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ABSTRACT: New β-stabilized Ti-based alloys are highly promising for bone
implants, thanks in part to their low elasticity. The nature of this elasticity,
however, is as yet unknown. We here present combined first-principles DFT
calculations and experiments on the microstructure, structural stability,
mechanical characteristics, and electronic structure to elucidate this origin. Our
results suggest that the studied β Ti−35Nb−7Zr−5Ta wt % (TNZT) alloy
manufactured by the electron-beam powder bed fusion (E-PBF) method has
homogeneous mechanical properties (H = 2.01 ± 0.22 GPa and E = 69.48 ± 0.03
GPa) along the building direction, which is dictated by the crystallographic
texture and microstructure morphologies. The analysis of the structural and
electronic properties, as the main factors dominating the chemical bonding
mechanism, indicates that TNZT has a mixture of strong metallic and weak
covalent bonding. Our calculations demonstrate that the softening in the Cauchy
pressure (C′ = 98.00 GPa) and elastic constant C̅44 = 23.84 GPa is the origin of the low elasticity of TNZT. Moreover, the nature of
this softening phenomenon can be related to the weakness of the second and third neighbor bonds in comparison with the first
neighbor bonds in the TNZT. Thus, the obtained results indicate that a carefully designed TNZT alloy can be an excellent candidate
for the manufacturing of orthopedic internal fixation devices. In addition, the current findings can be used as guidance not only for
predicting the mechanical properties but also the nature of elastic characteristics of the newly developed alloys with yet unknown
properties.

■ INTRODUCTION
Nowadays, the restoration of large bone defects resulting from
high-energy traumatic injuries, tumor resection, diseases, or
revision surgery remains an urgent medical and social problem,
despite the huge number of available implantation materials.
There are disadvantages of the existing load-bearing implant
materials such as the content of allergic or cytotoxic elements,
which can result in long-term health problems like
osteomalacia, peripheral neuropathy, and Alzheimer’s dis-
eases,1 and the so-called “stress shielding effect” caused by the
significant difference in Young’s modulus (E) between the
replacement (∼110 GPa for TiAl6V4) and human bone (10−
30 GPa).2 This effect can potentially lead to bone resorption
and eventual implant failure.3 Due to these issues, there has
been an increasing interest in developing new nontoxic
biomedical alloys with controlled elastic properties. Moreover,
this interest is expected to rise in the next decades with further
achievements in the field of alloy manufacturing, material
characterization techniques, and computational approaches.4

Additive manufacturing (AM) is one of the quite advantageous
methods for implant production, allowing for better function-
alization and production of the case- and patient-specific

implants. Unfortunately, the availability of adequate processes
for biocompatible metallic materials is an additional challenge.5

Experimental investigations of titanium (Ti) and its alloys have
shown β-type Ti-based systems with a body-centered cubic
(bcc) crystal structure consisting of nontoxic alloying elements
(so-called β-stabilizers, such as Nb, Mo, Ta, etc.), which in
turn result in reduced E values (∼40−80 GPa), are promising
candidates that can indeed decrease the imbalance in the load
distribution at the bone-implant contact area, preventing the
destructive changes in bone tissues and minimizing the risk of
postoperative complications.6 In addition, despite the fact that
Zr is a so-called neutral element, it was observed that it acts as
a rather strong β-stabilizer for Ti alloys when used in
combination with other β stabilizers such as Ta and Nb.7,8
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Moreover, the addition of biocompatible Zr provides improved
blood circulation in the implant vicinity and enhanced
corrosion resistance for β-type Ti implants.9−13

Potential β-type Ti-based compositions, such as Ti−30Nb−
4Sn,14,15 Ti−35Nb,16−19 Ti−15Mo,20−23 Ti−Nb−Ta,8,12,24
Ti−24Nb−4Zr−8Sn,25−30 Ti−12Mo−6Zr−2Fe (TMZF),31

Ti−15Mo−3Nb−3O (TIMETAL 21SRx),32 and Ti−13Nb−
13Zr,33 and multicomponent β TNZT attracted great attention
due to their reduced elastic modulus, high strength, good
corrosion resistance, and superior biocompatibility in compar-
ison with other alloys.34−37

Although the extrinsic elasticity of real materials strongly
depends on the presence and propagation of dislocations, grain
boundaries, cracks, and other defects of the microstructure, the
intrinsic elasticity is controlled by the interatomic chemical
bonding of the crystal structure. However, the fundamental
understanding of the mechanism that governs the decrease in
Young’s modulus values of β-Ti alloys is still under
investigation.
In the past decade, theoretical studies and modeling have

become powerful tools for predicting elastic properties and
phase stability of multicomponent β-type Ti alloys with the
help of first-principles calculations based on density functional
theory (DFT). The advantages of modern computer modeling
provide insight into the nature of the material’s properties and
guide experimental studies, eliminating the need for multiple
trial-and-error attempts.
Despite the fact that β-Ti-based biocompatible alloys have

been extensively studied by a variety of experimental
techniques, only a few theoretical studies on the properties
of such materials have so far been reported. So far, only the
computer simulations based on a first-principles approach can
predict the Ti subnanometer physics. Therefore, here we
present the discussion of the current state in the field of
modeling Ti alloys for a better understanding of the main
principles of the design of Ti-based alloys having the lowest
possible elastic modulus.
Kuroda et al.38 proposed a method for the theoretical design

