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MICROSTRUCTURE AND PHASE COMPOSITION OF 3D PRINTED
TITANIUM METAL MATRIX COMPOSITES BASED ON Ti-Al-V-Fe
SYSTEM AND REINFORCED WITH TiC PARTICLES

A. V. Panin,"” M. S. Kazachenok,' T. A. Lobova,’ UDC 621.791
G. A. Pribytkov,' A. A. Panina,” and S. A. Martynov'

The ability to fabricate Ti-—3A1-4V-9Fe/TiC metal matrix composites using the wire-feed electron beam
additive technology is demonstrated. Ti—~6Al-4V titanium alloy rods surface saturated with carbon are used as
the feedstock. The microstructure and phase composition of the Ti—-6Al-4V rods subjected to carburization and
as-built Ti-3A1-4V-9Fe/TiC composites are studied using optical and scanning electron microscopy, as well
as X-ray diffraction analysis. The concentration of alloying elements in the feedstock and the composite is
measured by the energy-dispersive analysis. Different patterns of TiC particle distribution within f grains of
3D printed Ti-3Al-4V-9Fe/TiC composite and along their boundaries are demonstrated. It is shown that the
formation of equiaxed [ grains and carbide (TiC) and intermetallic (TiFe) phases results in a high
microhardness of the 3D printed Ti-3Al-4V-9F¢/TiC composite of 7 GPa.

Keywords: metal matrix composites, wire-feed electron beam additive manufacturing, titanium alloys,
microstructure, phase composition, Ti—Al-V-Fe/TiC.

INTRODUCTION

In recent decades, metal matrix composites (MMCs) based on titanium and its alloys reinforced with high-
strength ceramic particles, such as TiC, TiB and SiC, have attracted an increasing attention due to their highly
promising use as components and structural elements operating under high mechanical and thermal loads [1]. It is the
combination of hard and stiff ceramic particles and ductile titanium matrix which provides high mechanical and
tribological properties of these composites, even at elevated temperatures. Titanium carbide and boride (TiC and TiB)
and their mixtures are among the most preferred materials for titanium matrix reinforcement due to their excellent
thermodynamic and chemical stability, high hardness, and low coefficient of thermal expansion [2, 3].

The disadvantages of traditional methods of producing metal matrix composites, such as casting and powder
metallurgy, include their complexity and high production cost. There is currently a significant interest in the fabrication
of metal matrix composites using additive technologies. This allows the creation of volumetric products with complex
shapes by applying the material layer by layer according to a three-dimensional computer model. The most common
additive manufacturing method for titanium metal matrix composites is the laser melting of titanium or titanium alloy
powders with other ceramic powders, such as TiC, TiB, etc. This process has been described in sufficient detail [4-6].

A more promising approach is the method of simultaneous laser or electron beam melting of ceramic powders
and titanium wire [7-9]. Alternatively, electron beam melting of the titanium wire alloyed with carbon, boron, silicon,
and other carbide-forming elements [10, 11], may also prove effective. The advantage of this method is a higher rate of
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layer-by-layer growth, which significantly reduces the cost of the 3D printing process of metal matrix composites.
Furthermore, the temperatures and size of the molten pool produced by electron-beam melting of wire feedstock appear
to be quite high and large, respectively, which enables more effective implementation of ex-situ and in-situ techniques
for manufacturing metal matrix composites.

An additional way to improve the strength of Ti—-6Al-4V-based titanium metal matrix composites is to replace
vanadium, which is a B-isomorphic stabilizer, with cheaper iron, which is a B-eutectoid stabilizing element. It is well-
known that the B phase is decomposed into o', o'’ and ® phases upon quenching of titanium alloys containing B-
isomorphic stabilizers. Iron lowers the polymorphic transformation temperature to the eutectoid decomposition
temperature. As a result, the decomposition of the iron solid solution in titanium leads to the formation of o phase and
Fe-based intermetallic compounds. In addition, the introduction of iron can lead to solutal undercooling and thus inhibit
the columnar grain growth [12]. In turn, the presence of aluminum in the Ti-Al-Fe alloy system prevents the formation
of iron oxides at interfacial boundaries, thereby increasing its oxidation resistance [13].

The aim of this work is to study the possibility of fabricating titanium metal matrix composites based on Ti—
Al-V-Fe system hardened with TiC particles by electron beam additive manufacturing. This research investigates the
microstructural characteristics and microhardness of the composites.

