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Abstract

The paper focuses on materials characterization and «in vivo» biocompatibility tests of Ti-6Al-7Nb
alloys microdoped by 0.3 wt. % of rare—earth elements (REE) to use it as perspective materials to
produce personalized medical implants. All Ti-6Al-7Nb-0.3REE alloys (REE — Y, Ce, La) were
produced by electric arc melting method and characterized by scanning electron microscopy (SEM),
optical microscopy (OM), energy-dispersive X—ray spectroscopy analysis (EDX), helium pycnometer
as well as reducing/oxidation melting methods. The measured true densities increased in the order:
Ti-6Al-7Nb-0.3Y (4.4563 + 0.1075 g/cm?®) < Ti-6Al-7Nb-0.3Ce (4.7255 + 0.2853 g/cm?) <
Ti-6Al-7Nb-0.3La (4.8019 + 0.0111 g/cm?3). Diffraction analysis was performed to indicate phases
composition and calculate crystallites sizes, crystal orientation and lattice parameters that confirmed
REE-microdoping due to increase of lattice volume. The single-phase Ti-6Al-7Nb-0.3Y alloy had
the finest o-Ti crystallites (22.32 nm), the larger a-Ti crystallites in the dual-phase
Ti-6Al-7Nb—-0.3Ce and Ti—6Al-7Nb-0.3La (30.77 nm and 29.83 nm, respectively) suggest that the
presence of the 3—Ti phase. Hardness (H) and elastic modulus (E) were indicated by nanoindentation
and increased in the order: Ti-6Al-7Nb-0.3La (4.01 GPa and 17.7 GPa respectively) <
Ti-6Al-7Nb-0.3Y (4.39 GPa and 137 GPa respectively ) < Ti-6Al-7Nb-0.3Ce (4,67 GPa and 146 GPa
respectively). In vivo tests showed that Ti-6Al-7Nb—-0.3La alloy had statistically significant increase
of local inflammation at the one-week mark needed to further research and explanation as well, that
could be indicator of toxicity in comparison with other studied alloys.

Keywords: REE; rare-earth elements; rare-earth; lanthanum; La; cerium; Ce; yttrium;Y;
microalloying; microdoping; titanium; Tj; titanium alloys; Ti-based alloys; TiAINb; Ti6Al7Nb; alpha
titanium alloy; beta titanium alloy; biocompatible alloys; material characterization; personal
implants; biocompatibility; biocompatible tests; in vivo
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1. Introduction

Titanium and their alloys have played a predominant role as structural biomaterials in
reconstructive surgery, especially orthopedics and maxillofacial surgery[1-3]. Based on the fact that
pure titanium and its alloys undoubtedly have excellent properties as biomaterials for surgical
implants, current scientific work [4-8] focuses on increasing the efficiency of these materials by
introducing optimal alloying components. This allows maintaining a high level of biocompatibility.
Metals such as thallium, niobium, zirconium and, in certain situations, molybdenum are suitable
candidates for such modification[5,7,9-12].

The addition of alloying elements such as Nb, S5i, Mo, Ta, W, Fe, Cr and some rare earth metals
can stabilize the p—phase [9,13-20]. Mechanical properties are improved by the addition of Nb to
TiAl-based alloys, an increase in the Nb content in Ti-Al-Nb alloys from 40 to 50 at.%. Al promotes
the formation of y-TiAl and 0c—Nb2Al phases in the structure of the material, which can improve its
properties at high temperatures. A preceding study established that modifying the composition of y
+ 0 phases within the structure can enhance the fracture resistance of titanium, aluminum and
niobium-based composites with elevated o-phase content.

Small additions of rare earth metals make it possible to control the structure of aluminum and
alloys containing it due to the formation of secondary precipitations of intermetallic phases [15,16,21].
With an increase in the Ce content, the average grain size decreases, and the grain gradually passes
from a large lamellar structure to a two-phase microstructure [21]. The addition of yttrium has a
positive effect on the structural stability of alloys, reduces their liquation heterogeneity, and prevents
the formation of harmful structural components [16,22]. It promotes the removal of interstitial oxygen
in the a- and y-phases [3]. Dispersed oxide particles in the microstructure of the alloy containing La
slow down dynamic recrystallization [23,24].

Other researchers [25] focused on 34 different compositions of new titanium (-alloys with
different amounts of niobium (Nb) and other metals such as molybdenum (Mo), tantalum (Ta),
vanadium (V) and they carried out numerous biological tests to evaluate the biocompatibility of Ti-
based p-alloys. A table with data on the biocompatibility of the main alloying elements Ti, Al, Nb, V,
Zr, Mo, Ta, Fe, Cu, Zn was considered in the previous work [3,5,9,10,15,17,19,20,26-29].

It is perfectly understandable that rare earth elements (REEs) are a group of metals that include
lanthanum (La), 14 lanthanides, yttrium (Y), and scandium (Sc). However, the contradictions between
adverse (e.g. toxicological and ecotoxicological) and beneficial effects associated with REEs have not
been fully discussed. There are a number of reviews that address both the toxic effects on the body
[30,31] (Table 1) and the antioxidant effects associated with REEs in the treatment of many diseases
[30-34], as well as the use of REEs as alternative safe feed additives used to stimulate growth and
performance of animals [31].

Ti-based B-alloys possess low elastic modules of between 40 and 80 GPa. This is comparable to
the elastic modules of bone, thus helping to prevent bone absorption, which can otherwise lead to
implant loosening or refracture of the bone following removal [24,35,36].

Table 1. Concentration causing death of 50% of test organisms of rare earth metals[31]:.

Element Toxicity LC50 (mg/L)
Yttrium (Y) 27.6
Lanthanum (La) 62.7
Cerium (Ce) 25.6
Neodymium (Nd) 47.6
Gadolinium (Ga) 58.2
Terbium (Tb) 11.4

The amount of additive introduced was determined using ASTM 1295-23 standard specification
have little different chemical requirement for TiAINb-based alloy such as impurities of oxygen (0.2
wt. % + 0.02), carbon (0.08 wt. % + 0.02), nitrogen (0.05 wt. % + 0.02), hydrogen (0.009 wt. % + 0.002),
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, iron (0.25 wt. % +0.10), cobalt (0.10 wt. % =+ 0.02), other elements need not be reported unless the
concentration level is greater than 0.1 wt. % each, or 0.4 wt. % total [37].

Table 2. Chemical Requirements for Ti-6Al-7Nb alloy according to ASTM F1295-23 and ISO 5832-11: 2024

standards[37,38].
Element Compositional limits, wt. Compositional limits, wt. %
% (ASTM F1295-23) (ISO 5832-11: 2024)
Titanium (Ti) Balance Balance
Aluminum (Al) 5.50 to 6.50 5.50 to 6.50
Niobium (Nb) 6.50 to 7.50 6.50 to 7.50
Iron (Fe) 0.25 max 0.25 max
Oxygen (O) 0.20 max 0.20 max
Carbon (C) 0.08 max 0.08 max
Nitrogen (N) 0.05 max 0.05 max
Hydrogen (H) 0.009 max 0.009 max
Cobalt (Co) <0.10 No requirements
Tantalum (Ta) No requirements 0.50 max
Other elements each 0.10 max 0.10 max
Other elements total 0.40 max 0.30 max

The aim of current work was to develop novel Ti-6Al-7Nb—-0.3REE (REE -, Ce, La) alloys and
evaluate effect of cerium, lanthanum and yttrium rare-earth elements microdoping on
microstructure, mechanical properties, phase composition and to perform in vivo biocompatibility
tests to access the possibility for further producing by hot rotary forging, additive manufacturing
(AM) and use novel alloys for personalized medicine.

2. Materials and Methods

Smelting of master-alloy and titanium alloy: Titanium (99.9% purity), Aluminum (99.99%
purity), Niobium (99.9% purity), Lanthanum (99.9% purity), Cerium (99.9% purity) and Yttrium
(99.9%) were used as a raw material to produce Aluminum- Rare-Earth Element master-alloys (Al-
REE) and Ti-6Al-7Nb-0.3REE alloys (REE - Y, Ce, La) The raw material were weighed with an
accuracy of 0.0001 g on AS 220/C/2 (RADWAG, Republic of Korea). Master alloys Al-10Ce, Al-10La
and Al-10Y were get into resistance furnace in graphite crucible to perform microalloying and
homogeneous distribution of rare-earth elements (REE) in the Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La)
alloys. Alloys were smelted by the electric arc melting method in vacuum using copper cooling molds
with four continuous melting—crystallization stages and flipping ingots from one side to another side.