of alloys using the theory of molecular orbits. The authors
offered a list of theoretically modeled β-Ti alloys with
predicted elastic properties and phase stability by using two
electronic parameters, viz. “Bo” (bond order) and “Md” (metal
d-orbital energy level). Then, Abdel-Hadi et al.39 extended this
method by combining the deformation mechanism with the
composition on the B̅o−M̅d diagram. Hennig et al.40 used ab
initio calculations for the investigation of the alloying element
effect (including interstitial O, N, and C and substitutional Al
and V) on the α to ω martensitic transformation in Ti. It was
shown that the β stabilizing effect of Zr enhanced with an
increase in Nb concentration in the alloy.41 Ikehata et al.42

predicted Young’s modulus of the binary Ti(1−x)Mx alloy
(where M is V, Nb, Ta, Mo, and W) for x = 0, 0.25, 0.75, and
1.0 using a first-principles approach. It was determined that the
lowest modulus of elasticity has an alloy with x equal to 0.25.
Recently, Dai et al. examined the effect of various alloying
elements (Al, Cr, Cu, Fe, Mo, Nb, Ni, Sn, Ta, V, W, and Zr) in
binary Ti alloys on the elastic properties, phase stability, and
transformation.43 The same character of the relationship
between the formation energy and the content of alloying
atoms in the β, α′, α″, and ω phases was observed. The
addition of all studied alloying elements led to the stabilization
of the β, α′, and α″ phases, but only Al and Sn increased the
stability of the ω phase.43 Raabe et al.44 also used ab initio

calculations in combination with experimental data to obtain
the optimal approach for creating new biocompatible alloys
based on β-Ti with low values of Young’s modulus. Sun et al.45

performed a first-principles study on phase stability, electronic
characteristics, and elastic properties of various phases, such as
β, α″, and ω for the binary Ti−Nb alloy (25 atom % Nb). It
was reported that this β-Ti alloy is the most stable and
demonstrates the lowest Young’s modulus value in comparison
with other binary alloys containing metastable ω and α″
phases. The authors of ref 46 investigated the phase stability
and Young’s modulus of binary Ti−Nb and ternary Ti−Nb−
Zr systems by means of the first-principles calculation. It was
shown that binary Ti−25 atom % Nb and ternary Ti−25 atom
% Nb−6.25 atom % Zr alloys have a stable β-phase with a low
modulus of elasticity and, thus, are suitable for biomedical
applications. The results of ref 47 based on the first-principles
study of the crystallographic structure and electronic properties
of Ti−xNb alloys (x < 50 atom %) have shown that when the
content of Nb is low, the hexagonal α’− ω phases dominate.
When the Nb content is more than 18.75 atom %, the β-phase
becomes dominant. Huang et al.48 investigated the effect of
temperature on the relative phase stability for the Ti−X (X =
3d, 4d, and 5d elements of the group) alloys in the α, β, and ω
phases. Based on theoretical calculations, Hu et al.49 reported
that alloying elements affect phase stability and Young’s
modulus in Ti alloys.
While the theoretical and experimental investigations of

binary and ternary Ti-based alloys are rather well represented
in publications, there are very few reports of the ab initio
studies investigating the multicomponent novel low-modulus
β-type TNZT alloys quite promising for biomedical
applications. Moreover, to our knowledge, there is only one
experimental work of the TNZT alloy manufactured by
selective E-PBF.50 However, it is of significance to explore
the nature of its low elasticity based on the analysis of its
electronic structure and atomic bonding.
The combination of first-principles DFT calculations and

experimental studies is important for several reasons. By
integrating theoretical calculations with experimental inves-
tigations, a more comprehensive understanding of the
multicomponent TNZT alloy can be achieved. DFT
calculations provide insights into the microstructure, structural
stability, mechanical characteristics, and electronic structure at
the atomic and electronic levels. This complements the
experimental studies, allowing for a deeper understanding of
the alloy’s properties.
In addition, the use of DFT calculations enables the

prediction of material properties and behavior, providing
valuable guidance for alloy design. Furthermore, experimental
studies serve as a crucial validation and verification tool for
theoretical predictions. By comparing the results obtained from
DFT calculations with the experimental findings, researchers
can assess the accuracy and reliability of the theoretical models.
This helps to build confidence in the theoretical approach and
ensure that the predicted properties align with the observed
behavior. Moreover, integrating theoretical calculations with
experiments allows researchers to reduce the need for extensive
experimental screening and testing. By obtaining preliminary
insights and predictions through DFT calculations, researchers
can focus their experimental efforts on the most promising
alloy compositions and conditions. This leads to improved
efficiency and cost reduction in the alloy development process.
Finally, the combination of theoretical and experimental
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approaches promotes scientific advancement in the field of
material science, leading to a deeper understanding of the
underlying principles governing the alloy’s properties, and
opening up possibilities for developing new materials with
tailored properties and enhanced performance.
In this context, our purpose is to conduct combined first-

principles DFT calculations and experimental studies of the
microstructure, structural stability, mechanical characteristics,
and electronic structure of the multicomponent TNZT alloy.
These results exhibit the origin of the low Young’s modulus in
TNZT and establish guidance for predicting the mechanical
properties of the manufactured alloys based on their elemental
composition.