1. MATERIALS AND METHODS

To fabricate a 3D-printed titanium metal matrix composite we used thin square rods 150 mm long and 1.5 mm?®
in cross-sectional area, which were cut from a wrought Ti—6Al-4V titanium alloy plate with the following chemical
composition (wt.%): 6.6 Al, 4.0 V, 0.2 Fe, 0.01 C, 2.6 O, 0.05 N and balance titanium. The cut rods subjected to acid
etching (HF solution), cleaning with alcohol followed by carbonization served as a feedstock material for 3D printing.
Carbonization (i.e. the process of diffusion saturation with carbon) consisted in placing the Ti—6A1-4V rods in a heat-
resistant container filled with carbon black P-803, covering the rods with carbon black on all sides, then heating them in
vacuum to a temperature of 1200°C, holding for 4 hours, followed by gradual cooling. After cooling, the rods were
removed from the backfill and the adhering soot was carefully removed from the surface with a dry cloth, and the rods
were weighed. The increase in the weight of the Ti—-6Al-4V rods (weight gain) as a result of diffusion saturation was
0.8 wt.%.

In the additive manufacturing process, individual Ti—6A1-4V rods subjected to preliminary carbonization were
placed in a feeder pusher and fed through the feeder into the print area. This process is described in more detail
elsewhere [14]. At the same time, an electron beam was used to vaporize a nearby iron plate. This technology allows us
to add various alloying elements (in this case, Fe) to the composite by controlling the electron beam power.

The laboratory electron beam additive manufacturing setup, developed at ISPMS SB RAS (Tomsk, Russia),
was equipped with a thermal field-emission electron gun. The electron beam additive manufacturing process was
carried out at a residual pressure in the chamber of up to 5 x 10~ Pa and a beam acceleration voltage of 30 kV. The
distance between the electron beam source and the baseplate with the dimensions of 150 mm X 150 mm X 10 mm was
630 mm. The feed rate was 2 m/min. The first three layers were formed at a beam current of 24 mA followed by its
decreasing to 21 mA. The hatch spacing between the adjacent tracks within the same layer was ~ 3 mm. After welding
each layer of the baseplate moved down by 3 mm. 3D-printed billets were separated from the baseplate and cut along
the growth direction into 2 mm-thick plates using spark cutting.

An Axiovert 40 MAT optical microscope and an Apreo 2S scanning electron microscope (SEM) equipped with
a Pegasus integrated energy dispersive X-ray spectrometry (EDS) and electron backscatter diffraction (EBSD) systems
were employed for the microstructural characterization of the Ti—6Al-4V rods and as-built Ti-3A1-4V-9Fe/TiC
composites using both plan view and cross section geometries. For the metallographic and EBSD analysis, the samples
were subjected to mechanical grinding and polishing followed by etching with Kroll’s reagent. The EBSD
characterization was performed with a tungsten cathode at an accelerating voltage of 20 kV. The data acquisition was
performed with a step size of 0.02—0.50 pm.

An X-ray diffraction (XRD) analysis of the Ti—6Al-4V rods and as-built Ti-3Al-4V-9Fe/TiC composites was
carried out using a Shimadzu XRD-7000 diffractometer with Cu Ka-radiation (A = 0.15406 nm) according to the
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Fig. 1. Selected sections of diffraction patterns from Ti—6Al-
4V rods before (/) and after carbonization (2) and from as-built
Ti-3A1-4V-9Fe//TiC composite (3).

conventional symmetric Bragg-Brentano geometry [15] at room temperature. The XRD studies were performed in the
0-26 scanning mode from 30° to 90° angular range with a scan speed of 1.2°/min.

Microhardness of the as-built Ti-3Al-4V—9Fe/TiC composite was measured using a PMT-3 hardness tester
with a load on the diamond pyramid of 50 g.

2. RESULTS AND DISCUSSION

A comparison of the X-ray diffractograms of the Ti—6Al-4V rods before and after diffusion saturation with
carbon, demonstrates the effectiveness of this method for forming the feedstock containing carbide phase. According to
diffractogram 1 (Fig. 1), the diffraction peaks corresponding to different crystallographic planes of a-Ti are only
present in the XRD pattern of the uncarbonized Ti—6A1-4V rod. The presence of B-Ti phase evidences of the XRD
peak broadening at 20 = 40.2°, belonging to a-Ti (101). This particular peak shape can be considered as the
superposition of several peaks for a-Ti (101) and B-Ti (110). The structure of the surface layers of the titanium rods
changes significantly after carburization. First, the preferred orientation of the o phase is shown in Fig. 1, diffractogram
2. Moreover, there is a pronounced XRD peak corresponding to the  phase (200). However, the volume fraction of
phase does not exceed 1%. The latter is due to the presence of carbon, which is an a stabilizing element in titanium.
There is also the formation of titanium carbide TiC whose volume fraction in the surface layer of carbonized Ti—6Al-
4V rod reaches 28%.