True density measurements: true density of Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) alloys was
measured using an Ultrapyc 1200e gas pycnometer (Quantachrome, USA) with an accuracy of +
0.03% in a high-purity helium atmosphere 99.999% with constant gas flow. The cell calibration with
volume 10 cm?® was performed using 7.0699 cm? stainless-steel spheres. True density was calculated
using a built-in computing program based on the Archimedes displacement principle.

Electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS): Ti-6Al-7Nb-
0.3REE (REE - Y, Ce, La) microstructure was evaluated by SEM images, obtained using a FEI Dual
Beam Helios NanoLab system (FEI, Thermo Fisher, USA). Cross—sectional was produced by a focused
ion beam (FIB) technique, employing an FEI Dual Beam Helios NanoLab system (FEI, Thermo Fisher,
USA). Elemental analysis was performed with EDAX system (USA).

Analysis of oxygen, nitrogen, hydrogen, sulfur and carbon: the total content of oxygen,
nitrogen and hydrogen of Ti—-6Al-7Nb-0.3REE (REE - Y, Ce, La) was determined using TC-600
(LECO, USA) gas analyzer by the method of reducing melting in a nickel capsule in a graphite
crucible in a flow of inert carrier gas — helium. Oxygen detection is carried out by the amount of CO
and CO: by the infrared absorption method. Nitrogen detection is carried out by thermal
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conductivity. The total content of carbon and sulfur in Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) was
determined on a C5-600 (LECO, USA) gas analyzer by the method of oxidative melting in a ceramic
crucible in an induction furnace in the presence of a flux — a mixture of metallic tungsten, iron and
tin. Carbon and sulfur detection by the amount of released gaseous CO: and SO2 by the infrared
absorption method.

X-ray fluorescence spectrometry: elements analysis of Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La)
alloys were determined by X-ray fluorescence analysis using a sequential-wave dispersive X-ray
fluorescence spectrometer S8 Tiger Series 2 (Bruker, Germany). The spectrometer is equipped with
an OEG 95LT X-ray tube with rhodium (Rh) anode with a maximum power of 4 kW and current up
to 170 mA, crystal analyzers set, flow—proportional and scintillation detectors, collimators, as well as
Al and Cu filters of various thicknesses. The spectrometer is controlled, and spectral data are
processed using the Spectra Plus software package, which includes Quant-Express software for semi-
quantitative (standard-free) express analysis of samples of unknown composition.

X-ray phase analysis (XRD): X-ray phase analysis (XRD) registration of X-ray diffraction spectra
of Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) alloys was carried out on X-ray diffractometer “UltimalV”
of the company “Rigaku” (Japan) with vertical goniometer and high-speed semiconductor detector
“D/teX”, Ni filter on the primary beam, in CuKa — radiation in the range of angles of 2 theta from 9
to 100 degrees with a shooting step of 0.02 degrees. Phase qualitative and analysis of samples was
performed in the Sleve software package using the ICDD and ICSD database.

Hardness (H) and Elastic Modulus Measurements (E): hardness, elastic modules and ratio of
elastic work to the total work of indentation (i) of Ti-6Al-7Nb—0.3REE (REE - Y, Ce, La) alloys were
measured according to ISO 14577 Metallic materials — Instrumented indentation test for hardness and
materials parameters. All samples were hot poured into epoxy resin and then polished to a roughness
at least 100 nm.

To assess the safety of the new tested Ti-6Al-7Nb—0.3REE (REE - Ce, La, Y) alloys using
intravital research methods, the animals were recorded: body weight (g), overall body temperature
(°C) and local body temperature in the implantation area (°C) during the periods: immediately before
the start of the experiment, 3, 7, 14, 21 and 28 days after the operation. The values obtained before the
surgery were taken as the norm.

At the same time, the animals’ appearance, behavioral reactions, intensity and nature of motor
activity, condition of the hair and skin, and color of the mucous membranes were noted. A visual
assessment of the soft tissues in the implantation area was performed.

The body weight of the animals was recorded using electronic scales TV_A. Overall body
temperature was measured using an electronic thermometer DT — 622.

Local body temperature was measured using a thermal imager. The studies were conducted in
the morning before the first feeding.

The quantitative data obtained was a subject of statistical analysis. Statistical analysis was
performed using the AtteStat add—in version 13.1 for Excel spreadsheets (2016, 16.0.5278.1000). The
median and 1-3 quartiles (Me, Q1 — Q3) were determined using descriptive statistical methods.
Comparative studies were performed using the Mann-Whitney criterion. Differences in parameters
were considered statistically significant at p < 0.05.

The animals were kept in the same conditions in a vivarium. They received standard,
nutritionally balanced food and clean drinking water.

During in vivo biocompatibility tests of new alloys Ti-6Al-7Nb—0.3REE (REE - Y, Ce, La)
convention for the Protection of Vertebrate Animals used for Experimental and other Scientific
Purposes and Directive 2010/63/EU of the European Parliament and of the Council of the European
Union of 22.09.2010 on the protection of animals used for scientific purposes were used.

3. Results

SEM images of the Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) showed fine dispersed acicular needle-
like pattern, typical for hexagonal a-Ti phase (Figure la), and ultrafine acicular needles were
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identified, typical of the a—Ti phase in addition to grain boundaries characteristic of the cubic 3-Ti
phase (Figure 1b,c).

10 pm

()

Figure 1. SEM images of Ti—6Al-7Nb-0.3REE (REE - Y, La, Ce) alloys: (a) Ti-6Al-7Nb-0,3Y; (b)
Ti-6Al-7Nb-0.3Ce; (c) Ti-6Al-7Nb-0.3La.

EDS spot and surface analyses were performed on specific “plain” and “top land” areas of
interest reporting elemental composition registered Ti, Al, Nb, Y for Ti-6Al-7Nb-0.3Y alloy (Figure
2a,b); Ti, Al, Nb, Ce for Ti-6Al-7Nb—-0.3Ce (Figure 2c,d), and Ti, Al, Nb, La for Ti-6Al-7Nb-0.3La
alloy (Figure 2e,f). The following component contents in the alloys were found: Ti-6Al-7Nb-0.3Y
had next elemental composition — titanium 88.09 + of 1.64 wt.%, aluminum 5.87 + 7.04% wt.%,
niobium 5.35 + 5.42 wt.%, and yttrium 0.08 + 61.56 wt.% (Figure 2b); had next elemental composition
Ti—-6Al-7Nb—-0.3Ce — Ti 86.7 + 1.65 wt.%, aluminum 7.03 + 7.02wt.%, niobium 4.66 + 6.23% wt.%, and
cerium 1.61 + 27.66% (Figure 2d); for Ti-6Al-7Nb-0.3La — titanium 65.29 + 2.24 wt.%, aluminum 4.81
+12.98 wt.%, niobium 6.88 + 9.92 wt.%, and lanthanum 23.02 + 7.09 wt.% (Figure 2f).

Mada i
00 13 26 39 52 65 78 91 104 17 130

Lsec:300  139Cnts  0260keV  Det: Octane Pro Det
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Figure 2. SEM-images and EDS spectrum of Ti-6Al-7Nb—0.3REE (REE - Y, Ce, La) alloys: (a) EDS analysis areas
and points and (b) EDS spectrum of selected areas of Ti—-6Al-7Nb-0.3Y alloy, (c) EDS analysis areas and points
and (d) EDS spectrum of selected areas of Ti6Al17Nb0.3Ce alloy, (e) EDS areas and analysis points and (f) EDS
spectrum selected areas of Ti-6Al-7Nb—0,3La alloy.