■ THEORETICAL METHODS AND EXPERIMENTAL
PROCEDURES
Fabrication of the Samples. The TNZT samples were

prepared from a spherical pre-alloyed powder supplied by
Tosh SMD Inc. (Grove City, Pennsylvania) using an electron-
beam melting Arcam A2 electron-beam melting (EBM)
machine (GE Additive, Mölnlycke, Sweden). The TNZT
powder particles have a spherical or nearly spherical shape with
a small number of satellites, a typical particle diameter range of
1−120 μm, and an average particle size of 14.7 μm. Particle
size distribution of as-received TNZT powder has the
following characteristics: D10 = 115 μm − 10%, D50 = 45
μm − 50%, and D90 = 9 μm − 90%. The detailed
characterization of the powder properties was reported in
detail elsewhere.51

Cuboid test samples with the dimensions of about 10 × 10 ×
10 mm3 were manufactured using the following processing
parameters: the thickness of the layer (δ) was 100 μm, process
temperature (T) settings (initial start plate preheat and process
target temperatures) varied from 520 to 610 °C, beam current
(I) was 3 mA, beam velocity (v) was 407 mm/s, line offset (h,
spacing between hatch lines in a raster type scan) was 0.1 mm,
and area energy (EA) was 4.4 J/mm2. These settings provided
the best physical and mechanical characteristics of the
fabricated samples and were set based on the previously
reported results.50 That study was mainly focused on the
effects of high-current pulsed electron-beam (PEB) treatment
as a surface finishing procedure on the TNZT alloy produced
by E-PBF. The changes in the microstructure, crystallite
orientation, mechanical properties, and corrosion resistance of
the TNZT alloy before and after PEB treatment were assessed.
Our previous study has shown that PEB treatment is a viable
approach to improve the surface topography of the TNZT
alloy while maintaining essential mechanical parameters.
Sample Characterization. The samples of the TNZT

alloy for further studies were encapsulated into epoxy resin
(Technovit EPOX, Heraeus Kulzer, Wehrheim, Germany) and
prepared for investigation using a grinding and polishing
machine (Saphir 320, ATA, Mammelzen, Germany). Ti alloys
were consistently polished with wet # 60, 320, 600, 800, 1200
to 2000 grits SiC disks. The lapping pressure was 10−20 kPa,
and the duration was varied from 2 to 3 min. Further, prior to
the final ion peening (Technoorg Linda SEMPrep2 ion mill,
Technoorg Linda Co. Ltd., Budapest, Hungary), the sample
surfaces were mechanically polished to a mirror finish with the
0.06 μm suspension, followed by 1 ml of a colloidal quartz col-
k (nc) suspension at the final polishing step. Polished surfaces
are parallel to the build direction (BD), e.g., normal to the

layer plane, and are offset a few mm from the sample sides,
avoiding the edge effects.
Scanning electron micrographs obtained in the secondary

electron (SE) and backscattered electron (BSE) modes and
surface elemental composition were studied with a scanning
electron microscope (TESCAN ORSAY HOLDING, Brno,
Czech Republic) equipped with an energy-dispersive X-ray
(EDX) spectrometer (Oxford Instruments). To characterize
the texture of the samples, electron backscatter diffraction
(EBSD) measurements were performed using a Tescan MIRA
3 LMU system equipped with an Oxford detector for EBSD.
The EBSD mapping was conducted with a scanning step size
of 1 μm.
The phase composition of the alloy was determined from X-

ray diffraction (XRD) patterns measured with Cu Kα radiation
(λ = 1.5406 Å, voltage = 40 kV, and current = 30 mA) in the
regular 2θ range from 10 to 90° with the scanning speed of
10°/min using an X-ray diffractometer (Shimadzu XRD-
7000S, Japan).
Vickers nanohardness measurements of the cross-sectional

TNZT surfaces were performed using a Shimadzu DUH-211S
dynamic ultra microhardness tester (Shimadzu, Japan), with
the maximum applied load of 30 mN during 10 s. A series of
indents, ranging from three to six, were made along the BD
with a step size of 100 μm. The indentation process started at a
distance of 30 μm from the top edge.
Computational Methods. The VASP 5.4 (Vienna Ab

initio Simulation Package) software package was employed to
investigate the TNZT system characteristics.52−56 All calcu-
lations were carried out using the projection-augmented wave
(PAW) method56,57 with the generalized gradient approx-
imation (GGA) following the approach by Perdew, Burke, and
Ernzerhof (PBE)58,59 for describing the exchange-correlation
functional. The plane wave cutoff energy was fixed at 600 eV.
The Brillouin zone sampling was performed by using a 9 × 9 ×
9 Monkhorst−Pack k-points grid.60 The full geometry
optimization was performed at a fixed volume of the supercell
until the maximum force on each atom was smaller than 0.01
eV/Å. The number of valence electrons in the pseudopoten-
tials was 10 (3d34s1), 11 (4p85s14d2), 12 (4s24p65s24d2), and 5
(6s25d3) for Ti, Nb, Zr, and Ta, respectively. A 3 × 3 × 3
supercell of Ti−24Nb−5Zr−2Ta atom % (Ti-37, Nb-13, Ta-1,
and Zr-3 atoms), with a bcc structure (Im3̅m, No. 229),
containing in total 54 atoms was used. In the detailed analysis,
we only considered the energetically favored configuration of
the alloy; local arrangements of atoms yielding minimal
changes in the total energy of the studied systems were not
taken into account.
The phase stability was estimated by the calculation of the

formation (Ef) and cohesion (Ecoh) energies according to the
approach described in ref 61. The elastic constants were
calculated in VASP after the geometry optimization of the
structure was carried out using the following key tags in the
INCAR file: IBRION = 6, ISIF = 7, and NFREE = 2. The
elastic constants are calculated from the strain versus stress
dependences by specifying six finite lattice distortions with a
step size of ± 0.015 Å.62 The bulk modulus (B), shear modulus
(G), and Young’s modulus (EDFT) were determined using
Voigt−Reuss−Hill approximations.63 The electron structure
was analyzed using charge density difference (CDD),64 Bader
charge,65 electron localization function (ELF), and density of
states (DOS).66 The thermodynamic properties of the TNZT
alloy were represented by corresponding melting point
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temperature,67 Debye temperature, and minimal thermal
conductivity, which were calculated based on the values of
shear sound velocity (vs), longitudinal sound velocity (vl), and
average wave velocity (vm), as suggested in ref 68, 69. The
atomic structures in this work were visualized using the
VESTA-3 program.70

