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Abstract

Titanium—tantalum (Ti—Ta) alloys combine low density, and biocompatibility of titanium with the exceptional
corrosion and oxidation resistance of tantalum. In bulk form, these alloys offer high mechanical strength, good
fatigue performance, low elastic modulus, and excellent resistance to aggressive environments, making them
suitable for a number of biomedical and chemical applications. When applied as coatings, Ti—Ta provides
protective surface layers that enhance corrosion and wear resistance, improve thermal stability, and promote
strong biological integration—all without replacing the base material. This makes Ti—Ta coatings a cost-
effective strategy to functionalize components for demanding environments while maintaining structural
integrity. It is well known that the electron beam surface modification technique has a number of advantages in
terms of the fabrication of surface structures and coatings. It enables precise, localized treatment with excellent
control over depth and microstructure, improves surface properties and can refine or homogenize surface layers
through rapid melting and solidification. Additionally, the process is clean, energy-efficient, and compatible
with complex geometries, making it ideal for enhancing the performance of modern biomaterials. This article
aims to provide a short overview on the possibilities for the fabrication of Ti-Ta coatings by the electron beam
surface modification technique.
Keywords: titanium, tantalum, Ti-Ta coatings, electron beam surface modification; mechanical properties;
biocompatibility.

INTRODUCTION which can ultimately lead to implant

Titanium-based  alloys are  widely failure. Since the surface of an implant
recognized as promising materials for plays a critical role in its interaction with
modern biomedical applications due to their the surrounding biological environment, an
excellent biocompatibility, superior appropriate surface modification offers an
mechanical strength, and high corrosion effective solution to overcome these
resistance. They are commonly used for the limitations [3-5]. In this context, titanium—
fabrication of implants intended to replace tantalum (Ti-Ta) alloys have attracted
damaged or failed hard tissue [1,2]. increasing attention as advanced
However, despite these advantages, their biomaterials. They combine excellent
clinical performance may be compromised biocompatibility and corrosion resistance
by issues such as the release of metallic with a low elastic modulus that closely
ions and low values of wear resistance, matches that of human bone, thereby
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reducing stress shielding. Additionally,
their high-temperature shape memory effect
provides unique functional advantages.
These characteristics make Ti-Ta alloys
highly suitable for next-generation implant
manufacturing. They offer improved
performance, durability, and integration
with host tissue, especially in the form of
surface structures and coatings [6].

Currently, the methods of electron beam
surface modification are considered very
promising for the fabrication of surface
alloys and coatings. By directing a high-
energy electron beam onto the substrate, the
surface layer rapidly melted, allowing the
incorporation of alloying elements to form
a homogeneous modified layer. The
extremely fast heating and cooling rates
result in fine microstructures, improved
element distribution, and strong
metallurgical bonding between the coating
and substrate. This method offers several
advantages, including precise control of the
modified zone, minimal thermal distortion
of the bulk material, and the ability to
enhance surface properties such as
hardness, wear resistance, and corrosion
resistance [7-10].

The present article aims to provide a
short overview of the potential of electron
beam surface modification technology for
the fabrication of Ti—Ta surface alloys and
coatings. The discussion focuses on the
influence of processing parameters on the
resulting microstructure and corresponding
functional properties, emphasizing how
precise control of technological conditions
can be used to optimize surface
performance for advanced biomedical and
engineering applications.

INFLUENCE OF BEAM POWER ON
STRUCTURE AND PROPERTIES OF
TITANIUM-TANTALUM SURFACE
ALLOYS

Here, the influence of the power of the
electron beam on the structure and Young’s
modulus of the formed Ti-Ta layers is
presented [11]. The surface alloys were
fabricated through electron beam surface

modification. Tantalum films with a
thickness of 2.5 um were first deposited
onto pure o-Ti substrates using direct
current (DC) magnetron sputtering. The
deposition was carried out at a discharge
voltage of 440 V and a discharge current of
1 A for 1 hour. Following this procedure,
the samples were subjected to surface
alloying using a continuous electron beam.
During this process, the accelerating
voltage was set to 50 kV, while the electron
beam current varied at 15, 25, and 35 mA,
corresponding to beam powers of 750,
1250, and 1750 W, respectively. The speed
of the movement of the samples was
maintained at 5 mm/s, and the electron
beam scanning frequency was fixed at 200
Hz. A schematic representation of the
electron beam surface alloying process is
shown in Figure 1.