Metallographic studies of the cross-section of Ti—6Al-4V rods confirm significant changes in their
microstructure during the carbonization process (Fig. 2b). First, there is an intensive growth of primary 3 grains from
2 um to 2 mm. In addition, due to the high cooling rate a large amount of massive martensite is formed and the
transverse dimensions of the lamellae of a/a’ phase reach 20 pm.

Taken together, the EDS data and SEM micrographs of the surface of carbonized Ti—6A1—4V rods reveal the
presence of a carbonaceous coating of an inhomogeneous thickness (Fig. 2a). A homogeneous coating is formed in the
areas of the dense contact of the rods with the carbon black (Fig. 2a, Table 1). Its thickness reaches 15 um (Fig. 2¢).
Conversely, there is no carbon in the areas of the Ti-6Al-4V rods in close contact with each other during carburization.
It is seen in Fig. 2¢ and Table 2 that the maximum carbon concentration (28 wt.%) is observed near the coating surface,
and it gradually decreases at the approach to the titanium substrate. In addition, oxygen is detected in the uppermost
surface layer of the coating, reaching 11 wt.%. It should be noted that the large variation in the amount of vanadium in
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TABLE 1. Elemental Composition of Carbonized Ti-6Al-4V Rod in Points Shown in Fig. 2a

Location| Point 1, Point 2, Point 3, Point 4, Point 5, Point 6, Point 7, Point 8,
Element wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%

Al — — — — — 7 10 9

\Y — — — — — 11 3 1

Ti 72 72 67 79 58 81 87 90

C 28 28 33 21 42 — — —
TABLE 2. Elemental Composition of Carbonized Ti-6Al-4V Rod in Points Shown in Fig. 2¢

Location| Point 1, Point 2, Point 3, Point 4, Point 5, Point 6, Point 7,
Element wt.% wt.% wt.% wt.% wt.% wt.% wt.%

Al - — - 5 5 7 6

\Y — — — 15 10 4 3

Ti 66 88 91 80 85 89 93

C 23 12 9 — - - -

0] 11 — — — — — —

Fig. 2. SEM (a, ¢) and optical (b) images of surface (@) and cross-section (b, ¢) of
carbonized Ti—6Al-4V rod. Solid black line box in () highlights area enlarged in (c).

the bulk of the Ti—6A1-4V rod is due to its different contents in the lamellae of a/a’ phase and in the layers of residual
[ phase.

A Ti-3A1-4V-9Fe/TiC titanium metal matrix composite is formed by electron beam melting of the carbonized
Ti—6A1-4V rods with a simultaneous introduction of Fe into the molten pool. As shown in Fig. 3, the microstructure of
the 3D printed Ti—3A1-4V-9Fe/TiC composite consists of columnar and equiaxed 3 grains. The average transverse size
of columnar B grains is 100 um. The size of equiaxed P grains varies from 20 to 50 um. It is worth noting that the
lamellae of o/a’ phase are occasionally observed in individual 3 grains (Fig. 3c). The latter is due to the heterogeneous
distribution of Fe, which is an a-stabilizer element in titanium. According to the EDS data, the Fe content in B grains
reaches 10 wt.%, which is explained by the large (up to 22 at.%) equilibrium solubility of iron in B phase. In turn, the
amount of Fe in the grains containing lamellae of o/’ phase varies in the range of 2-4%. It can be assumed that during
the molten pool cooling a polymorphic B—a transformation takes place within the primary [ grains, which are
characterized by a lower Fe content, leading to the formation of the a/a’ phase.

An EBSD analysis shows TiC particles both inside B grains and along their boundaries in the 3D printed
Ti—3A1-4V-9Fe/TiC composites (Fig. 3¢, d). The TiFe precipitates with curved shapes are homogeneously distributed
within B grains (Fig. 4), while TiC particle agglomerates with the sizes of up to 5 um are observed inside a grains
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Fig. 3. SEM image (@) and EBSD phase identification maps (b-d) of as-built Ti—3Al—
4V-9Fe/TiC composite. Solid white line boxes in () highlight areas enlarged in (c, d).

