining a more uniform MMC microstructure (like 
that shown in Fig. 17) after adjustment of the 3D printing regimes, the 
dependence of hardness on distance from the sample surface has a some-
what smoother character (Fig. 18, b), and fluctuates within a relatively 
narrow range of 490–615 HV inside the printed MMC layer, smoothly 
descending to 360 HV for the Ti–6Al–4V base layer. 

Usually, 3D printed materials require achievement of uniform micro
structure and mechanical characteristics. Material with optimized mi-
crostructure (Fig. 17) and relatively uniform hardness over a 3D prin
ted layer (Fig. 18, b) looks very promising for successful application of 
used technology employing cored wire as feedstock material for produc
tion of titanium-based MMCs of various composition. However, lami
nated materials which combine layers of different chemical composi-
tions and microstructures with corresponding gradient of characteris-
tics (like that shown in Fig. 18, a, for hardness) are rather interesting 
for alternative applications where layered materials may have advan-
tages in mechanical and service properties [49]. Employment of de-
scribed 3D printing approach for manufacturing of layered structures 
which combine MMC and alloy layers and example of promising applica-
tion of combined MMC/alloy materials will be presented in our next 
study (see Part 2 [50]). 

7. Conclusions

• Cored wire consisted of titanium foil shell and powder blend cor-
responding to the MMC composition of Ti–6Al–4V and 40 vol.% TiC 
was produced and used in xBeam 3D printing technology for manufac-
turing of Ti–6Al–4V–40%TiC MMC layer on the base of commercial 
Ti–6Al–4V plate. 

• The general rules of MMC microstructure formation on melting 
and crystallization cycle on 3D printing were established. Sufficient 
wetting of solid TiC particles and their partial dissolution in surroun
ding Ti-based melt with carbon redistribution between solid TiC rem-
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nants and alloyed liquid phase, on further cooling results in formation 
of lamellar a + b matrix with titanium carbide precipitations of various 
morphologies inside.

• Adjustment of 3D printing regimes allowed formation of isotropic 
MMC structure with relatively uniform distribution of titanium carbide 
precipitations having mainly equiaxed morphology inside Ti–6Al–4V 
alloy matrix.

• 3D printed Ti–6Al–4V–40%TiC MMC was characterized with 
hardness of 490–615 HV; such values are markedly higher than those 
are for Ti–Al–4V alloy, suggesting the manufacturing approach is 
promising for wide industrial application.
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НОВИЙ ПІДХІД ДО ВИГОТОВЛЕННЯ МЕТАЛОМАТРИЧНИХ КОМПОЗИТІВ 
Ti–6Al–4V + 40%TiC 3D-ДРУКОМ ІЗ ВИКОРИСТАННЯМ КОНІЧНОГО 
ЕЛЕКТРОННОГО ПРОМЕНЯ ТА ПОРОШКОВОГО ДРОТУ.  
Ч. 1: ОСНОВНІ ОСОБЛИВОСТІ ПРОЦЕСУ,  ФОРМУВАННЯ СТРУКТУРИ  
ТА ХАРАКТЕРИСТИКИ 3D-ДРУКОВАНОГО МАТЕРІАЛУ

В даній статті розглянуто новий метод виготовлення за адитивними технологія-
ми металоматричного композиту на основі титанового стопу Ti–6Al–4V, зміцне-
ного частинками карбіду Титану, а також шаруватих структур, що складаються 
з шарів вказаного композиту та стопу Ti–6Al–4V. Метод ґрунтується на 3D-друці 
з використанням електронного променя конічного профілю та спеціяльного по-
рошкового дроту, склад якого відповідає металоматричному композиту. В роботі 
описано деталі виробництва такого дроту та процесу 3D-друку з його викорис-
танням, особливості формування мікроструктури та фазового складу друковано-
го композитного матеріялу. В додаткових експериментах розглянуто особливості 
змочування частинок карбіду Титану розтопом складу Ti–6Al–4V в процесі 3D-
друку та можливі термоґравітаційні ефекти (спливання або опускання на дно роз- 
топу) твердих частинок TiC. Показано вплив індивідуальних компонентів у скла-
ді дроту на формування мікроструктури та її однорідність у поперечному пере-
різі друкованого шару. Показано можливість формування однорідного структур
ного стану та досягнення достатньо високих значень твердости (вище 600 HV) 
шару металоматричного композиту, друкованого на плиті Ti–6Al–4V в якості 
підкладинки.

Ключові слова: адитивні технології, 3D-друк, титанові стопи, металоматричний 
композит, мікроструктура, текстура, твердість.




