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Abstract: This study investigated the development of Ti-Ta-Cu alloys via selective laser melting (SLM)
for potential prosthetic applications. Ti-Ta-Cu alloys with 10, 15, and 20 wt.% Ta were fabricated using
in situ alloying of elemental powders. We examined the effects of Ta content and SLM processing
parameters on microstructure, phase composition, mechanical properties, and corrosion resistance.
X-ray diffraction analysis revealed an increase in 3-phase content with increasing Ta concentration.
Microstructural analysis showed a dendritic structure in Ta-rich areas, with remelting strategies
improving chemical homogeneity and Ta dissolution. The Ti-20Ta-5Cu alloy exhibited the best
balance of strength and ductility, with an ultimate tensile strength of 1011 MPa and elongation of
5.7%. All compositions demonstrated lower elastic moduli (103-109 GPa) compared to traditional
titanium alloys. Microhardness values were highest for Ti-15Ta-5Cu, ranging from 359 to 410 HV 5
depending on SLM parameters. Corrosion testing in Hank’s solution showed improved pitting
resistance for Ti-15Ta-5Cu and Ti-20Ta-5Cu compared to Ti-10Ta-5Cu. The study demonstrates
the feasibility of producing Ti-Ta-Cu alloys with tailored properties via SLM, offering potential for
customized prosthetic applications with improved biomechanical compatibility and functionality.

Keywords: titanium alloy; biomedical alloys; additive manufacturing; in situ alloying; selective
laser melting

1. Introduction

Titanium alloys are of particular interest for medical applications due to their high
specific strength, corrosion resistance, and bioinertness [1]. The most widely used alloy is
the commercially available Ti-6Al-4V, which has been transferred from traditional technolo-
gies and gained widespread use. However, controversy surrounding the safety of similar
titanium alloys in terms of the toxicity of alloying elements has prompted new directions
and concepts related to the engineering of new medical alloys [2]. Another requirement for
new alloys is a combination of characteristics that provide the best possible compliance
with bone tissue and reduce the stress shielding effect. The presence of regular stresses on
both the bone and the implant necessitates the use of a material with high strength and
low rigidity [3,4].

The new generation of alloys, such as Ti-Ta-Cu, belongs to a promising class of bioac-
tive materials that stimulate tissue regeneration and prevent the multiplication of pathogens
during the post-operation period and rehabilitation [5]. The combination of Ti, Ta, and
Cu provides an optimal balance between the mechanical properties, biocompatibility, and
functionality of the prosthetic material [6]. This combination of properties is provided by
the following factors:

1.  Tantalum, being a 3-stabilizer of titanium, allows for a reduction in the elastic modu-
lus of the alloy, bringing it closer to the elastic modulus of bone tissue. This is critical
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for reducing the ‘stress shielding’ effect observed during implant use [7]. Tantalum
offers an excellent combination of high biocompatibility and specific strength prop-
erties. Its low ion emission and the formation of a passivation film on the surface
promote better interaction between the implant and bone tissue, making it suitable
for medical materials [8]. In its pure form, tantalum has a high density and cost, and
its machinability is complicated by its high melting point (~3000 °C) and the forma-
tion of an oxide compound on the surface. Previous studies have demonstrated the
possibility of processing both pure Ta and binary systems based on it [9,10]. However,
the issue of synthesizing Ti-Ta systems from initial powders in the process of additive
manufacturing remains open.

2. Copper, when introduced in small quantities, imparts antibacterial properties to the
alloy, which is especially important for decreasing the risk of postoperative infections
during prosthetics [8]. A notable regeneration-stimulating effect of copper has been
observed, with relative elongation increasing up to 26% when added in quantities
up to 10 wt.% to CpTi and Ti6Al4V [11-14]. Copper ions are known to promote
angiogenesis and osteogenesis when introduced into Ti-6Al-4V alloy [15]. For instance,
Ti3AI2V-2Cu, Ti3Al2V-3Cu, Ti3AI2V-10Ta, and Ti3Al2V-10Ta-3Cu compositions used
in LPBF have been prepared and investigated for bacterial resistance (dense) and
in vivo biological response studies [6].

Copper alloying is used in titanium alloys to reduce embrittlement and the tempera-
ture gradient characteristic of the selective laser melting process, and to promote strength
in the binary alloy due to the formation of eutectoid grains [16-18].