■ RESULTS AND DISCUSSION
The SE image mode of the SEM micrograph reveals a rather
uniform surface topography and morphology of the as-built
TNZT specimens (Figure 1a). A small amount of external

defects like pores were observed. Multiple-track layers and melt
pool boundaries are distinguishable in the BSE image (Figure
1b). The fusion boundary region at the top surface of the
sample and multiple domains at the bottom surface of the first

manufactured layer of the TNZT alloy also can be seen (Figure
1b). Minh-Son Pham et al. reported in ref 71 that the key
factors in the development of the microstructure during the
solidification are the speed of the liquid isotherm changes and
the direction and magnitude of the thermal gradient in the
liquid phase. Many studies on the solidification microstructure
in the additive manufacturing of Ti−Nb-based alloys have
shown that melt pool boundaries can be observed due to
segregation. In particular, Guzmań et al. reported that the
darker cellular walls in the BSE images of the Ti−53 wt % Nb
alloy produced by L-PBF indicated the presence of the regions
with a high titanium content.72 Present observations of the
darker cellular regions are due to the segregation, which is
supported by the results reported in our previous study,50

where TEM images of the as-manufactured TNZT alloy
presented the α phase. In addition, the columnar dendrite
structure has grown epitaxially in the successive solidification
layers along the BD due to the heat flow conducted
predominantly through the previously solidified layers toward
the bulky stainless steel start plate.73

This phenomenon is similar to that in directional solid-
ification technology, where columnar or single crystals can be
accomplished with a one-dimensional cooling path.74

Also, as indicated by Xu et al.,75 the molten pool boundary
can strongly influence the growth of dendrites owing to its
critical role in heat flow conduction.
As shown in Figure 1b, the as-manufactured TNZT alloy

exhibits the presence of some dendrites, which grow normally
to the molten pool boundaries, suggesting a presence of
localized heat flow through molten pool boundaries.
The SE and BSE SEM images and EDS mapping of Ti, Nb,

Zr, and Ta for the TNZT alloy are presented in Figure 2. A
certain amount of small-size pores is visible in SEM images
(Figure 2a,b), ranging from 5 to 12 μm. A small amount of
unmelted and partially fused into the solid bulk powder
particles is present at the bottom of the sample due to the lack
of first TNZT layer fusion with the stainless steel start plate.
The SEM/EDX results for the bulk TNZT alloy reveal that
gray areas in the SEM-BSE image (Figure 2b) represent a
matrix with uniformly distributed elements. Corresponding
dark-gray areas represent Zr−Ti-rich regions and white/light

Figure 1. SEM images obtained at different modes (a-SE, b-BSE)
showing the microstructure of the polished and ionic beam-treated as-
manufactured TNZT-E-PBF alloy (BD cut).

Figure 2. SE (a) and BSE (b) SEM images and EDS mapping of alloying elements Ti (c), Zr (d), Nb (e), and Ta (f) for the studied TNZT sample
presented along the BD.
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gray areas represent Ti-rich interdendrite regions and Ta-rich
dendrite regions.
It was assumed that the regions exhibiting a dark contrast

might represent partially melted zones rich in Zr and Ti owing
to their lower melting point (Zr�2125 K and Ti �1941 K)
compared to other elements (Ta�3017 K and Nb�2741 K).
Furthermore, quantitative elemental analysis of the sample
EDS spectrum reveals a good compositional homogeneity,
consistent with the chemical composition of the virgin

precursor TNZT powder, with wt % contents of 54.7% for
Ti, 33.8% for Nb, 6.8% for Zr, and 4.7% for Ta (Figure 3a).
The XRD patterns of the E-PBF-manufactured TNZT alloy

are represented by clear (110), (200), (211), and (220) peaks
(Figure 3b), which correspond to the β Ti phase (JCPDS file #
03-065-9438) with a bcc structure, with the following average
lattice parameters: a = 3.2958 ± 0.0006 Å. In addition, the
weak peaks at 2θ values of 34.04, 35.67, and 60.15° were
detected, which can attribute to the small presence of α″
martensite and NbTi4 (JCPDS file #03-065-7479) intermetal-

Figure 3. EDS results (a) and typical XRD profile (b) of the E-PBF manufactured TNZT alloy.

Table 1. Crystallite Size (D), Dislocation Density (δ), Microstrain (ε), and Texture (TChkl) of E-PBF Manufactured TNZT
Calculated from the XRD Patterns

sample D, nm δ·10−3, nm−2 ε·10−3 TC200 TC110 TC211 TC220

E-PBF manufactured TNZT 43.20 ± 2.62 0.56 ± 0.32 1.57 ± 0. 61 0.38 0.53 1.03 2.06
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lic phases in the orthorhombic crystal structure (the space
group Cmcm).76,77 It is in good agreement with our previously
reported results in ref 50 of the TEM study of the as-
manufactured TNZT alloy, which have shown the presence of
the equiaxed β-grains with the fine dispersion of nanocrystal-
line α″ and NbTi4 phases together with β-Ti twins.
Corresponding parameters of as-manufactured TNZT

samples extracted from the XRD spectra are presented in
Table 1. The texture coefficients for all detected bcc planes
(TChkl) were used for the determination of the quantitative
data concerning the preferential crystallite orientation based on
the approach described in ref 78. The higher value of the
texture coefficient (TChkl > 1) represents the abundance of
grain, which is formed in a given [hkl] direction. The value 0 <