X-ray elemental analysis indicated that Ti-6Al-7Nb—-0.3Y alloy comprised 87.61 wt.% of
titanium, 6.23 wt.% of aluminum, 5.79 wt.% of niobium, 0.195 wt. % of vanadium, 0.114 wt. % of
yttrium, 973 ppm of cerium. Titanium based alloy with composition Ti-6Al-7Nb—-0.3Ce 86.6 wt.% of
titanium, 6.72 wt.% of aluminum, 5.52 wt.% of niobium, 0.296 wt.% of iron, 0.215 wt. % of vanadium,
0.202 wt.% of chromium, 0.250 wt.% of cerium, Ti—-6 Al-7Nb-0.3La 85.1 wt. % of titanium, 7.67 wt. %
of aluminum, 6.06 wt.% of niobium, 0.34 wt. % of iron, 0.134 wt.% of vanadium, 0.23 wt. % of
chromium, 0.287 wt. % of lanthanum (Table 3).

A comparative analysis reveals systematic shifts in the titanium, aluminum, and niobium
balances across the three alloys. The titanium content shows a gradual decrease from 87.61 wt.% in
the Y-alloy to 86.6 wt.% in the Ce-alloy, and further to 85.1 wt.% in the La-alloy. This trend is
inversely correlated with the aluminum content, which increases progressively from 6.23 wt.% to 7.67
wt.%. Niobium content remains relatively stable, ranging from 5.52 to 6.06 wt.% (Table 3).

The Ti-6Al-7Nb-0.3Y alloy demonstrates the highest purity, with vanadium (0.195 wt.%) as the
only detected trace element aside from cerium the mentioned above. In contrast, the Ce— and
La—modified alloys contain measurable quantities of Iron (0.296 wt.% and 0.34 wt.%, respectively),
Vanadium, and Chromium (0.202 wt.% and 0.23 wt.%, respectively). These elements are common
beta (3) stabilizers. Their concurrent presence, particularly Fe and Cr, could have a synergistic effect
on stabilizing the 3-phase. This could lead to a finer, more refined two-phase (a + [3) microstructure
upon cooling, which may contribute to the enhanced mechanical strength observed in the Ce-alloy,
offsetting the softening tendency expected from its lower Ti content (Table 3).

Table 3. X-ray elemental analysis of Ti-6Al-7Nb—0.3REE (REE -, Ce, La) alloys.

Ti—6Al-7Nb—0. Ti—6Al-7Nb-0.

0, 1— - —
Element, wt. % Ti—-6Al-7Nb-0.3Y 3Ce 3La
Titanium (Ti) 87.61 86.6 85.1
Aluminium (Al) 6.23 6.72 7.67
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Niobium (Nb) 5.79 5.52 6.06
Iron (Fe) - 0.296 0.34
Vanadium (V) 0.195 0.215 0.134
Chromium (Cr) - 0.202 0.23
Cerium (Ce) 973PPM 0.250 -
Yttrium (Y) 0.114 - -
Lanthanum (La) - - 0.287

Reducing melting method showed 0.35 + 0.02 wt.% of oxygen, 0.14 + 0.01 wt.% of nitrogen, and
0.011 £ 0.001 wt.% of hydrogen impurities for Ti-6Al-7Nb-0.3Y alloy, 0.18+0.02 wt. % of oxygen,
0.077 £ 0.004 wt. % of nitrogen, 0.010 + 0.002 wt. % of hydrogen for Ti-6Al-7Nb-0.3Ce alloy, 0.25 +
0.02 wt.% of oxygen, 0.028 + 0.005 wt. % of nitrogen, 0.010 = 0.002 wt. % of hydrogen for
Ti-6Al-7Nb-0.3La alloy (Table 4).

The Ti-6Al-7Nb-0.3Y alloy exhibited the highest oxygen concentration at 0.35 + 0.02 wt.%, a
value that approaches the upper limit for many commercial o+f3 titanium alloys. In contrast, the
Ti-6Al-7Nb-0.3Ce alloy demonstrated the lowest oxygen pickup at 0.18 + 0.02 wt.%, a reduction of
nearly 50% compared to the Y-containing variant. The La-modified alloy showed an intermediate
oxygen level of 0.25 + 0.02 wt.%. This hierarchy suggests that Cerium may act as a more effective
deoxidizer during the melting process compared to Yttrium- or Lanthanum microdoped
Ti-6Al-7Nb alloys, potentially forming stable oxide inclusions that are sequestered from the titanium
matrix.

A parallel trend is observed for nitrogen impurities for Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La)
alloys. The Ti-6Al-7Nb-0.3Y contains the highest nitrogen level (0.14 + 0.01 wt.%), followed by the
Ti-6Al-7Nb-0.3Ce (0.077 + 0.004 wt.%), with the Ti-6Al-7Nb-0.3La possessing the lowest
concentration (0.028 + 0.005 wt.%). The low nitrogen in the Lanthanum microdoped Ti—6Al-7Nb
alloy is particularly noteworthy. All three alloys Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) maintained
hydrogen concentrations at a consistently low and safe level (0.010 — 0.011 wt.%), well below the
threshold that could lead to hydrogen embrittlement, indicating that the melting and solidification
processes were effectively controlled to minimize hydrogen absorption. Analysis of
Ti-6Al-7Nb—-0.3REE (REE - Y, Ce, La) alloys by infrared absorption of COz and SO: gases method
indicated very small amount of impurities. A comparable increase in carbon content was observed
from the Ti-6Al-7Nb-0.3Y 0.019 + 0.001 wt.% to the Ti—-6Al-7Nb-0.3Ce alloy 0.023 + 0.001 wt.% and
finally to the Ti-6Al-7Nb—0.3La alloy 0.029 + 0.001 wt.%. The sulfur level was lowest and identical in
the Y- and Ce— microdoped Ti-6Al-7Nb alloy 0.0061 + 0.0005 wt.% and was measurably higher in the
La-microdoped Ti-6Al-7Nb alloy 0.0080 + 0.0005 wt.%.

Table 4. Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) analysis of oxygen (O), nitrogen (N), and hydrogen (H) by

reduction melting and analysis of sulfur (S) and carbon (C) by oxidative melting of alloys.

Oxygen, wt. Nitrogen, Hydrogen, Carbon, wt. Sulphur, wt.

Sample % wt. % wt. % % %
Ti-6Al-7Nb— Average 0.35 0.14 0.011 0.019 0.0061
0.3Y Sd 0.02 0.01 0.001 0.001 0.0005
Ti-6Al-7Nb— Average 0.18 0.077 0.010 0.023 0.0061
0.3Ce Sa 0.02 0.004 0.002 0.001 0.0005
Ti—-6Al-7Nb— Average 0.25 0.028 0.010 0.029 0.0080
0.3La Sd 0.02 0.005 0.002 0.001 0.0005

In alloys Ti-6Al-7Nb-0.3La and Ti—6Al-7Nb-0.3Ce — both a-Ti and -Ti phases are present,
which corresponds to the classical phase composition of the Ti-6Al-7Nb alloy — consisting of the
hexagonal a—phase (stabilized by aluminum) and the regular body-centered f—phase (stabilized by
niobium). However, a significant deviation from this expected composition is observed in the
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Ti-6Al-7Nb-0.3Ce alloy, characterized by a substantial shift in the a-Ti peaks and a distortion of the
crystal lattice (~1.799%, Table 2). A quantitative analysis of the phase composition reveals that the
phase ratios in the Ti-6Al-7Nb-0.3La alloy are as follows: a-Ti to $-Ti = 82 to 18. In the
Ti-6Al-7Nb—-0.3Ce alloy: a-Ti to p-Ti = 90.5 to 9.5. Furthermore, the Ti-6Al-7Nb-0.3La alloy
exhibited an absence of the (200) 3-Ti peak, and the (211) phase exhibited an extremely low intensity,
consequence of its minimal presence in the sample.

Ti6Al7Nb0,3La
Ti6Al7Nb0,3Y
Ti6Al7Nb0,3Ce
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Figure 3. XRD analysis of Ti-6Al-7Nb-0,3REE (REE - Y, Ce, La) alloys.

It was observed slight texture demonstration since the peak intensities of certain planes are
subject to change (Table 5). Ti-6Al-7Nb-0.3Ce alloy indicated minor peaks of the Titanium
Aluminate phase. It suggested the presence of an impurity phase, which may be an unreacted
component of the synthesis. It should be fixed that Ti-6Al-7Nb—0.3Y alloy had a single a-Ti phase in
comparison with Ti-6Al-7Nb—-0.3La and Ti-6Al-7Nb-0.3La (Figure 3, Table 5).