The selective laser melting (SLM) technology offers the possibility of creating gradient
structures and materials with controlled porosity, which is particularly important for
optimizing the osseointegration and mechanical properties of customized medical implants
and prostheses [19].

In this study, we applied the SLM process to in situ synthesize Ti-Ta-Cu alloys from a
mixture of elemental powders. This approach was chosen due to the following advantages:

1.  The ability to precisely control the alloy composition by adjusting the proportions of
the starting powders, which allows for optimization of material properties for specific
prosthetic applications [20,21].

2. The formation of a unique microstructure due to high heating and cooling rates during
the SLM process, which can lead to improved mechanical and functional properties
of the alloy [22].

Despite the potential advantages of the Ti-Ta-Cu system and the in situ synthesis
method for SLM, research in this area remains limited. Most existing works focus on
conventional fabrication methods or simpler two-component systems [16,23]. A compre-
hensive study of the relationship between SLM parameters, microstructure, and properties
of Ti-Ta-Cu alloys is critical for optimizing the fabrication process and expanding the
application of these promising materials in prosthetics.

This work presents a systematic study of selective laser melting technology modes
and their influence on the microstructure, density, hardness, and mechanical properties of
Ti-Ta-Cu alloys with variable tantalum content (10, 15, and 20 wt.%). We aim to determine
the dependencies between the laser radiation energy density and scanning strategy and
their influence on the formation of the microstructure and properties of the obtained
samples. A detailed analysis of the structure formation will extend the understanding of
the peculiarities of multi-component titanium alloys additive manufacturing and optimize
the processes of obtaining materials with specified properties, optimal for use in prosthetics.

2. Materials and Methods

To investigate the effects of copper in situ alloying on the microstructure and properties
of Ti-Ta-Cu alloys, powder mixtures were obtained by mixing Ti and Ta powders in amounts
of 10, 15, and 20 wt.% using a gravity mixer. The Ta powder consisted of fragmented
particles with a size of 24.6 um, while the gas-atomized Ti powder had a spherical shape
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with a particle size of 36 um (Figure 1a,b). Elemental copper powder with a dendritic
particle shape and a median particle size of 37 um was added to the Ti-Ta powder mix in a
tumbler mixer for 12 h (Figure 1c). Powder mixtures with different copper content were
prepared: Ti-10Ta-5Cu, Ti-15Ta-5Cu, and Ti-20Ta-5Cu, corresponding to 10, 15, and 20 wt.%
of tantalum, respectively.

Figure 1. SEM images of initial titanium (a) tantalum (b) and copper (c) powder.

Cubic samples (10 x 10 x 10 mm) were fabricated from the prepared mixture us-
ing the SLM method on a 3DLam Mini (3DLam, St. Petersburg, Russia) machine, fitted
with a fiber laser with a maximum power of 300 W, in a protective argon atmosphere.
To study the possibility of obtaining Ti-Ta-Cu alloys, various scanning modes were uti-
lized (Table 1): LE—low energy, ME—medium energy, HE—high energy, UHE—ultra
high energy, S—single scan, R1—1 time remelting, R2—2 times remelting, D—dense
hatch distance.

Table 1. Selective laser melting parameters.

Scanning Speed, Hatch Distance, Layer Thickness, Energy Density,

Mode Power, W mm/s mm mm i mm?3 Remelting
LE-S 130 550 0.14 0.03 56 No
ME-S 190 550 0.14 0.03 82 No
HE-S 250 550 0.14 0.03 108 No
ME-R1 220 550 0.14 0.03 95 Yes (1 time)
ME-R2 220 550 0.14 0.03 95 Yes (2 times)
UHE-D 110 400 0.035 0.03 262 Yes (1 time)

The as-printed condition, including the amount of unmelted Ta particles, was quan-
tified via digital image analysis using Image] software (version 1.52) and thresholding
techniques as described in [24,25]. Polished sections corresponding to the OZ direction
of printing were prepared in advance. Density measurements utilized the Archimedes
method as outlined in the ASTM B962 standard [26].

Microstructural and energy dispersive analyses (EDX) were conducted using a Mira
3 LMU scanning electron microscope (Tescan, Czech Republic). X-ray diffraction phase
analysis (XRD) was performed using a Bruker D8 Advance X-ray diffractometer (Bruker,
Bremen, Germany) with CuKa radiation (A = 1.5418 A).