TChkl < 1 indicates a decrease in atom density along a
particular crystal plane as compared to the reference data.
In addition, based on the obtained data, it is shown that the

surface texture of the samples along the BD is redistributed and
reveals the preferential lattice structure orientation in the
(211) and (220) crystal planes (Table 1).
This can be due to the influence of the processing

parameters of E-PBF on texture evolution. Nevertheless, the
as-manufactured samples still have a maximum XRD peak
intensity at 2θ = 38.59°, which corresponds to the (110) plane
of the β phase. It was also found that the calculated crystallite
size,79 dislocation density,80,81 and microstrain82 were the same
as we obtained in our previous work (Table 1).50

EBSD analysis (Figure 4) was performed for the cut along
the BD in order to further highlight the grain morphology of

Figure 4. EBSD inverse pole figure (IPF) color maps in the x- (a), y- (b), and z-axis (c), pole figures (d) obtained from the XY plane, the bimodal
grain size distribution with corresponding AGS values and the Gaussian fitting curve (e), and IPF at the scale of grain boundaries from EBSD
analysis (f) for the as-built TNZT samples (cut in the BD).
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the studied samples. Figure 4a−c shows the IPF maps, which
are almost entirely composed of the patterns corresponding to
the β Ti bcc phase grains (86.6%). The low content of other
phase or phases was detected (13.4%), which, based on our
XRD results, can be attributed to α″-Ti (martensitic structure).
Similar results were reported by Rossi et al.77 It was revealed
that the β phase (90%) is a predominant phase in the TNZT
alloy. However, a small amount of α″-Ti content with short
needle-like shape grains was also located on the β-Ti grain
boundaries. According to the EBSD analyses (Figure 4a−c),
the random texture and predominantly random orientation
distribution of grains were observed for all axes, which means
that there is no preferential crystallographic orientation of the
grains. Thus, there is no imposed anisotropy on these samples
due to their grain orientation. This fact may indicate that the
macroscopic mechanical properties of the samples should be
isotropic. However, it is important to note that while the
absence of a preferential crystallographic orientation suggests
isotropic behavior, it does not guarantee complete isotropy in
all mechanical properties. Other microstructural features or
external factors can still influence the mechanical behavior of
the material.
The TNZT alloy consists of β grains with different

morphologies (elongated and fine equiaxed grains) depending
on their location (Figure 4a−c). Indeed, elongated β grains,
which have an inclination of approximately 30° with respect to
the BD, can mainly be found along the melt pool of the top
layer. In contrast, at the bottom of the layer, there are mainly
smaller equiaxed β grains. The grain size was calculated as an
equivalent circle diameter using the grain area from the
distributions (Figure 4e). It was revealed that the bimodal
grain size microstructure showed a dominance of grains with a
size of less than 40 μm, with twice the frequency compared to
larger grains. According to the Gaussian fitting method, the
bimodal grain size distribution exhibited two distinct peaks at
15.13 ± 0.85 and 38.64 ± 4.73 μm. In addition, the average
grain size (AGS) for the studied TNZT samples was

determined to be 31.03 ± 2.81 μm. A weak crystallographic
texture with maximum texture intensity of 3.61 was denoted by
the pole figures obtained from the XY plane along the BD of
the as-fabricated samples (Figure 4d). Along with this relatively
small number of grains with a (100) orientation was detected.
In addition, IPFs indicated a weak texture with maximum
texture indices of 1.77 (Figure 4f).
The absence of a dominant direction for the grain lattice

orientation could be due to the high alloy element content and
long in situ high-temperature heat treatment of the lower
manufactured layers resulting from the high beam energy
applied in the current top layer processed.
The hardness (HN) and Young’s modulus (EN) were

measured for the cross section of the TNZT alloy samples
after the ionic beam treatment using the nanoindentation with
a load and holding time of 30 mN and 10 s, respectively. One
of the targets was studying the influence of the microstructure
on mechanical properties. The average measured HN, EN, and
maximum penetration depth evaluated for the sample cuts
along the BD were 2.01 ± 0.22, 69.48 ± 0.03, and 0.76 ± 0.03
μm, respectively. It was observed that the microstructure and
mechanical properties of the additively manufactured E-PBF
TNZT samples are quite homogeneous. Although the studied
depth of the surface layer does not exceed 3500 μm (see Figure
S1 in the Supporting Information).
In addition, we conducted a detailed study of the load−

depth relations of the E-PBF-TNZT samples. It was revealed
that the trend of the curves is the same along the BD (see
Figure S2 in the Supporting Information). Figure 5 shows a
typical load−depth curve for studied samples along with the
important collected indentation parameters and a typical
nanoindentation imprint.
It is evident that the load−depth curve is continuous,

without any large steps (pop-ins or pop-outs). Based on ref 83,
we calculated the corresponding elastic recovery ratio
(19.35%) and the value of characteristic plasticity (80.65%),
which are consistent with the collected data of the elastic part