Table 5. Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) intensity of the XRD peaks of certain planes.

Ti-6A1-7Nb-0.3 Ti—-6A1-7Nb-0.3

Crystal orientation Ti—6A1-7Nb-0.3Y Ce La
a-Ti
100 + + +
002 + + +
101 + + +
102 + + +
110 + + +
103 + + +
200 + + +
112 + + +
201 + + +
B-Ti
110 - + +
200 - + +
211 - + +

It was used an approximation that the crystallites in the Ti-6Al-7Nb—0,3REE (REE- Y, Ce, La)
had spherical shapes to calculate coherent scattering area sizes. These calculations were performed
using the Debye—Scherrer and Wulff-Bragg equations (Table 6). The lattice volumes of the a— Ti
phase increased that indicated doping of the Ti-6Al-7Nb alloy with rare-earth elements and other
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compounds. The lattice parameters of the hexagonal close-packed (hcp) a—Ti phase reveal significant
deviations from the reference material indicated of substantial solute-induced lattice strain. The most
significant effect is observed in the Ti-6Al-7Nb-0.3Ce alloy, which exhibits a pronounced contraction
of its unit cell volume (AV =-1.799%). It is indicated a measurable reduction in both the a-axis (2.925
A) and c-axis (4.683 A) parameters in comparison with the a—Ti standard alloys. This volumetric
difference is a strong signature of the Cerium atoms integration into the Titanium lattice, likely as a
substitutional solute. The significant atomic radius mismatch between Ti ( = 140 pm) and Ce ( = 185
pm) induces considerable compressive strain, distorting the crystal lattice and potentially enhancing
solid solution strengthening. In contrast, the a-Ti phases in the Ti-6Al-7Nb-0.3Y and
Ti-6Al-7Nb—-0.3La alloys show a moderate unit cell expansion (AV = + 0.269% and + 0.595%,
respectively). The expansion in the Ti-6Al-7Nb—0.3Y alloy can be attributed to the combined effects
of Yttrium solubility and its notably higher interstitial oxygen content 0.35 wt.% (Table 4), as oxygen
is a potent a-stabilizer known to expand the lattice. The intermediate expansion in the
Ti-6Al-7Nb-0.3La alloy suggests a different balance of solute and interstitial effects (Table 6).

The size of the coherent scattering domains (crystallite size, D) for the a—phase, calculated using
the Debye-Scherrer equation, varies notably. The single-phase Ti-6Al-7Nb-0.3Y alloy exhibits the
finest a—Ti crystallites (22.32 nm), which is consistent with a microstructure refined by the pinning
effect of dissolved Yttrium and/or its oxides. The larger a-Ti crystallites in the dual-phase
Ti-6Al-7Nb—-0.3Ce and Ti—6Al-7Nb-0.3La (30.77 nm and 29.83 nm, respectively) suggest that the
presence of the 3—phase at elevated temperatures may have provided a different kinetic environment
for grain growth during cooling.

The lattice parameters of the body-centered cubic (bcc) p—Ti phase also showed element-specific
trends. The p—phase in the Ti-6Al-7Nb-0.3Ce alloy displayed a slight contraction (a =3.279 A, AV =
+0.334%), whereas the 3-phase in the Ti-6Al-7Nb-0.3La alloy showed a more significant expansion
(a=3.290 A, AV = -0.670%) relative to the -Ti standard alloy. This indicates that while Niobium is
the primary p-stabilizer, the specific rare-earth element and associated trace elements (e.g., Fe, Cr)
influence the local electronic structure and atomic packing of the metastable 3—phase. The refined f3-
phase crystallite sizes (23.34 nm for Ti-6Al-7Nb-0.3Ce, 25.61 nm for Ti—-6Al-7Nb-0.3La) further
confirm the nano—scale nature of this phase’s distribution.

Table 6. Crystal lattice parameters of Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) alloys and ICSD data for a-Ti
01-089-3073 and (3-Ti 01-089-4913.

Phase name a A ¢ A D, nm V, A3 AV, %
a — Ti-6Al1-7Nb-0.3Y 2.943 4.697 22.32 183.798 0.269
o — Ti—6Al-7Nb-0.3Ce 2.925 4.683 30.77 180.290 1.799
o —Ti—6Al-7Nb-0.3La 2.941 4.688 29.83 182.502 0.595
B — Ti-6Al-7Nb—-0.3Ce 3.279 - 23.34 35.266 0.334
 — Ti-6Al-7Nb-0.3La 3.290 - 25.61 35.622 -0.670
o — Ti Ne01-089-3073 ICSD 2.951 4.685 - 183.594 -
3 — Ti No01-089-4913 ICSD 3.283 - - 35.384 -

A clear and statistically significant gradient in true density is observed, correlating directly with
the atomic mass of the rare-earth element. The measured true densities increase in the order:
Ti-6Al-7Nb-0.3Y (4.4563 + 0.1075 g/cm®) < Ti-6Al-7Nb-0.3Ce (4.7255 + 0.2853 g/cm?®) <
Ti-6Al-7Nb-0.3La (4.8019 + 0.0111 g/cm?). This progression aligns precisely with the atomic masses
of the respective rare-earth metals: Yttrium (88.91 g/mol), Cerium (140.12 g/mol), and Lanthanum
(138.91 g/mol). The near-identical masses of Ce and La are reflected in their closely matched densities,
while the significantly lighter Y atom results in a measurably lower density for its respective alloy
(Table 7).
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Table 7. True density of Ti-6Al-7Nb-0.3REE (REE - Y, Ce, La) alloys.

Alloy composition True density, g/cm? Std.Dev.
Ti-6Al-7Nb-0.3Y 4.4563 +0.1075
Ti-6Al-7Nb-0.3Ce 4.7255 +0.2853
Ti-6Al-7Nb—-0.3La 4.8019 +0.0111

Microindentation showed different dependencies of Vickers hardness under different loading
forces of Ti—-6Al-7Nb-0.3REE (REE - Y, Ce, La). It was indicated middle hardness for
Ti-6Al-7Nb-0.3Y alloy equaled 378 + 12 HV under 0.1 kgf, 384 + 26 HV under 0.2 kgf, 355,7 + 2,3 HV
under 0.5 kgf, 344 + 6 HV under 1 kgf, 345 + 6 HV under 2 kgf, 351 + 6 HV under 5 kgf, and 343 + 6
HYV under 10 kgf. Microhardness increased for Ti—-6Al-7Nb—-0.3Ce alloy equaled 436 + 32 HV under
0.1 kgf, 351 + 10 HV under 0.2 kgf, 374 + 23 HV under 0.5 kgf, 376 + 16 HV under 1 kgf, 329 + 9 HV
under 2 kgf, 376 + 18 HV under 5 kgf, 372 + 32 HV under 10 kgf. The lowest microhardness had
Ti-6Al-7Nb-0.3La alloy equaled 364 + 28 (HV 0.1), 350 + 26 (HV 0.2), 322,3 + 2,3 (HV 0.5), 334 + 18
(HV 1),313+7 (HV 2), 323,7 £ 3,5 (HV 5), 317 + 11 (HV 10). (Table 8, Figure 4).

Table 8. Microindentation results of Ti-6Al-7Nb—0.3REE (REE -, Ce, La) alloys.