Hardness measurements of the samples were taken using a Buehler VH1150 unit
(Buehler, Lake Bluff, IL, USA) under a 500 g weight. Tensile tests were conducted on a
Zwick/Roell Z100 testing machine (Zwick/Roell, Germany). Cylindrical tensile specimens
were prepared according to the ASTM E8/E8M standard [27] for metallic materials, with
a gauge length of 25 mm and a diameter of 6.25 mm. The tests were performed at room
temperature with a strain rate of 0.001 s~ 1.

Corrosion resistance was determined in a temperature-controlled open cell using a
VersaStat 4 Princeton Applied Research potentiostat (AMETEK, Berwyn, IL, USA). Linear
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anodic polarization was employed in a prepared sterile Hank’s balanced salt solution
(HBSS) with a production pH of 6.8-7.2 at 36.5 & 0.5 °C. The HBSS composition was as
follows (in g/L): 8.00 NaCl, 0.40 KCI, 0.14 CaCl,, 0.06 MgSO4-7H,0, 0.06 NaH,PO4-2H,0,
0.35 NaHCO;3, 1.00 glucose, and 0.06 KH;POy. This solution closely mimics the ion con-
centrations found in human blood plasma, making it suitable for simulating the corrosive
environment that implants may encounter in the human body:.

A single-key Ag| AgCl chlorosilver electrode was used as a reference electrode and a
platinum laboratory electrode EPL-02 as an auxiliary electrode. The current lead, in the
form of a copper wire, was attached to the obtained samples, which were prepared as
20 x 20 x 2 mm plates with a hole for fixing the current lead. The surface of the samples was
subjected to grinding using abrasive paper with grit 180-1200 and polishing to 9 microns
using polishing cloths on a BUEHLER ECOMET 4 grinding and polishing machine.

The non-tested parts of each specimen were insulated with a lacquer heat-resistant
coating so that the tested surface area was 1 cm?. Prior to testing, the surface of the samples
was degreased using an alcohol-containing solution and acetone.

In alignment with the research objectives of identifying critical processing-structure-
property relationships, a selective approach was taken in testing SLM modes for different
experiments. The modes chosen for each test represent a range of energy densities and
processing strategies, enabling the identification of key trends and relationships in the
Ti-Ta-Cu alloy system. For density measurements, modes representing extremes in energy
input (HE-S and UHE-D) were compared with the baseline mode (ME-S) and a remelting
strategy (ME-R1). Microhardness testing included most modes but excluded LE-S due to
its poor densification results in preliminary tests. Tensile tests were conducted only for
the ME-S mode, which showed the best balance of density and microstructure in initial
evaluations. The UHE—D (ultra high energy—dense) mode was specifically designed to
investigate the effect of extremely high energy density on the material properties. In this
mode, both the scanning speed and hatch distance are significantly reduced compared
to other modes. The lower scanning speed allows for a longer laser-material interaction
time, while the reduced hatch distance increases the overlap between adjacent scan tracks.
Together, these changes result in a much higher energy density input to the material. This
extreme condition was included to explore the upper limits of energy input and its effects
on the microstructure and properties, particularly for alloys with higher melting point
elements like tantalum.

3. Results
3.1. Density Evaluation

The density measurement results of the samples obtained using the SLM method at
different regimes are shown in Figure 2 for Ti-10Ta-5Cu, Ti-15Ta-5Cu, and Ti-20Ta-5Cu
alloys. The experimental densities of the alloys are presented in Table 2.
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Figure 2. Density dependence of samples on the SLM mode for three alloy compositions.
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Table 2. Experimental density of Ti-Ta-Cu alloys.

Ti-10Ta-5Cu Ti-15Ta-5Cu Ti-20Ta-5Cu
Density, g/crn3 5.02 + 0.06 5.22 +0.12 5.37 £ 0.04

It was observed that the density of the synthesized material increased with an increase
in the content of tantalum, which has a relatively high atomic mass. Within the compositions
Ti-10Ta-5Cu and Ti-15Ta-5Cu, the HE-S mode, characterized by the highest laser irradiation
power, contributed to the highest density of the synthesized alloys. The remelting modes
(ME-R1 and ME-R2) showed no significant increase in density compared to single scanning
at the same energy (ME-S) for all compositions investigated. However, these modes may
be effective in eliminating individual tantalum particles in the alloys.