Electron beam source

Ta film

Ti substrate

—
Direction of sample motion

Fig. 1. Experimental scheme for the fabrication
of Ti-Ta coatings by an electron beam

modification [11].

The microstructure of the obtained Ti-Ta
surface structures was studied by a
scanning electron microscope (SEM)
Figure 2a shows the cross-sectional SEM
image of the sample processed at 750 W.
Energy-dispersive ~ X-ray  spectroscopy
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(EDS) analysis (Figures 2b,c) indicates that
the Ta film remained unmelted, and no Ti—
Ta surface alloy was formed, showing that
the discussed value of the beam power is
insufficient to dissolve Ta into the Ti
substrate.

(©)

SEM HV. 20.00 kV/ WD 8972 mm LYRA\ AN i i
HiV: Det BSE 20m l

ac: Hivac C
SEMMAG 400k« Date(m/aly). 10/07/20 Pertormance in nancepace [

Fig. 2. A cross-sectional SEM image of the
specimen modified with 750 W (a) and EDS
spectra taken from different areas (b,c) [11].

At 1250 W (Figure 3a), a distinct alloyed
zone (~20 um, zone A) formed above the Ti
substrate (zone B). EDS results (Figures 3b,
c¢) show a Ti—20 wt.% Ta composition, as
well as some unmelted Ta particles
remained. The higher beam power
increased the surface temperature, enabling
partial melting and mixing due to the high-
temperature gradient available in the molten
zone [12]. However, complete
homogenization was not achieved.
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Fig. 3. A cross-sectional SEM image of the
specimen modified with 1250 W (a) and EDS
spectra taken from different areas (b,c) [11].

At 1750 W (Figure 4a), a thicker alloyed
zone (~90 um) formed with no undissolved
Ta. EDS analysis (Figure 4b) shows a Ti—8
wt.% Ta composition. The higher power

enhanced melting, high-temperature
convection, and homogeneity, while the
lower Ta content is due to distribution over
a thicker layer and possible evaporation.
These results demonstrate that beam power
strongly influences melt pool behavior,
alloy thickness, and composition [13].

Fig. 4. A cross-sectional SEM image of the
specimen modified with 1750 W (a) and EDS
spectra taken from the obtained Ti-Ta coating

(b) [11].

The Young’s modulus of the Ti-Ta
surface alloys and the base Ti substrate was
evaluated. For alloys produced at beam
powers of 1250 W and 1750 W, the
measured values were 60.3 + 5.1 GPa and
59.1 + 162 GPa, respectively—
approximately half that of the base Ti
substrate (110 = 9.8 GPa) and much closer
to that of human bone. The reduction in
modulus for the 1250 W alloy is attributed
to the higher Ta content, which promotes
the formation of the B phase, known for its
lower elastic modulus. In the 1750 W alloy,
the decrease is primarily due to an increase
in the unit-cell volumes of the o’ and f
phases, which weakens atomic bonding and
lowers the modulus. These findings
demonstrate that electron-beam surface
alloying can effectively tailor the
mechanical properties of Ti-Ta alloys to
better match those of natural bone.

From a practical standpoint, the
substantial reduction in Young’s modulus
achieved for the Ti-Ta surface alloys
present a clear advantage for biomedical
applications,  particularly in  implant
manufacturing. The measured values of
60.3 = 5.1 GPa (1250 W) and 59.1 £ 16.2
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GPa (1750 W) are nearly half that of pure
Ti (110 GPa) and closely approach the
elastic modulus of human bone (9-28.4
GPa). This improved  mechanical
compatibility can minimize stress shielding
effects and enhance long-term implant
integration and performance. These results
demonstrate that Ti-Ta surface alloys
produced via electron-beam alloying are
promising candidates for the development
of advanced biomedical implants with
optimized mechanical properties [14].

INFLUENCE OF TANTALUM
AMOUNT ON STRUCTURE AND
PROPERTIES OF TITANIUM-
TANTALUM SURFACE ALLOYS

Here, the influence of the amount of Ta
alloying element on the structure and
properties is presented. A 2.5 um thick Ta
film was deposited onto a pure Ti substrate
via direct current (DC) magnetron
sputtering. The sample underwent electron-
beam treatment. The process parameters
were an accelerating voltage of 50 kV, a
beam current of 30 mA, a specimen
translation speed of 5 mm/s, and a scanning
frequency of 200 Hz. After the initial Ti-Ta
layer was formed, a second Ta film with the
same thickness (2.5 um) was deposited and
subjected to a second electron-beam
treatment. This deposition—alloying cycle
was repeated a third time to further build up
the coating [15].