A11°.y. HV01 HV02 HV05 HV1 HV2 HV5 HVI10
composition
T1_6Al_;Nb_0'3 378 +12 384+26 3557+23 344+6 345+6 351+6 343+6
T1_6A152Nb_0'3 436+32 351+10 374+23 376+16 329+9 376+18 372+32
T1_6A112Nb_0'3 364+28 35026 3223423 334+18 313+7 3233’57 * 317411

Ti—6Al-7Nb-0.3Y alloy exhibited a characteristic indentation size effect (ISE), where the
microhardness decreased markedly from 378 + 12 HV at 0.1 kgf to a plateau of approximately 344 —
345 HV at loads above 1 kgf. This ~ 9% reduction in hardness with increasing load is indicative of a
material whose resistance to plastic deformation is more significant at shallow indentation depths
(Table 8, Figure 4). Ti-6Al-7Nb-0.3Ce alloy displayed a more complex non-monotonic trend. It
registered the peak hardness value of 436 + 32 HV at 0.1 kgf, which then declined sharply by over
24% to a minimum of 329 + 9 HV at 2 kgf. Interestingly, the hardness subsequently recovered
considerably to 376 + 18 HV and 372 + 32 HV at 5 kgf and 10 kgf, respectively. This recovery suggests
a potential transition in the dominant deformation mechanism, possibly involving the interaction of
dislocations with Cerium-containing precipitates at higher strain levels (Table 8, Figure 4). Among
the three Ti-based alloys, the Ti-6Al-7Nb-0.3La composition consistently demonstrated the lowest
microhardness profile, decreasing gradually from 364 + 28 HV at 0.1 kgf to 317 + 11 HV at 10 kgf. This
overall reduction of ~ 13% underscores the comparatively limited strengthening effect of Lanthanum
addition across the investigated load range (Table 8, Figure 4).

Nanoindentation testing using Berkovich’s indentor at loads of 20, 100, and 500 mN was
performed to characterize the micromechanical properties of the Ti-6Al-7Nb-0.3RE alloys. The
results revealed a clear load-dependence and a significant influence on the rare-earth element type
(Table 9, Figure 5).
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Figure 4. Microhardness of Ti-6Al-7Nb—0.3REE (REE - Y, Ce, La) alloys under different load on indentor.

Table 9. Nanoindentation results for Ti-6Al-7Nb—-0.3REE (REE - Y, Ce, La) alloys: maximum depth, hardness
(H), elastic modulus (E) and elastic recovery (R).

Elastic

Allo-y' Load F, mN Depth,h  Hardness, H Modulus, E Elastic )
composition (nm) (GPa) Recovery, R (%)
(GPa)

. 20 406 + 20 5.20+0,6 143+ 8 233+15
T1_6A1_5Nb_0'3 100 998 + 31 4.67 +0,32 140 +5 20.5+1,0
500 2339+67  4.39+0,30 137 +3,2 18.8+0,9
. 20 401 +19 5.40+0,5 149 +9 229+1,3
Tl_6Alng_O'3 100 974 + 37 490 +0,4 150 + 6 19.9+1,1
¢ 500 2266 +60  4.67+0,26 146 +5 18.6+0,6
. 20 422 +15 4.83 +0,37 137 +7 222+1,4
T1_6A1£2Nb_0'3 100 1037 +27  4.29+0,24 134+6 19.5+1,0
500 2429+ 64  4.01+0,23 135+ 8 17.7 +0,7

An indentation size effect (ISE) was observed for all alloys composition Ti-6Al-7Nb-0.3REE
(REE - Y, Ce, La) , with nanohardness decreasing progressively as the applied load increased from

20 to 500 mN (Figure 5).
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Figure 5. (a) nanohardness of Ti-6Al-7Nb—-0.3REE (REE - Y, Ce, La) alloys under different loads on Berkovich’s
indentor — 20 mN, 100 mN and 500 mN; (b) elastic modules of Ti-6A1-7Nb-0.3REE (REE - Y, Ce, La) alloys
under different loads on Berkovich’s indentor — 20 mN, 100 mN and 500 mN; (c) the proportionality of the elastic
deformation during indentation of the Ti6Al7Nb0.3REE (REE - Ce, La, Y) under different loads on Berkovich’s
indentor — 20 mN, 100 mN and 500 mN.

Ti—6Al-7Nb-0.3Ce alloy demonstrated the highest resistance to plastic deformation across the
entire load range, with its nanohardness declining from 5.40 + 0.5 GPa at 20 mN to 4.67 + 0.26 GPa at
500 mN. In comparison, the Ti-6Al-7Nb—0.3Y alloy exhibited an intermediate nanohardness profile
(5.20 £ 0.6 GPa to 4.39 + 0.30 GPa), while the Ti-6Al-7Nb-0.3La alloy consistently displayed the
lowest values, decreasing from 4.83 + 0.37 GPa to 4.01 + 0.23 GPa (Table 9, Figure 5a). The elastic
modulus, a measure of stiffness, also showed a subtle decreasing trend with increasing load for the
Y- and Ce-microdoped alloys (Table 9, Figure 5b). Notably, the Ce-microdoped alloy possessed the
highest modulus, peaking at 150 + 6 GPa at 100 mN, which is approximately 8 — 12% higher than that
of the La—containing alloy at equivalent loads. This indicates that Ce microdoping provides the most
substantial strengthening effect in the elastic modules (Table 9, Figure 5b). The elastic recovery,
representing the proportion of elastically recovered deformation, gradually diminished with
increasing indentation depth for all specimens (Table 9, Figure 5c). The Y-microdoped alloy showed
a marginally superior elastic recovery, particularly at the highest load of 500 mN (18.8 + 0.9%),
compared to the Ce—microdoped (18.6 + 0.6%) and La—microdoped alloys (17.7 + 0.7%). This suggests
a slightly enhanced ability to recover from deformation after the load is removed (Table 9, Figure 5c).

The systemic and local biocompatibility of the experimental Ti-6Al-7Nb-0.3REE (REE - Y, Ce,
La) alloys was evaluated over a 28 — days implantation period and compared against pure titanium
control. Assessment of general health, body weight, total body temperature, and local tissue
temperature at the implantation site provided a multi-faceted view of the host response.

The general life condition of the rats in all groups was satisfactory during experiment. No deaths
of rats have been fixed. There were no abnormalities in feed and water intake, as well as infectious
and neurological complications. The condition of the skin and hair, and the color of the mucous
membranes did not change. The behavioral features of the animals and their general condition
corresponded to the expected clinical picture. During rest and movement, the animals assumed a
natural physiological position. In all groups, there were no significant changes in body weight at
different periods of the experiment compared to the initial values (Table 10).

Body weight served as a key indicator of metabolic and systemic health. As detailed in Table 10,
longitudinal monitoring revealed no statistically significant fluctuations in body weight in any group
compared to their respective baseline (Day 0) values. While absolute weight differences existed
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between groups at baseline (e.g., Groups 2 and 3 were initially heavier), each group maintained a
stable trajectory over time. The control group (Pure Ti) and Group 1 (Ti-6Al-7Nb-0.3Y) showed
remarkable stability, with median (Me) weights varying by less than 3%. Groups 2 and 3 (La and Ce)
also maintained stable weights, with any minor variations falling within the interquartile ranges (Q1
— Q3). This sustained weight stability across all cohorts strongly suggests an absence of chronic
systemic stress or metabolic disruption attributable to the implant materials.

Table 10. Control of rats” body weight during the in vivo experiment after skin implantation of Pure Titanium
and Ti-6Al-7Nb-0.3 RE (RE - Ce, La, Y) samples. Control group — Pure Titanium, Group 1 - Ti-6Al-7Nb-0.3Y
alloy, Group 2 - Ti-6Al-7Nb-0.3La alloy, Group 3 — Ti-6Al-7Nb-0.3Ce alloy.

Group name Paramete In vivo experiment stages
P 0 days 7 days 14 days 21 days 28 days
Control Me 412 404 393 394 398
group
T (Q1-Q3) 390-434  388-439  378-439  382-452  386-398
Group 1 Me 440 435.5 440 429 424
Ti—6Al-7Nb—
-6 0 3YNb (Q1-Q3) 417-461  426-479  411-427 409-4355 410 - 434
Group 2 Me 523 528 542 560 556
Ti-6Al-7Nb—
! 03La (Q1-Q3) 446-574  348-540  496-558  514-584  526-574
Group 3 Me 552 565 564 577 560
Tl_?;ger_ (Q1-Q3) 507-591  485-582  499-584  502-588  510-592

A significant decrease in total body temperature of rats was recorded in comparison with
preoperative values during all stages of in vivo experiments in all groups. No significant differences
were found between the groups .