Figure 5. Nanoindentation results of typical load−depth relationships obtained for TNZT.
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of indentation work (19.16%) and detected the domination of
plastic deformation. Moreover, no cracks are observed in the
typical nanoindentation imprint, indicating the plastic behavior
of TNZT. Furthermore, the edges of the imprint are quite
clear, without any bulging along the indentation edges.
The first-principles DFT calculations were performed to

study the stability and mechanical characteristics of the
multicomponent TNZT alloy for a better understanding of

the nature of its low elasticity and to predict the mechanical
properties based on the calculated DFT results. The lattice
parameter (aDFT), density (ρ), Ef, Ecoh, HDFT, and elastic
constants of the TNZT alloy are calculated. The ductile/brittle
properties of the TNZT alloys are analyzed based on the
mechanical characteristic of the shear modulus-to-bulk
modulus (G/B) ratio, Poisson’s ratio (ν), and Cauchy pressure
(C′). The evaluated thermodynamic properties of the TNZT

Figure 6. Atomic configuration of the TNZT alloys in a 3 × 3 × 3 supercell (54 atoms) after geometry relaxation (a-c), the projection of the TNZT
structure to the (011) (d), (101) (e), and (110) (f) planes, and the charge density distribution in the (011) (g), (101) (h), and (110) (i) planes.
Small blue, green, light green, and brown spheres are Ti, Nb, Zr, and Ta atoms, respectively.
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alloy were represented by the melting point temperature and
Debye temperature. In addition, the metallicity and anisotropy
of the TNZT alloy were also estimated. The character of
chemical bonding of the studied alloy was represented by
analyzing the electron structure CDD, Bader charge, and ELF.
First, the position of atoms in the supercell and crystal

configurations of the TNZT alloy were optimized, and these
relaxed atomic configurations (a local minimum) were chosen
for further study. The optimized structure of the four-
component alloy, which we used here for further detailed
analysis, is shown in Figure 6a−c.
As shown in Figure 6, the TNZT alloy retains the bcc lattice

structure during the relaxation of the atomic positions. It is
known that in most cases, the microstructure of the
multicomponent alloys is not homogeneous, revealing a
nonuniform interatomic spacing distribution (Figure 6d−f).
This is due to preferential interactions between atoms of
different types.84

Figure 6g−i shows the charge density distribution in the
(011), (101), and (110) planes. It is clear that in the TNZT
supercell, the electronic charge is almost entirely localized at
the Ti sites with the maximum electronic charge density of 1.3
e/̅Bohr3. The electronic charge density of Nb, Zr, and Ta
atoms is equal to 0.7, 0.7, and 0.06 e/̅Bohr3, respectively
(Figure 6g−i).
The lattice parameter and density of the bcc TNZT

structure are calculated to be aDFT = 3.2930 Å and ρ =
5.911 g/cm3, respectively. These results are in good agreement
with our XRD results and other theoretical and experimental
data,85 which points to a good accuracy of obtained results.
In order to evaluate the structural stability of the TNZT

alloy, Ef and Ecoh are calculated (Table 2). Based on the
definition of Ef, a negative value means that the alloying ability
of the elements is strong. In the case of cohesion evaluation,
the higher absolute value of the Ecoh indicates a more stable
structure.86 The calculated Ecoh (−5.73 eV/atom) of the
studied TNZT structure is consistent with other theoretically
acquired values (−6.70 eV/atom)87 and indirectly reflects that
it has the rather stable TNZT bcc structure. Therefore, it is
possible to conclude that Nb, Zr, and Ta indeed act as β-phase
stabilizers. In addition, the constructed TNZT supercell has a
negative Ef (−15.50 meV/atom), pointing to a good alloying
ability, which confirms that there is a strong chemical
interaction between the Zr, Ti, Ta, and Nb atoms. Based on
the obtained results, it can be concluded that the presence of a
small amount of martensite phase in the β matrix of the TNZT
alloy observed by XRD is attributed to the intense localized
heating caused by the electron beam and the subsequent rapid
cooling, rather than the design of the alloy composition.
The elastic constants are commonly used for the evaluation

of the material’s ability to resist the deformation inflicted by

external forces. And they play a key role in estimating the
anisotropic behavior and structural stability of materials. The
corresponding elastic constants of the TNZT alloy were
calculated by VASP (Table 2). Obtained results are in good
agreement with the experimental and theoretical values
reported in other studies,17,87,88 and correspond to other
multicomponent alloys based on β Ti with a similar
composition, which indicates that calculated results are
credible.
A widely used mechanical stability criterion for elastic

constants in the bcc structure was proposed by Born et al.:89

C̅11−|C̅12| > 0; C̅11 + 2C̅12 > 0; C̅44 > 0. The obtained elastic
constants of TNZT alloys satisfy these stability criteria,
revealing that the structures of the TNZT alloys should be
mechanically stable.
The mechanical properties of the TNZT alloys were further

analyzed by the evaluation of the bulk modulus, the shear
modulus, Young’s modulus, Poisson’s ratio, the Cauchy
pressure, and the anisotropy coefficient based on the calculated
single-crystal elastic constants using Voigt−Reuss−Hill ap-
proximations (Table 2).
It is known that the G/B ratio can be used for better

understanding the brittle and ductile behavior of the alloys,
with the high G/B values indicating good ductility (corre-
sponding critical G/B value is about 0.57). Obtained results
revealed that all G/B values of the TNZT alloys are less than
0.57 (Table 2), which means that the alloy should be ductile.
In addition, the Cauchy pressure can be used for the
characterization of the bonding type (covalent or metallic)
between the atoms.90 A positive (negative) Cauchy pressure
value of the material indicates a metallic (covalent) character
of the bonding mechanism of a ductile (brittle) nature.
Ductility and plasticity are well-established concepts in
materials science, which, although related, exhibit distinct
characteristics. While high plasticity is a prerequisite for high
ductility, it does not guarantee it. Therefore, directly
comparing our DFT results with experimental data regarding
the ductile and plastic behavior of the TNZT alloy is not
feasible. Nevertheless, the simulated data does indicate the
presence of ductile behavior in TNZT, which aligns with
previous studies reporting an excellent combination of
relatively low elasticity and significant ductility in the TNZT
alloy.91 Moreover, in general, the β-phase of titanium is known
to exhibit higher ductility compared to other titanium phases,
primarily due to the larger number of slip planes present in its
bcc structure. Based on the preceding discussion and the
aforementioned findings, it can be concluded that the E-PBF-
fabricated TNZT alloy is expected to possess a large ductility.
Corresponding calculated Cauchy pressures for the TNZT

alloy are positive, revealing the dominant role of the metallic
bonding and indicating good ductility, which is consistent with