The low energy density regime (LE-S) resulted in significantly lower density compared
to other modes across all compositions. This can be attributed to insufficient energy input
to fully melt the powder particles, particularly the high-melting-point tantalum. The
lower density in the LE-S mode indicates incomplete fusion and increased porosity, which
explains its exclusion from further mechanical testing.

The use of high energy density due to small pass spacing (UHE-D mode) led to higher
densities in Ti-20Ta-5Cu but resulted in the lowest density in Ti-10Ta-5Cu. The UHE-D
mode proved to be the most effective for the melting of tight-melting tantalum but was
found to be redundant for obtaining Ti-10Ta-5Cu alloy with a lower Ta content, causing the
transition of powder mixture components during high-temperature laser exposure to the
gaseous phase and resulting in a high porosity of the material.

The effect of energy density on the final density of the samples was not linear and
depended on the alloy composition. For Ti-10Ta-5Cu and Ti-20Ta-5Cu, there was a tendency
for the density to increase with increasing energy density, while for Ti-15Ta-5Cu this
dependence was not as unambiguous.

3.2. Microstructure

The microstructure of samples obtained as a result of selective laser melting was
generally observed to be a non-homogeneous material with the presence of unmelted
Ta particles and the absence of pronounced grains (Figure 3a). Under significant mag-
nification, the microstructure of as-SLMed Ti-Ta-5Cu was generally represented by a
mixture of tantalum-enriched areas and titanium-enriched areas (light areas—tantalum,
dark areas—titanium). The selected printing parameters did not provide sufficient mixing
of the elements in the melt bath, and therefore, liquation areas repeating their shape were
observed in the OZ direction (Figure 3b). Tantalum-enriched areas exhibited a dendritic
structure typical for Cu-containing titanium alloys.

Figure 4 illustrates the microstructure of as-SLMed Ti-Ta-Cu alloys under different
processing conditions. The ME-S mode for Ti-10Ta-5Cu (Figure 4a) and Ti-20Ta-5Cu
(Figure 4c) showed distinct differences in tantalum distribution. The remelting ME-R1
and ME-R2 modes were found to be effective strategies for chemical homogenization and
dissolution of tantalum powder. In particular, the ME-R2 mode (Figure 4b,d) promoted a
three times lower Ta particle content in the alloy compared to the single scan mode.
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(b)

Figure 3. Microstructure of as-SLMed Til5Ta5Cu alloy at different magnifications: (a) general view of
the microstructure, (b) microstructure at a higher magnification.

NO REMELTING  msssssss = X2 REMELTING

15Ta (wt.%)

Figure 4. Microstructure of as-SLMed Ti-Ta-Cu alloys: (a) ME-S mode for Til0Ta5Cu, (b) ME-R2
mode for Til5Ta5Cu, (c) ME-S mode for Til0Ta5Cu, (d) ME-R2 mode for Til5Ta5Cu.

3.3. Phase Composition

Figure 5 shows the XRD patterns of Ti-Ta-Cu alloys with different Ta content. XRD
evaluation revealed the presence of main «-Ti (JCPDS file #44-1294) and 3-phase (JCPDS
file #44-1288), with no obvious diffraction peaks of any copper-based eutectoid at 5 wt.%
Cu content. According to the phase diagram, the 3-phase may be present as a Ti-Ta-Cu
solid solution. Different phase states were observed during the application of scanning
strategies with multiple remelting (ME-R1, ME-R2).
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Figure 5. XRD diffractograms of Ti-Ta-Cu samples: (a) with various Ta content (wt.%), (b) Ti-15Ta-5Cu
at different SLM modes.

As shown in Figure 5, with an increasing number of remelting passes (ME-R2), the
phase composition changed. The intensity of beta-phase peaks decreased, and Cu-based
intermetallic compound Ti,Cu peaks (JCPDS file #18-0468) were identified, which is char-
acteristic of titanium alloys in the presence of copper [23]. The amount of formed Ti,Cu
did not appear to depend on the change of Ta content in the alloy. However, cyclic heating
and cooling at high rates during remelting treatment (ME-R1, ME-R2) led to destabilization
and decomposition of 3-phase with the formation of «-Ti and eutectoid Ti;Cu. Under
non-equilibrium conditions due to the high cooling rate of the melt during laser treatment
(about 10° K/s), the formation of TiyCu was observed to be slowed down, despite the high
diffusion activity of copper [23,28].