As presented in Table 11, a statistically significant decrease (p < 0.05) in core body temperature
was observed at all post-operative time points (Days 7-28) compared to pre-operative baselines (Day
0). This phenomenon is a well-documented non-specific stress response to surgical trauma and
anesthesia. Critically, no statistically significant differences were detected between the experimental
groups Nel-3 and the pure titanium control group at any stage. This indicates that the systemic
inflammatory and stress response triggered by the implantation of Ti-6Al-7Nb—-0.3REE (REE -,
Ce, La) alloys was not significantly different in magnitude or duration from the response to the
clinically established pure titanium control.

Table 11. Control of the body temperature of rats during the in vivo experiment after skin implantation of pure
titanium and Ti-6Al-7Nb-0.3 REE (REE - Y, Ce, La) samples. Control Group Pure Titanium, Group Nel
Ti-6Al-7Nb-0.3Y, Group Ne2 Ti-6Al-7Nb-0.3La, Group Ne3 Ti—6Al-7Nb-0.3Ce.

Group name Paramet In vivo experiment stages
P er 0 days 7 days 14 days 21 days 28 days
Control group Me 37.3% 36.35* 36.65* 36.5% 36.2*
Ti (Q1-Q3) 372-37.6 363-367 362-37 363-365 35.8-36.2
Group 1 Me 37.1% 36.35* 36.4* 36.3* 36.5%
Ti-6Al-7Nb-
' 0.3Y (Q1-Q3) 36.65 - 37.55 36.15-36.65 36.2-36.35 36.05-36.35 36.1-36.5
Group 2 Me 37.7% 36.65* 36.5* 36.65* 36.8%
Ti-6Al-7Nb-
' 03La (Q1-Q3) 37.55-37.95 36.4-36.75 364-365 364-369  36.6-37
Group 3 Me 37.2* 36.6* 36.5% 36.6* 36.7*

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0909.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 December 2025 d0i:10.20944/preprints202512.0909.v1

14 of 23

Ti—-6Al-7Nb-
0.3Ce

Notes: * - differences with preoperative (duration of 0 days) values at p<0.05.

(Q1-Q3) 37.1-37.35 36.45-36.8 36.25-36.95 36.4-36.8 36.5-36.8

Analysis of the dynamics of rats’ local body temperature in the area of implantation of test
samples showed that after 7 days of the experiment in the control group and the main group 1 there
was a significant decrease in this parameter compared to the initial values by 1.6 °C (p = 0.0002; p =
0.01, respectively). During this period, a significant increase in local body temperature was recorded
in the main group Ne2 by 0.9 — 1.2 °C compared to other groups. Subsequently, this parameter in all
groups was significantly lower than the initial values, but there were no differences found within
each group and between groups. The dynamics of changes in rats’ local body temperature in the area
of implantation of pure titanium and Ti—-6Al-7Nb-0.3 REE (REE - Y, Ce, La) samples is shown in
Table 12.

The local body temperature at the implantation site was measured as a direct indicator of the
localized inflammatory response. The data, detailed in Table 12, reveals a pattern of the initial
tissue—material interaction.

All groups, including the control, exhibited a significant reduction in local temperature from
baseline by Day 14 onwards, consistent with the resolution of the acute inflammatory phase and the
progression into tissue repair and remodeling.

The most salient finding was observed on Day 7. While the Control (Pure Ti) and Group 1
(Ti-6A1-7Nb-0.3Y) alloys showed a significant decrease in local temperature, Group 2
(Ti-6Al-7Nb-0.3La) demonstrated a distinct and statistically significant increase in local temperature
(Me = 34.2 °C) compared to both its own baseline and all other groups (p < 0.05). This transient local
hyperthermia is a classic sign of an acute inflammatory response, suggesting that the La-modified
alloy initially provoked a more pronounced local tissue reaction than its counterparts. However, by
Day 14, the local temperature for Group 2 had decreased and normalized with the other groups,
indicating that this inflammatory response was self-limiting and resolved promptly.

In contrast, Group 3 (Ti-6Al-7Nb-0.3Ce) and Group 1 (Ti-6Al-7Nb-0.3Y) displayed a local
thermal profile that was largely indistinguishable from pure titanium control throughout the study.
The Ce-containing alloy, in particular, showed no significant temperature deviation on Day 7,
suggesting a minimal initial inflammatory response and a biocompatibility profile comparable to, or
even exceeding, that of pure titanium.

No violations of thermoregulation and energy metabolism processes were detected in the organs
of experimental rats in all groups during in vivo experiments, when assessing the safety of new tested
materials Ti-6Al-7Nb-0.3 REE (REE - Y ,Ce, La) by means of lifetime research methods.

Table 12. Control of local body temperature of animals during the in vivo experiment after skin implantation of
Pure Titanium and Ti-6Al-7Nb-0.3 REE (REE - Ce, La, Y) samples. Control group Pure Titanium, Group Nel
Ti-6Al-7Nb-0.3Y, Group Ne2 Ti-6Al-7Nb—-0.3La, Group Ne3 Ti-6Al-7Nb-0.3Ce.

Group name Paramet In vivo experiment stages
P er 0 days 7 days 14 days 21 days 28 days

Control group Me  34.1*/91.42 32.5/89.4 32%*/97.31 33*/90.41 32.5% 89.78
Pure Titanium (Q1-Q3) 34-34.3 32.1-32.9 31.2-32 32-33 31.8-32.5

Group Nel Me  33.75/90.97 32.1%/88.31 32.6%/89.56 32.1*/88.43 32.8%/89.86
Ti-6Al-7Nb-

! 0.3Y (Q1-Q3) 33.05-342 31.35-33.1 32.15-324 31.65-32.1  32.1-32.8

Group Ne2 Me 34.95/92.7 34.2/93.31 32.0%/7.67 32.5%/88.68 33.0%/89.67
Ti-6Al-7Nb-

! 03La (Q1-Q3) 34.05-35 33.55-34.85 31-32.8 32-338 322-332

Me  34.0/91.40 33.3/90.98 32.55%/89.18 32.9%/89.89 32.7%/89.1
Group Ne3

(Q1-Q3) 33.8-342 323-34.1 32.05-33.3 31.95-33.1 31.55-33.45
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Notes 1 * - differences with preoperative (duration of 0 days) values at p<0.05. 2 bold font - differences in the

indicator with the control, main 1 and main 3 groups at p<0.05.

It was evidenced by the absence of sharp significant fluctuations in the general and local body
temperature, as well as the weight of the rats at different periods of the experiment. The intensity of
feed and water intake also did not change. Motor and behavioral reactions were preserved. No cases
of animal deaths have been reported.

4. Discussion

The measured compositions align well with the target Ti-6Al-7Nb-0.3RE stoichiometry. The
rare-earth elements were successfully integrated into the matrix, with measured concentrations of
0.114 wt.% Y, 0.250 wt.% Ce, and 0.287 wt.% La. The slight deviations from the nominal 0.3 wt.% can
be attributed to standard manufacturing losses, such as oxidation or evaporation during the melting
process. It is noteworthy that the Ti-6Al-7Nb—-0.3Y alloy exhibited a trace amount of Cerium (973
ppm), suggesting a minor impurity in the starting Yttrium feedstock or cross-contamination during
processing. This incidental inclusion, while small, could potentially influence the alloy’s
microstructural evolution.

A comparative analysis reveals systematic shifts in the titanium, aluminum, and niobium
balances across the three Ti-6Al-7Nb—0.3REE (REE - Y, Ce, La) alloys. The titanium content shows
a gradual decrease from 87.61 wt.% in the Y— microdoped alloy to 86.6 wt.% in the Ce-microdoped
alloy, and further to 85.1 wt.% in the La—microdoped alloy. This trend is inversely correlated with
the aluminum content, which increases progressively from 6.23 wt.% to 7.67 wt.%. Niobium content
remains relatively stable, ranging from 5.52 to 6.06 wt.%.

These variations are significant as they directly impact the phase stability and microstructural
constituents of the Ti-6Al-7Nb—-0.3 REE (REE - Y ,Ce, La) alloys. The Al content acts as a potent alpha
() phase stabilizer, while Nb is a beta ([3) phase stabilizer. The higher Al-equivalent content in the
La-microdoped alloy suggests a potentially larger volume fraction of the a—phase at room
temperature compared to the Y- and Ce-microdoped alloys (Figure 4, Table 5). This compositional
shift could be a primary factor underlying the differences in mechanical properties, such as the lower
hardness 4.01 GPa under load 500 mN observed in the La—microdoped alloy (Table 9).