Fig. 4. SEM images from as-built Ti-3A1-4V—-9Fe/TiC composite. Solid black line box
in (a) highlights area enlarged in (b).

(Fig. 3¢) and at the boundaries of B grains (Fig. 3d). It is worth noting that the grain boundary segregation of the
carbides can embrittle the composite material and is therefore not desirable.

The elemental composition of B grains in the 3D printed Ti-3A1-4V-9Fe/TiC composite is presented in
Table 3. The carbon content in the carbide particles is approximately 5% wt., while no carbon is found in the titanium
matrix, as shown in Table 3. The latter is due to the fact that the maximum solubility of carbon in the a phase does not
exceed 0.4 at.% at 500°C and increases only to ~1.5 at.% at 900°C [16]. In turn, the maximum solubility of carbon in
the B phase does not exceed 0.6 at.% in the temperature range of 920-1300°C.

The phase composition of the 3D printed Ti-3Al-4V—9Fe/TiC composite was clearly demonstrated by the
XRD analysis. The XRD pattern of the composite shows the peaks corresponding to different crystallographic planes of
the a-phase and distinct diffraction peaks corresponding to B-Ti (110) and B-Ti (200) (see Fig. 1, diffractogram 3). The
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TABLE 3. Elemental Composition of As-built Ti-3A1-4V—-9Fe/TiC Composite in Points shown in Fig. 45

Element Location Point 1, wt.% | Point 2, wt.% Point 3, wt.% | Point4, wt.% | Point 5, wt.% | Point 6, wt.%
Al 2 3 3 4
\% 5
Ti 79 81 81 81 82 82
C 4 6 4 - -
Fe 9 8 8 10 9

volume fraction of § phase is 57%. The high (8—10 wt.%) Fe content is responsible for such a high residual B-phase
content. Furthermore, there is a peak at 72.2°, which is attributed to the (210) plane of the TiFe phase. The volume
fraction of the TiFe phase reaches 8%. It can be assumed that this phase is formed as a result of the eutectoid
decomposition of B-Ti — a-Ti + TiFe occurring at a temperature of 590°C during the molten pool cooling in local areas
with low Fe content. Again, the peaks at the angles 20 = 36.3, 42.1 and 61.1° are evidence for the presence of TiC
phase. The volume fraction of the TiC phase is about 3%.

The 3D printed Ti-3A1-4V—9Fe/TiC composite has a high microhardness of 7 GPa due to the presence of the
carbide and intermetallic phases. Meanwhile, the microhardness of the as-built Ti-6Al-4V sample manufactured under
similar 3D printing parameters is 4.1 GPa only [17].

CONCLUSIONS

The possibility of producing titanium metal matrix composite based on the Ti—-Al-V-Fe system reinforced with
TiC particles by the electron beam additive technology has been demonstrated. Thin square rods 150 mm long and
1.5 mm’ in cross-sectional area, cut from a wrought Ti—6Al-4V titanium alloy plate followed by diffusion saturation
with carbon, served as a feedstock material for 3D printing. This method of feedstock preparation makes it possible to
control the amount of the carbide phase in the titanium metal matrix composite and to achieve a homogeneous
distribution of the carbide particles in the 3D printed sample. An addition of iron to the molten pool during the additive
manufacturing process has been shown to suppress columnar grain growth in the titanium metal matrix composite.
Moreover, its presence leads to the formation of intermetallic phases. This provides an additional contribution to the
hardening of 3D printed titanium metal matrix composites.

It has been shown that it is possible to fabricate a 3D printed composite based on the Ti—Al-V—Fe system
containing 3 wt.% TiC by using a feedstock of the titanium alloy Ti—6Al-4V rods exposed to carbon black at
a temperature of 1200°C for 4 hours. Spherical TiC particles with an average size of 0.5 um are arranged both inside 8
grains and along their boundaries in the 3D printed Ti-3Al-4V-9Fe/TiC composite. Spherical TiC particles with
an average size of 0.5 pm form agglomerates of carbide particles with a size of up to 5 um both inside a grains and
along B grain boundaries in the 3D printed Ti-3Al-4V-9Fe/TiC composite. TiFe precipitates with curved shape are
homogeneously distributed within the § grains.

The formation of the equiaxed B grains with a size of 20 — 50 microns and the carbide (3 wt.%) and
intermetallic (8 wt.%) phases results in a high microhardness of the 3D printed Ti—-3A1-4V-9Fe/TiC composite, equal
to 7 GPa.
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