Stabilization of beta-phase due to the increase in tantalum content was confirmed via
the results of XRD analysis (Figure 5). XRD analysis showed an increase of the 3-phase
peaks characterizing the solid solution (Ti, Ta, Cu) under the conditions of one scanning
mode, with no intermetallic compounds with copper detected.

3.4. Chemical Composition

The chemical composition was analyzed via energy dispersive X-ray spectroscopy
(EDX). The results are presented in Table 3. EDX spectra for Ti-10Ta-5Cu, Ti-15Ta-5Cu,
and Ti-20Ta-5Cu samples obtained under the ME-S regime showed that the actual chem-
ical composition of the samples was close to the nominal composition of the initial
powder mixture.

Table 3. Chemical composition of samples obtained under ME-S mode (wt.%).

Ti-10Ta-5Cu Ti-15Ta-5Cu Ti-20Ta-5Cu
Ti 852 £ 0.8 80.3 £ 0.7 754 £ 0.9
Ta 9.8+ 0.5 14.7 £ 0.6 19.6 £ 0.7
Cu 50+0.3 50+0.3 50+0.3

A slight deviation of tantalum content from the nominal value (by 0.2-0.4 wt.%)
was observed, which could be associated with a different distribution of powder in the
sample volume. Nevertheless, despite the large difference in the melting temperatures
of the components under normal conditions (Ti—1668 °C, Ta—3020 °C, Cu—1085 °C),
vaporization of elements such as Ti and Cu after the high-energy SLM processing was
not detected.
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3.5. Electrochemical Characterization

To evaluate the corrosion behavior of the Ti-Ta-Cu alloys, open circuit potential (OCP)
measurements and potentiodynamic polarization tests were conducted in Hank’s bal-
anced salt solution at 36.5 &= 0.5 °C. Figure 6 shows the OCP curves and potentiodynamic
polarization curves for the Ti-10Ta-5Cu, Ti-15Ta-5Cu, and Ti-20Ta-5Cu alloys.

Potentiodynamic Polarization Curves
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Figure 6. Electrochemical characterization of Ti-Ta-Cu alloys in Hank’s solution at 36.5 & 0.5 °C:
(a) open circuit potential (OCP) curves and (b) potentiodynamic polarization curves.

The OCP curves (Figure 6a) reveal the evolution of the open circuit potential over
time for the three alloy compositions. All alloys exhibit a gradual increase in potential,
indicating the formation and growth of a passive oxide layer on the surface. The Ti-10Ta-
5Cu alloy shows the most noble initial potential, while Ti-20Ta-5Cu starts from the most
active potential. By the end of the 5-h measurement period, the potentials for all alloys
stabilize, with Ti-15Ta-5Cu and Ti-20Ta-5Cu converging to similar values, slightly nobler
than Ti-10Ta-5Cu.

Figure 6b presents the potentiodynamic polarization curves for the three alloy com-
positions. These curves demonstrate that all three alloys exhibit passive behavior over
a wide potential range, indicated by the relatively stable current density over a range of
potentials. The Ti-15Ta-5Cu and Ti-20Ta-5Cu alloys show wider passive regions compared
to Ti-10Ta-5Cu, suggesting superior corrosion resistance. The Ti-20Ta-5Cu alloy displays
the lowest corrosion current density, indicating the highest resistance to uniform corrosion
among the three compositions.

Table 4 summarizes the key electrochemical parameters extracted from these curves,
including the corrosion potential, Ecorr, pitting potential, Epjt, and corrosion current density,
icorr- Corrosion potentials, Ecorr, and pitting potentials, Epit, were determined from the
obtained curves via a graphical method. The base of pitting resistance was determined as
the difference of pitting formation potential and corrosion potential. The corrosion current
densities, icorr, Were determined using the Tafel extrapolation method. The Ti-20Ta-5Cu
alloy exhibited the lowest icorr value of 0.038 A/ cm?, confirming its superior corrosion
resistance. This is consistent with its more noble Ecor and wide passive region observed in
the potentiodynamic curve.

Table 4. Results of electrochemical characterization for different Ti-Ta-Cu composition.