For all three alloys Ti-6Al-7Nb—0.3 REE (REE - Y ,Ce, La), hardness decreases monotonically as
the load increases from 20 mN to 500 mN. This is physically attributed to the greater influence of
geometrically necessary dislocations (GNDs) at shallow indentation depths. At lower loads (e.g., 20
mN), the high strain gradient within a small, confined plastic zone necessitates a high density of
GNDs, resulting in elevated hardness values. As the load and indentation depth increase, the role of
GNDs diminishes relative to the statistically stored dislocation population, leading to a decrease in
the measured hardness (Figure 5, Table 9), all these effects were studied and confirmed by authors
[39-44]

The Ce-microdoped alloy (Ti-6Al-7Nb-0.3Ce) exhibits superior resistance to plastic
deformation across the entire load spectrum. It possesses the highest hardness at 20 mN (5.40 + 0.5
GPa) and maintains this advantage at 500 mN (4.67 + 0.26 GPa). The Y-containing alloy
(Ti-6A1-7Nb-0.3Y) shows an intermediate profile, while the La—containing alloy
(Ti-6Al-7Nb-0.3La) consistently demonstrates the lowest hardness values, culminating in a
minimum of 4.01 + 0.23 GPa at 500 mN. This hierarchy suggests that Cerium acts as the most potent
strengthener, likely through the formation of fine, stable dispersoids that effectively impede
dislocation motion, it was confirmed by earliest research. A subtle yet consistent decrease in elastic
modulus is observed for the Y-microdoped and Ce-microdoped alloys as the load increases. For
instance, the modulus of the Ce— microdoped alloy decreases from 149 + 9 GPa at 20 mN to 146 +5
GPa at 500 mN. This minor reduction may be attributed to the decreasing influence of surface oxide
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layers or near—surface residual stress at higher penetration depths. The La—microdoped alloy’s
modulus remains relatively constant within error margins. Critically, the Ti-6Al-7Nb-0.3Ce alloy
displays the highest elastic modulus at all loads, with a peak value of 150 + 6 GPa at 100 mN. This
represents a significant enhancement of approximately 9% and 12% over the Y— and La—microdoped
alloys, respectively, at equivalent loads. This indicates that Ce addition most effectively increases the
interatomic bonding forces and the overall stiffness of the titanium matrix, potentially via solid
solution strengthening, it was indicated by authors [21,45-57].

Under a constant applied load, a shallower indentation depth correlates directly with higher
resistance to penetration (hardness). Consistent with its superior hardness, the Ce-alloy consistently
exhibits the smallest indentation depths at all loads (e.g., 2266 + 60 nm at 500 mN). Conversely, the
softest alloy, Ti-6Al-7Nb-0.3La, consistently displays the greatest penetration (e.g., 2429 + 64 nm at
500 mN).

The elastic recovery, which quantifies the fraction of deformation recovered upon unloading,
decreases progressively with increasing load for all compositions Ti-6Al-7Nb—0.3REE (REE -, Ce,
La). This trend is expected, as larger plastic zones generated under higher loads lead to a greater
proportion of irreversible deformation. Notably, the Y-microdoped alloy demonstrates a marginally
superior elastic recovery at the highest load (18.8 + 0.9% at 500 mN) compared to the Ce-microdoped
alloy (18.6 = 0.6%) and La—-microdoped alloy (17.7 + 0.7%) variants. This suggests that the
Y-microdoped alloy possesses a slightly more resilient microstructure, capable of recovering a
greater proportion of its deformation after the indentation load is removed — a property potentially
linked to improved resistance to contact damage.

Thus, the Indentation Size Effect (ISE) is a dominant factor, with hardness being highly sensitive
to the test load [39-42,46,57,58]. Cerium (Ce) microdoping of Ti-6Al-7Nb alloy is the most effective
rare—earth elements addition for enhancing overall micromechanical performance, providing the
highest combination of nanohardness (H) 4.67 GPa under load 500 mN and elastic modulus (E) 146
GPa (Figure 5, Table 9). Yttrium (Y) microdoping of Ti-6Al-7Nb alloy offers a balanced profile, with
intermediate nanohardness (H) 4,39 GPa under load 500 mN, but with a marginally superior ability
for elastic recovery 18.8% at 500 mN (Figure 5, Table 9). Lanthanum (La) microdoping of Ti-6Al-7Nb
alloy provides the most modest strengthening effect, resulting in the lowest nanohardness (H) 4.01
GPa of the three Ti-6Al-7Nb—-0.3REE (REE-Y, Ce, La) alloys studied.

Authors [59]determined that the maximum solid solubility of La in Ti is below 1,0 at. %,
specifically finding the La—content in body—centered cubic 3-Ti(La) phase at T = 1800 K to be (0.6 +
0.3) at%, that is corresponding to XRD data. Another research [60] showed good yttrium solubility
(2.33 wt. % or 1.0 at. %) in Ti-46Al-2Cr-2Nb alloy with a—Ti phase and y-Ti phase formation with
slight amount of ALY phase that was confirmed by XRD. Authors [61] reported that 0.1 wt. % Yttrium
microalloying of Ti-24Nb-38Zr-2Mo alloy resulting lattice parameters increasing until 3.369 + 0.003
A in comparison with 3.369+ 0.003 A for basic alloy composition Ti-24Nb-38Zr—2Mo. For current
research the XRD patterns show a clear pattern in the phase composition among the three alloys The
Ti-6Al-7Nb—0.3REE (Figure 3, Table 5). The Ti-6Al-7Nb-0.3Y alloy exhibits a single-phase
hexagonal close-packed (hcp) a—Ti structure, with no detectable peaks corresponding to the body-
centered cubic (bcc) B-Ti phase. In contrast, both the Ti-6Al-7Nb—0.3Ce and Ti-6Al-7Nb-0.3La
alloys display a classical dual-phase (a + ) microstructure typical of Ti-6Al-7Nb [62].

However, quantitative phase analysis reveals significant differences between these two
duals—phase alloys. The volume fraction of the a—phase is substantially higher for Ce-microdoped
Ti-6Al-7Nb alloy (90.5%) compared to the La-microdoped Ti-6Al-7Nb alloy (82%), with a
corresponding B—phase fraction of 9.5% and 18%, respectively. This indicates that Cerium has a
stronger a—stabilizing effect or suppresses the 3—phase formation more effectively than Lanthanum
under the given processing conditions. Furthermore, the absence of the (200) B-Ti peak and the
extremely low intensity of the (211) 8—Ti peak at the La—microdoped Ti-6Al-7Nb alloy diffractogram
suggest a potential texture or a very low volume fraction of the 3—phase that is near the detection
limit of XRD (Figure 3, Table 5).
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A detailed analysis of the lattice parameters provides insight into the dissolution and interaction
of alloying elements within the titanium matrix. A critical finding is the significant lattice distortion
observed in the a—Ti phase of the Ti-6Al-7Nb-0.3Ce alloy, which exhibits a contraction in unit cell
volume (AV = 1.799%) relative to the standard a—Ti ICDD reference (01-089-3073). This substantial
volumetric contraction is a strong indicator of Cerium atoms entering in the titanium lattice as a
substitutional solute, likely inducing localized strain fields due to the atomic size mismatch (Table 6).

The a-Ti lattice in the Y- microdoped alloy (Ti—-6Al-7Nb-0.3Y) and La—microdoped alloy
(Ti-6Al-7Nb-0.3La) also showed volumetric changes (AV = +0.269% and +0.595%, respectively),
though less pronounced than in the Ce-microdoped alloy (Ti-6Al-7Nb-0.3Ce). The expansion in the
Y-microdoped alloy (Ti—6Al-7Nb-0.3Y) is consistent with the known solid solution behavior of
yttrium and the potential influence of its higher oxygen content 0.35 wt. % (Table 4), as oxygen is a
potential o-stabilizer that can also expand the lattice [8,63,64]. The presence of minor peaks
corresponding to a Titanium Aluminate phase in the Ce-microdoped alloy (Ti-6Al-7Nb-0.3Y)
suggests that not all Cerium remained in solid solution, with a fraction likely participating in the
formation of secondary intermetallic compounds.