The phase composition after each
technological cycle was studied by X-ray
diffraction experiments. The experimentally
obtained diffraction patterns are presented
in Figure 5. Figure 5a shows the pattern
corresponding to the first cycle; figure 5b
presents the diffractogram of the coating
fabricated by the second cycle; figure 5c —
to the sample formed by the third one.
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Fig. 5. Experimentally obtained diffractograms
of the specimens obtained after the (a) first
cycle; (b) second cycle; and (c) third cycle

[15].

All patterns exhibit peaks of the o’
martensitic and B phases. The o’ phase
possesses a hexagonal close-packed (HCP)
structure, while the B phase has a body-
centered cubic (BCC) structure and
represents the high-temperature
modification of titanium. However, the
existence of the beta phase in this case is
due to the incorporation of some amount of
Ta element, which is known as beta
stabilizer. The formation of this martensitic
phase is typical for titanium-based a + B
alloys subjected to high-energy treatments,
such as electron-beam or laser processing.
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The extremely rapid cooling rates achieved
in these processes—on the order of 10° K/s
during continuous electron-beam
treatment—favor the formation of non-
equilibrium phases, including metastable o’
martensite [7]. Furthermore, the XRD
patterns of the coatings produced in the
second and third cycles show a small peak
around 20 = 34°, attributed to B-tantalum.
Tantalum exists in two allotropic forms, o
and B, with the  phase being metastable.
However, as reported in [16], B-tantalum
can be stabilized in thin films and coatings.
This observation is consistent with the
deposition of Ta as a thin film in the present
study, confirming the presence of B-Ta
within the alloyed zone.

The measured Young’s modulus of the
pure Ti substrate was approximately 110
GPa and decreased progressively with each
technological cycle of electron-beam
alloying: to ~65 GPa after the first cycle, ~8
GPa after the second, and ~3 GPa following
the third cycle. This trend indicates that
increasing the Ta concentration within the
alloyed zone leads to a significant reduction
in  Young’s modulus. The phase
composition of the coating plays a key role
in determining its mechanical properties. In
titanium alloys, the B phase exhibits the
lowest Young’s modulus compared to other
Ti-based phases, including o-Ti and o’/a”’
structures. In the present study, each cycle
increased the Ta content, promoting the
formation of a larger fraction of the B
phase, which contributes to the observed
reduction in modulus of elasticity. Also, the
addition of Ta during each cycle can alter
atomic distances and bonding forces.
Quantitative evaluation of the o’ phase unit-
cell volumes from XRD data were carried
out by the authors of [15] and the results
revealed an increase in the HCP lattice
volume with each cycle. According to [17],
electron-beam surface treatment tends to
expand lattice parameters and unit-cell
volumes, which is consistent with these
results. The increased atomic spacing
weakens interatomic  bonds, further
reducing Young’s modulus.

Once again, it is important to note that
the reported reduction in Young’s modulus
achieved for the Ti-Ta surface alloys
present a clear advantage for biomedical
applications,  particularly in  implant
manufacturing. The measured values of
about 3 GPa are significantly lower that of
pure Ti (110 GPa) and almost match the
elastic modulus of human bone (9-28.4
GPa). This improved  mechanical
compatibility can minimize stress shielding
effects and enhance long-term implant
integration and performance. These results
demonstrate that Ti-Ta surface alloys
produced via selective electron-beam
alloying are promising candidates for the

development of advanced biomedical
implants with optimized mechanical
properties.

CONCLUSION

In conclusion, electron beam

technologies represent an effective and
versatile approach for the fabrication of Ti—
Ta surface alloys. The high energy density
and precise controllability of the process
enable localized melting and thorough
mixing of titanium substrate and tantalum
alloying  element, resulting in a
homogeneous surface alloy. The rapid
solidification associated with this technique
promotes the formation of metastable
phases, while minimizing thermal effects
on the bulk material. Moreover, the vacuum
environment ensures high coating purity,
and the layer-by-layer processing allows
precise tailoring of the alloy’s composition
and microstructure. These advantages make
electron beam processing particularly well
suited for producing high-performance Ti—
Ta surface alloys for advanced engineering
and biomedical applications.
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