Table 2. Calculated Values for the Elastic Constants C̅11 (GPa), C̅12 (GPa), and C̅44 (GPa), Ef (meV/atom), Ecoh (eV/atom),
Bulk Modulus (B in GPa), Shear Modulus (G in GPa), Young’s Modulus (E in GPa), G/B Ratio, Poisson’s Ratio (ν), Cauchy
Pressure (C’ in GPa), Anisotropic Ratio of Zener (A), Melting Point (Tm in K), Hardness (H in GPa), Debye Temperature (θD
in K), Shear Sound Velocity (vs in g·s−1), Longitudinal Sound Velocity (vl in g·s−1), Average Wave Velocity (vm in g·s−1), Molar
Mass (M in g/mol), and Minimal Thermal Conductivity (kmin in W·(m·K)−1) of the bcc Ti−13Nb−3Zr−Ta Structure

composition

C̅11 C̅12 C̅44 E A ν B G G/B C′

Ti−13Nb−3Zr−Ta (54 atoms) 121.84 100.23 23.84 49.40 2.21 0.42 107.43 17.35 0.162 98.00
kmin Ef Ecoh Tm HDFT θD vs vl vm M
4.03 −15.55 −5.73 2129 1.87 164 1713.24 4699.81 1945.59 34.35
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the value of the G/B ratio. Furthermore, Poisson’s ratio was
above 0.29 (see Table 2), which also reflects that the bonds in
the material are metallic in nature.

The melting point (Tm) is known to be a rather important
parameter in the design of new promising materials, and its
prior knowledge is of high importance, for example, when

Figure 7. Contour plots of ELF on the (011) (a), (101) (b), and (110) (c) planes, 3D views of interfacial CDD (d, e), and the (011) (f), (101) (g)
and (110) (h) plane views of CDD. The isosurface of CDD is 0.008 e·Å−3. Relative electron density and ELF values are color-coded
(corresponding bars to the left of the images). Red-yellow and blue regions refer to electron depletion and accumulation, respectively.
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designing process parameters for additive manufacturing of
new materials. Experimental evaluation of such parameters for
a single alloy is relatively straightforward, but screening such
parameters for a range of different materials can be a serious
undertaking. Thus, theoretically, predicting such parameters
for previously untested alloys have a serious value. The
corresponding melting point for TNZT was calculated to be
equal to 2129 K. This value is reasonably close to the
experimental value for the Ti−45Nb atom % alloy (1900 K),
which shows that our calculation results are credible.
The calculated Young’s modulus is also presented in Table

2. It can be seen that the calculated modulus is lower than the
measured one. One can suggest that the reason for this could
be that our first-principles calculation was limited to bulk single
crystals and did not take into account various factors such as
the presence of pores and other defects, the specifics of the
layered structure, and other parameters and effects associated
with additive manufacturing. Nevertheless, the value of the
calculated Young’s modulus is rather close to the exper-
imentally measured one.
The degree of anisotropy can be characterized by the

anisotropy factor A. The material belongs to an isotropic
crystal if A = 1 and is anisotropic when the A value deviates
from 1. The higher the deviation of A, the larger anisotropy the
material has.
Calculated results presented in Table 2 reveal that the

anisotropic factors of the TNZT alloy are higher than 1, which
means that the material is anisotropic. Moreover, this
anisotropic character was confirmed by Young’s modulus
values calculated for (100), (110), and (111) directions equal
to 31, 60, and 67 GPa, respectively. Tane et al.92 reported that
Young’s modulus of single TNTZ crystals with the bcc
structure shows the same θ-dependent anisotropy as obtained
in present studies. Thus, based on these results and our
experimentally observed data, we can conclude that the used
alloying elements can significantly improve the mechanical
properties of the Ti-based alloy manufactured by E-PBF.

Material hardness plays a key role in the field of materials
engineering, particularly in evaluating the wear behavior of
materials. Thus, it is very important to evaluate the hardness of
manufactured materials. It can be calculated by using Poisson’s
ratio and Young’s modulus as follows93

=
+

H
E(1 2 )

6(1 )DFT
DFT

(1)

The calculated result of hardness is presented in Table 2.
The obtained hardness value closely aligns with the
experimental values, indicating the credibility of our DFT
results and the feasibility of using the DFT calculations for
predicting mechanical properties.
The Debye temperature (θD), which is directly related to the

atomic thermal vibration, is an important fundamental physical
quantity of solids. It reflects the degree of dynamic distortion
of the crystal lattice and characterizes the binding force
between atoms. The Debye temperature is closely related to a
wide range of physical properties of solids, such as lattice
stability, acoustic velocity, specific heat capacity, and thermal
expansion coefficient. In order to further understand the
thermodynamic behavior and lattice stability of the TNZT
alloys, it was necessary to calculate the θD values and
determine its variation rule, which is very important for the
design and development of these alloys. According to the
obtained B and G values, we determined the vs, vl, and vm and
further studied the θD and kmin. Corresponding values are also
listed in Table 2. The θD and kmin are determined to be 164 K
and 4.03 W·(m·K)−1, respectively. However, as far as we know,
there are no published data available for comparison.
To further explore the character of the chemical bonding of