Eoc, V Ecorr, V Epitr A% icorr, LA/ cm?
Ti-10Ta-5Cu 0.36 —-0.1 3.53 0.052
Ti-15Ta-5Cu 0.23 —0.1 4.13 0.045

Ti-20Ta-5Cu 0.26 —0.01 3.62 0.038
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According to the results of electrochemical characterization (Table 4), the Ti-10Ta-5Cu
sample exhibited the lowest resistance to corrosion compared to alloys with 15 and 20 wt% Ta,
whose potentials were 0.23 V and 0.26 V, respectively. The results of electrochemical
investigations of titanium alloys with different tantalum content showed that the high-
est resistance to pitting corrosion in the given model solution was demonstrated by
samples of Ti-15Ta-5Cu alloy, whose pitting resistance basis was 4.13 V. The study of
Ti-20Ta-5Cu showed slight deterioration of pitting resistance compared to Ti-15Ta-5Cu,
which was associated with an increase in pitting centers—unmelted Ta particles and with
the development of corrosion anodic-cathodic processes at the interface between Ti and Ta.

3.6. Microhardness

The microhardness measurement results of Ti-Ta-Cu samples are shown in Figure 7.

Ti10Ta5Cu
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Mode

Figure 7. Microhardnesses of Ti-xTa-5Cu samples with various Ta (wt.%) content at different SLM
scanning modes.

With increasing tantalum content, no significant microhardness increase was
observed. The highest microhardness values were observed in the Ti-Ta-Cu alloy with
15 wt.% Ta, independent of the SLM scanning strategy, with the highest value reaching
391.80 4+ 33.24 HV 5.

High energy density regimes (HE-S and UHE-D) led to a slight decrease in microhard-
ness compared to medium energy regimes, which may be attributed to the formation of
a coarser grain structure. The remelting scanning strategies (ME-R1 and ME-R2) showed
a tendency for lower microhardness, which could be due to the formation of a more
homogeneous structure and reduced porosity.

The microhardness values for the Ti-15Ta-5Cu alloy ranged from 359 to 410 HV 5,
depending on the SLM parameters used. This variability in microhardness demonstrates
the significant influence of processing parameters on the mechanical properties of the alloy.

For the Ti-10Ta-5Cu and Ti-20Ta-5Cu alloys, the microhardness values were generally
lower than those of Ti-15Ta-5Cu across all scanning modes. This trend suggests that the
15 wt.% Ta composition may provide an optimal balance of phases and microstructure for
enhanced hardness in this alloy system.

3.7. Mechanical Characterization

The values of tensile strength, yield strength, and elongation for each alloy tested are
summarized in Table 5 and Figure 8.
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Table 5. Tensile mechanical properties of samples obtained under ME-S mode.

Composition Mode E, GPa Yield Strength, MPa  Ultimate Tensile Strength, MPa  Elongation at Break, %
Ti-10Ta-5Cu ME-S 103 - 1260 -
Ti-15Ta-5Cu ME-S 109 1310 1435 04
Ti-20Ta-5Cu ME-S 107 899 1011 5.7

1600 1 Ti10Ta5Cu
1 Ti15Ta5Cu
1400 Ti20Ta5Cu
1200 4
‘@ 1000 A
ol
] |
o 800
[%2]
8 |
& 600
400
200 A
0 T T T 1
0 2 4 6 8

Deformation (%)

Figure 8. Tensile diagrams for Ti-10Ta-5Cu, Ti-15Ta-5Cu, and Ti-20Ta-5Cu samples after SLM process-
ing with ME-S scanning mode.

According to Figure 7, an increase in Ta content was observed to significantly affect the
plastic deformation of the as-SLMed alloy. The Ti-10Ta-5Cu alloy exhibited brittle fracture
without measurable plastic deformation; hence, no data on yield strength and relative
elongation were available for this composition.

The Ti-15Ta-5Cu alloy demonstrated the highest ultimate tensile strength of 1435 MPa
but showed low ductility with only 0.4% elongation. In contrast, the Ti-20Ta-5Cu alloy
exhibited the best balance of strength and ductility, with an ultimate tensile strength of
1011 MPa and an elongation at break of 5.7%. This improved ductility in the Ti-20Ta-5Cu
alloy may be attributed to the optimal ratio of a- and 3-phases in its microstructure.

The modulus of elasticity (E) of all investigated compositions was found to be in
the range of 103-109 GPa. These values are lower than those of traditional titanium
alloys (e.g., Ti-6Al-4V with E ~ 110-120 GPa), which is considered favorable for prosthetic
applications [29]. The lower elastic modulus can potentially reduce the stress shielding
effects in implants, leading to better biomechanical compatibility.