The size of the coherent scattering domains (crystallite size, D), calculated using the
Debye—-Scherrer equation, varied notably between the alloys. The a—Ti crystallites in the single-phase
Y-alloy were the finest (22.32 nm), while the dual-phase Ce— and La—microdoped Ti—6Al-7Nb alloys
exhibited larger a—Ti crystallites (30.77 nm and 29.83 nm, respectively). This suggests that the
presence of the f—phase at the processing temperature may have provided a less constrained
environment for a-phase grain growth during cooling. The B-phase crystallites in the Ce- and
La—microdoped Ti—6Al-7Nb alloys were also refined, with sizes of 23.34 nm and 25.61 nm,
respectively (Table 6).

Thus, XRD analysis provides a fundamental microstructural explanation for the previously
observed mechanical properties: the single-phase a-Ti structure of the Ti-6Al-7Nb-0.3Y alloy,
combined with its high interstitial (O, N) content, is a primary contributor to its medium hardness
4.39 under load 500 mN, as both factors provide strong solid solution strengthening (Table 9, Figure
5). However, the presence of the tougher —Ti phase may be detrimental to its ductility; the high
a—phase fraction and significant lattice strain in the Ti-6Al-7Nb-0.3Ce alloy, likely due to Cerium in
solid solution and fine-scale precipitates (e.g., Titanium Aluminides), are consistent with its superior
combination of high hardness 4.67 + 0.26 GPa at 500 mN and high elastic modulus 146 + 7 GPa at 500
mN (Table 9, Figure 5). The fine, dispersed -phase and potential precipitate strengthening offer a
balanced strengthening mechanism; the Ti-6Al-7Nb-0.3La alloy, with a more balanced «/p ratio and
the least lattice distortion, exhibited the lowest hardness 4.01 GPa under load 500 mN, indicating that
Lanthanum provides the most modest strengthening effect among the three rare-earth elements (REE
-Y.Ce, La).

Other researchers confirmed that in vivo biocompatibility tests of biodegradable alloys Mg—REE
(REE — Ce, La, Nd) with composition Mg-1.27Ce, Mg—0.69La, Mg—2.13Nd did not have significant
harm tissue effects. There were no abnormal behavior and changes in weight and all three types of
Mg-REE implants were slow-degrading and they showed good biocompatibility[6]. It was
confirmed that Ti-24Nb-38Zr-2Mo-0.1Y exhibited good cytocompatibility on seeding with SaOS2
cells by authors [61]. The integrated analysis of these in vivo parameters allows for a comparative
assessment of the alloys” biosafety profiles: All tested Ti—-6Al-7Nb—0.3REE (REE - Y, Ce, La) alloys
demonstrated systemic biocompatibility, with no evidence of toxicity, as reflected in stable body
weight, normal physiological parameters, and a systemic stress response indistinguishable from the
Pure Titanium control sample (Table 10-12). The local tissue response delineates a clear
biocompatibility hierarchy: Ti-6Al-7Nb-0.3Ce (Group Ne3) and Ti-6Al-7Nb-0.3Y (Group Nel)
exhibited the most favorable profiles, with local inflammatory responses that were minimal and/or
equivalent to the Pure Titanium (Control Group). Ti-6Al-7Nb-0.3La (Group Ne¢2) induced a
transient, but statistically significant, increase in local inflammation at the one-week mark. While this
response resolved by the second week, it indicates a comparatively more reactive interface in the
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acute phase post-implantation. Thus, all three Ti-6Al-7Nb—0.3REE alloys (REE - Y, Ce, La) passed
preliminary biocompatible in vivo tests in comparison to pure titanium (Control Group), but
Ti-6Al-7Nb-0.3Y alloy (Group Nel) and Ti-6Al-7Nb-0.3Ce alloy (Group Ne3) are much more
preferable for further research due to minimal and/or equivalent local inflammatory responses that
proven by other researchers [1-5]. As for Ti-6Al-7Nb—0.3La alloy (Group Ne2), it had statistically
significant increase of local inflammation at the one-week mark needed to further research and
explanation as well, that can be indicator of toxicity of La—microdoped Ti-6Al-7Nb alloy, but other
researchers didn’t have same effect with highest concentration of lanthanum in different alloys for
biomedical application [1-3].

5. Conclusions

1.  Cerium (Ce) is the most effective rare-earth addition to Ti-6Al-7Nb alloy for enhancing overall
micromechanical performance, providing the highest combination of nanohardness (H) 4,67
GPa at 500 mN and elastic modulus (E) 146 GPa at 500 mN. Yttrium (Y) addition offers a
balanced profile, with intermediate hardness (H) 4.39 GPa at 500mN, but with a superior
ability for elastic recovery 18.8% at 500 mN. Lanthanum (La) addition provides the most
modest strengthening effect, resulting in the lowest hardness (H) 4.01 GPa at 500 mN of the
three alloys studied (Table 9, Figure 5).

2. The XRD analysis provides a fundamental microstructural explanation for the previously
observed mechanical properties: the single-phase a-Ti structure of the Ti-6Al-7Nb-0.3Y alloy,
combined with its high interstitial oxygen and nitrogen content (0.35 wt. % and 0.14 wt. %
respectively), is a primary contributor to its high hardness (H), as both factors provide strong
solid solution strengthening. However, the presence of the tougher (3-phase may be
detrimental to its ductility; the high a-phase fraction and significant lattice strain in the
Ti-6Al-7Nb-0.3Ce alloy, likely due to Cerium in solid solution and fine-scale precipitates (e.g.,
Titanium Aluminides), are consistent with its superior combination of high hardness (H) 4.67
GPa and high elastic modulus (E) 146 GPa. The fine, dispersed [3-phase and potential
precipitate strengthening offer a balanced strengthening mechanism; the Ti-6Al-7Nb-0.3La
alloy, with a more balanced o/ ratio and the least lattice distortion, exhibited the lowest
hardness 4.01 GPa, indicating that Lanthanum provides the most modest strengthening effect
among the three rare-earth elements (Table 5-7).

3. The single-phase Ti-6Al-7Nb-0.3Y alloy exhibits the finest a—Ti crystallites (22.32 nm), which
is consistent with a microstructure refined by the pinning effect of dissolved Yttrium and/or its
oxides. The larger a—Ti crystallites in the dual-phase Ti-6Al-7Nb-0.3Ce and
Ti-6Al-7Nb-0.3La (30.77 nm and 29.83 nm, respectively) suggest that the presence of the
[B—phase at elevated temperatures may have provided a different kinetic environment for grain
growth during cooling (Table 6).

4. A clear and statistically significant gradient in true density is observed, correlating directly
with the atomic mass of the rare-earth element. The measured true densities increase in the
order: Ti-6Al-7Nb-0.3Y (4.4563 + 0.1075 g/cm?) < Ti-6Al-7Nb-0.3Ce (4.7255 + 0.2853 g/cm?) <
Ti-6Al-7Nb-0.3La (4.8019 £ 0.0111 g/cm?). This progression aligns precisely with the atomic
masses of the respective rare-earth metals: Yttrium (88.91 g/mol), Cerium (140.12 g/mol), and
Lanthanum (138.91 g/mol). The near-identical masses of Ce and La are reflected in their closely
matched densities, while the significantly lighter Y atom results in a measurably lower density

for its respective alloy (Table 7).
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5. All three Ti-6Al-7Nb—-0.3REE alloys (REE - Y, Ce, La) passed preliminary biocompatible in
vivo tests in comparison to pure titanium (Control Group), but Ti-6Al-7Nb—0.3Y alloy (Group
Nel) and Ti—-6Al-7Nb-0.3Ce alloy (Group Ne3) are much more preferable for further research
due to minimal and/or equivalent local inflammatory responses that proven by other
researchers [1-5]. As for Ti-6Al-7Nb-0.3La alloy (Group Ne2), it had statistically significant
increase of local inflammation at the one-week mark needed to further research and

explanation as well, that can be indicator of toxicity of La—microdoped Ti-6Al-7Nb alloy.
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