TNZT alloys, we also calculated ELF, which can indicate the
bond origin and gives a quantitative picture of the chemical
bonding mechanism. Figure 7 illustrates the ELF of Ti, Nb, Zr,
and Ta atoms on the (011), (101), and (110) planes of the
TNZT supercell. In the color map, dark blue (ELF ≈ 0.)
indicates the maximum delocalization, and red (ELF = 0.71)
represents the maximum localization of electrons. Although the

Figure 8. Calculated total and partial DOS for TNZT. The dashed line denotes EF.
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core region of Zr atoms is much higher (ELF = 0.71) (Figure
7a,b) than other atoms, the ELF value around the Zr atoms is
not highly localized (0.1 < ELF < 0.26), which indicates a
mixture of metallic bonds with a slight covalent component
between Zr and Nb atoms and metallic bonds between Zr and
Ti atoms.
The ELF values of the Ta atom are close to zero, which

means that the electrons around the Ta atom are in a highly
delocalized state. However, there is an electron gas with an
ELF value of ∼0.32 between Ti and Ta atoms, which indicates
that Ti−Ta bonding can be a mixture of covalent bonds and
metallic bonds. The ELF values for Nb−Nb, Ti−Ti, and Nb−
Ti atoms are in the range of 0.23 to 0.38, which reveals the
mixture of slight covalent bonding character with almost pure
metallic bonding.
The CDD of electronic charge was calculated to further

understand the origin of the atomic bonding based on charge
accumulation and depletion (Figure 7d−h). It is clear that the
electrons shifted from Ti atoms to the neighboring Nb, Zr, and
Ta atoms forming a strong covalent Ti−Nb bond and weak
covalent Ti−Zr and Ti−Ta bonds. Also, the Zr atoms donate
electrons to the neighboring Nb ones, making Nb more
negatively charged and revealing the weak covalent bonds
between the atoms (Figure 7b,e). In addition, there is an
indication that some homopolar covalent Ti−Ti and Nb−Nb
bonds are formed as well. Clearly, metallic Ti−Ti and Nb−Nb
bonds were also identified. It has to be mentioned that the
CDD method indicates that TNZT has only bonds with the
first neighbors between Ti and added Nb, Zr, and Ta atoms.
Bader analysis also shows that Ti and Zr atoms lost 11.84

and 0.72 e, respectively. Most part of the charge transfer from
Ti and Zr atoms corresponds to the Nb atoms (10.96 e). A Ta
atom gains about 1.60 valence electrons from surrounding Ti
atoms. It is clear that Nb attracts a higher amount of valence
electrons, which leads to the formation of a dominantly
covalent Ti−Nb bonding.
The fundamental aspects regarding the chemical bonding

mechanisms responsible for stabilizing the β-phase in Ti alloys
through alloying remain largely unresolved. However, insights
into this phenomenon can be gained by examining the
electronic DOS, which provides information on the occupation
of energy levels (i.e., the number of electronic states per unit of
energy).
By analyzing the DOS occupation and the position of the

pseudogap, usually formed by d-elements in alloys, relative to
the Fermi level (EF), it becomes possible to predict the nature
of chemical bonding, whether it is predominantly metallic or
covalent.
Figure 8 illustrates the DOS for TNZT, with energy levels

ranging from −5.8 to 3.6 eV. The vertical dashed line
represents the EF, denoted as the zero-energy point (see Figure
S3 in the Supporting Information). The corresponding partial
DOS curves reveal that all atoms make nearly equal
contributions to the total DOS within the pseudogap region,
with Ti exhibiting the highest value at the EF. The significant
DOS value at EF, situated within the bonding region, signifies
the presence of metallic bonding between atoms.
Thus, the calculated results revealed that low C′ and C̅44

lead to a lowered Young’s modulus, and therefore, it could
indicate that the softening in C′ and C̅44 is the origin of the low
elasticity of TNZT. Moreover, based on our DFT analysis, we
conclude that the observed softening phenomenon of C′ and
C̅44 is related to the weakness of the second and third neighbor

bonds in comparison with first neighbor bonds. This also
explains why E(100) is lower than E(110) and E(111).

■ CONCLUSIONS
In this paper, a combined first-principles DFT calculations and
experimental study on the microstructure, structural stability,
thermal characteristics, mechanical properties, and electronic
structure of the multicomponent TNZT alloy is presented,
aiming to explore the nature of its low elasticity, which is of
high interest for the development of new promising β-
stabilized Ti-based alloys for biomedical applications.
The main conclusions of this study are as follows:
• The studied β TNZT alloy manufactured by E-PBF

exhibits homogeneous mechanical properties along the
BD, which are dictated by the crystallographic texture
and microstructure morphologies.

• The presence of a small amount of α″ martensite phase
within the β matrix of the TNZT alloy is attributed to
intense localized heating induced by the electron beam
and the subsequent rapid cooling rather than the specific
alloy composition design.

• TNZT has a mixture of strong metallic and weak
covalent bonding.

• The softening in the Cauchy pressure (C′) and elastic
constant C̅44 is the origin of the low elasticity of TNZT.

• The nature of this softening phenomenon of C′ and C̅44
can be related to the weakness of the second and third
neighbor bonds in comparison with the first neighbor
bonds in TNZT.

• A carefully designed TNZT alloy can be an excellent
candidate for the manufacturing of orthopedic internal
fixation devices.
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