4. Discussion
4.1. Influence of Alloy Composition on Structure and Properties

The analysis of the obtained results shows that the tantalum content in the alloys of
the Ti-Ta-Cu system has a significant effect on their structure and properties:

1.  Anincrease of tantalum content from 10 to 20 weight % led to an increase of alloy
density from 5.02 to 5.37 g/cm3. This can be attributed to the higher atomic mass
of tantalum compared to titanium and is in accordance with the rule of mixtures. A
similar trend was observed in Zhou et al. [30] for Ti-Ta alloys produced via casting.

2. X-ray diffraction analysis revealed an increase in the proportion of 3-phase in the
alloy structure with increasing tantalum content. Such (3-stabilizing effect of tantalum,
also observed in the studies by Liu et al. [31], could be an effective medium for Ti,Cu
precipitates suppression. The presence of Ta was found to refine the grain in Ta-rich
areas, forming a dendrite-like microstructure.
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3. The microhardness of the alloys decreased with increasing tantalum content, which
can be explained by a combination of solid-solution hardening and an increase in the
proportion of the 3-phase.

4.  Tensile mechanical properties showed that the Ti-20Ta-5Cu alloy had the best balance
of strength and ductility. This may be due to the optimal ratio of «- and 3-phases
as well as a more homogeneous microstructure. A similar optimization of mechan-
ical properties by controlling the phase composition was observed in the study of
Zhenhuan et al. [32] for Ti-Ta-Nb-Zr alloy.

4.2. Influence of SLM Modes on Structure and Properties

The application of different scanning modes within the same alloy showed that the
Ti-10Ta-Cu alloy was the most sensitive to changes in energy density due to variations in
laser power. The scanning strategy with the lowest energy density (ME-S) proved to be
the most suitable for obtaining the most defect-free material, despite the largest amount of
undissolved Ta in the alloy. Multiple scans (ME-R1 mode) were effective in eliminating this
disadvantage.

The scanning strategy with the highest energy density (UHE-D) led to the formation
of gas pores in Ti-10Ta-Cu but was beneficial when the Ta content increased up to 20 wt.%.
For Ti-20Ta-5Cu, the effect of energy density was less pronounced, which may indicate
a wider process window for this composition. This could be attributed to the change in
the thermophysical properties of the alloy with increasing tantalum content, such as the
thermal conductivity and melting point.

The modes with high energy density (HE-S and UHE-D) provided the highest density
of the samples, which is associated with more complete melting of the powder and a reduc-
tion of porosity. This observation aligns with findings by Kasperovich and Hausmann [33],
who reported similar effects of energy density on porosity in Ti-6Al-4V alloys processed
via SLM.

The Ti-15Ta-Cu alloy showed the most stable density values across the considered
modes (ME-S, ME-R1, UHE-D), except for a maximum at the HE-S regime. This behavior
may be due to the optimal balance between the completeness of melting and minimizing the
formation of defects, such as pores and cracks, which can occur at excess energy input [34].

The use of remelting (modes ME-R1 and ME-R2) contributed to an increase in chemical
and structural homogeneity due to 30% better Ta dissolution and a decrease in the number
of defects. However, these modes provided the formation of a coarser grain structure,
which can negatively affect mechanical properties. This trade-off between homogeneity
and grain size is consistent with observations by Thijs et al. [35] in their study of SLM-
processed Ti-6Al-4V.

The low energy density regime led to the formation of a more porous structure and,
consequently, to a decrease in the density and mechanical properties of the samples. This
relationship between energy density and porosity in titanium alloys obtained using the
SLM method has been well-documented in previous studies [36].

4.3. Effect of SLM Modes on Chemical Composition

High energy density regimes (HE-S and UHE-D) showed a slight (up to 0.3 wt.%)
decrease in Cu content compared to the nominal composition, which may be attributed to
partial vaporization of Cu at higher process temperatures.

The modes with repeated remelting (ME-R1 and ME-R2) did not lead to a significant
change in the chemical composition compared to the single-scanning mode (ME-S), which
indicates the stability of the composition under repeated exposure to laser radiation. This
compositional stability is crucial for maintaining consistent properties throughout the
fabricated parts and suggests that these remelting strategies can be employed to improve
homogeneity without compromising the intended alloy composition.

The results confirm the efficiency of the in situ method for the synthesis of Ti-Ta-Cu
alloys via selective laser melting and demonstrate the possibility of precise control of
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the chemical composition of the obtained materials. This level of compositional control
is particularly important for biomedical applications, where slight variations in alloy
chemistry can significantly impact the biocompatibility and mechanical performance.

The observed stability of Ti and Ta contents across different SLM modes, despite
their significantly different melting points, highlights the robustness of the SLM process
for processing multi-component alloys. This stability is advantageous for producing
components with consistent properties throughout complex geometries, which is often
challenging in conventional manufacturing methods.

The slight variations in Ta content (0.2-0.4 wt.%) observed across different samples
may be attributed to the inhomogeneous distribution of powder in the initial mixture
rather than process-induced compositional changes. This underscores the importance
of powder mixing techniques in achieving consistent compositions in SLM-processed
multi-component alloys.

4.4. Prospects for Ti-Ta-Cu Alloys Application for Prosthetics

Based on the results obtained, the following conclusions can be drawn about the
prospects for the application of the studied alloys in prosthetics:

1.  Allinvestigated compositions demonstrated lower modulus of elasticity (103-109 GPa)
in comparison with traditional titanium alloys, which is favorable for reducing the
effect of “stress shielding” in implants. This is in agreement with the work of Niinomi
et al. [37], which emphasizes the importance of lowering the elastic modulus to
improve the biomechanical compatibility of implants.

2. Ti-20Ta-5Cu alloy showed the best balance of strength and ductility, which makes
it the most promising for use in loaded prosthetic elements. The ultimate tensile
strength of 1011 MPa combined with an elongation at break of 5.7% suggests good
mechanical performance under various loading conditions.

3. The high microhardness of the Ti-15Ta-5Cu can provide good wear resistance, which is
important for denture durability. This could be particularly beneficial in applications
where the prosthetic component is subject to friction and wear.

4.  The presence of copper in alloys potentially provides antibacterial properties, which
may reduce the risk of postoperative infections. The antibacterial effect of cop-
per in titanium alloys for biomedical applications was demonstrated in a study
by Liu et al. [38].

5. The possibility of controlling the structure and properties of alloys by changing the
parameters of SLM opens up prospects for creating gradient structures and optimizing
the properties of different parts of the prosthesis [39]. This flexibility in manufacturing
could allow for the creation of prosthetics with tailored properties in different regions
to match the varying mechanical and biological requirements across the implant.

The obtained results demonstrate the promising application of Ti-Ta-Cu system alloys
obtained via selective laser melting to create new materials in the field of medical prosthetics.
The combination of a lower elastic modulus, good mechanical strength, potential wear
resistance, and possible antibacterial properties makes these alloys attractive candidates for
further development and testing in biomedical applications.

5. Conclusions

This study demonstrates the successful fabrication of Ti-Ta-Cu alloys via selective
laser melting, with compositions tailored for potential prosthetic applications. The key
findings are:

1.  Increasing the tantalum content from 10 to 20 wt.% led to enhanced 3-phase formation,
improved chemical homogeneity, and a better balance of strength and ductility.

2. Ti-20Ta-5Cu alloy exhibited the most promising combination of properties, with an
ultimate tensile strength of 1011 MPa, 5.7% elongation, and an elastic modulus of
107 GPa.
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3. Allinvestigated compositions showed lower elastic moduli (103-109 GPa) compared
to traditional titanium alloys, potentially reducing stress shielding in implants.

4.  Ti-15Ta-5Cu demonstrated the highest microhardness and best corrosion resistance,
with a pitting resistance basis of 4.13 V in Hank’s solution.

5. Remelting strategies in SLM processing improved chemical homogeneity and Ta
dissolution, enhancing overall alloy performance.

These results indicate that Ti-Ta-Cu alloys, particularly Ti-15Ta-5Cu and Ti-20Ta-5Cu,
are promising candidates for biomedical implants, offering improved biomechanical com-
patibility and potential antibacterial properties due to copper content. Future research
should focus on in-depth biocompatibility studies, fatigue behavior, and optimization of
SLM parameters for creating gradient structures. Additionally, investigating the long-term
stability of these alloys in physiological environments and their osseointegration properties
would be crucial for their successful application in prosthetics.
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