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i Abstract: A new metastable  Ti-22Zr-11Nb-2Sn (at%) biomedical titanium alloy was
%2 elaborated from elemental powders by in situ laser powder bed fusion technique (L-PBF).
17 Iterative design of experiments was used to identify optimized manufacturing parameters to
ig obtain dense and homogeneous parts (>99.3%) with low unmolten niobium fraction
20 (<0.05%). The microstructural and mechanical properties of this alloy were investigated in its
gé as-fabricated state and after two heat-treatments at 400°C and 700°C, respectively. The alloy,
;Z showing a [B-type microstructure, possesses a very low Young’s modulus (~50 GPa)
25 combined with a high tensile strength reaching about 1100 MPa after heat-treatment. These
22 properties are very suitable for medical devices in osseous site such as hip prostheses or
28 dental implants and the results were compared to the Ti-6Al1-4V ELI (wt%) medical grade
ég fabricated from pre-alloyed powders. Thus, the present work demonstrates the significant
31 potential of the in situ L-PBF technique to elaborate highly biocompatible titanium alloys
;i with tailored chemical compositions.
34
35
22 Keywords: additive manufacturing, in situ elaboration, titanium alloys, low Young’s
38 modulus, high strength.
39
40
41
42 1. Introduction
43
ié Titanium alloys are widely used for biomedical applications, from dental implants to joint and
46 hip replacements. Ti-6Al1-4V (wt%) and its extra low interstitial (ELI) medical grade are the
j; most common titanium alloys used for these purposes, due to their excellent mechanical
49 properties, their good strength to weight ratio, and their resistance to bio-corrosion. However,
gg there is controversy over the alloying elements Al and V in terms of biocompatibility [1-5].
gg Indeed, cytotoxicity of Al and V elements can be problematic due to their release in the
54 biological tissues [6, 7]. On the other hand, the difference between the elastic modulus of this
gg kind of alloys (about 110 GPa) and the modulus of the cortical bone (~30 GPa [8, 9]) has been
57 pointed out as a major issue for long-term implantation, known as “stress-shielding” [10, 11].
gg This phenomenon causes a bone resorption around the titanium made implant and can lead to
22 loss of the implant.
s !
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From these considerations, the development of aluminium and vanadium free titanium alloys
with low elastic modulus for biomedical applications has been an area of interest for the last
decades [12-17]. B and metastable-f titanium alloys have been identified as appropriate
candidates for these applications. Indeed, the stabilisation of the § phase in this kind of alloys
can lead to lower Young’s modulus than Ti-6Al-4V [9], thus avoiding the “stress-shielding”
effect. Furthermore, these alloys can be obtained from highly biocompatible elements such as
zirconium, tin, niobium, and tantalum, the latter two being in addition B-stabilizers [14, 18].
They can also exhibit a stress-induced martensitic transformation from the body-centered
cubic [ phase to the orthorhombic a’’ phase, leading to unconventional mechanical behaviour

such as superelastic and shape memory effects [19, 20].

The emergence of additive manufacturing processes, and especially the laser powder bed
fusion technique (L-PBF), has attracted significant interest in the biomedical field, due to the
capability to manufacture patient-specific devices. Most of the research and development
around L-PBF processed titanium alloys is focused on the characterization of microstructures
and mechanical properties of the Ti-6Al-4V alloy obtained from pre-alloyed powders [21-23].
Due to the lack of diversity of pre-alloyed metallic powders, the L-PBF elaboration of B and
metastable-3 titanium alloys is still marginally reported and investigated. In situ elaboration,
promoting the use of a blend of elemental powders of a given composition, has been
identified as a more flexible technique to study specific alloys [24-27]. However, refractory -
stabilizers elements with high melting point such as niobium, tantalum and molybdenum tend
to remain unmelted or partially melted in the alloy metallic matrix, causing local chemical
heterogeneities [28, 29]. However, the optimisation of the manufacturing parameters through
design of experiments seems effective to reduce both porosity and alloying elements
inclusions. Biocompatible binary B-titanium alloys such as Ti-Ta [29, 30] and Ti-Nb [28, 29,
31, 32] have been studied using the in sitru L-PBF technique. However, the quantity of
alloying elements used in these studies to stabilize the 3 phase either led to a high unmelted
fraction of alloying elements or required an extremely high energy input to homogenize the
alloy under the laser beam.

In this study, the B-titanium Ti-22Zr-11Nb-2Sn (at%) alloy composition was manufactured
using the in situ L-PBF elaboration technique. This composition was selected on the basis of
recent work that we have carried out on quaternary alloys elaborated by conventional melting
methods [18], which seem suitable for in sifu elaboration by L-PBF. The use of a relatively
low niobium fraction (11 at%) aims to reduce the quantity of niobium inserted in the powder
mix, and by extension the unmelted fraction of niobium elements in the metallic matrix. To
ensure the stabilization of the B phase, zirconium is added up to 22 at%. Even though the
influence of zirconium on the stabilisation of either a or B phase of titanium is considered as
neutral, it has been shown that zirconium acts as a 3-stabilizing element when combined with

[-stabilizing elements such as molybdenum or niobium [33, 34].
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This study aims to propose an optimization process to identify the optimal elaboration
window for this new B-titanium alloy, and to characterize the microstructural and mechanical
properties of the obtained alloy. The influence of heat-treatments on the microstructural
characteristics and the mechanical properties is also investigated. Since the Ti-6Al1-4V ELI
alloy is the most widely used titanium alloy for medical devices, reference specimens were
built from pre-alloyed Ti-6Al1-4V ELI powders for comparison.

2. Materials and methods

2.1. Description of the powders used

The properties of elemental powders used to carry out the in situ elaboration of the Ti-22Zr-
11Nb-2Sn are detailed in Table.l. Gas atomized titanium and zirconium powders were
obtained from ECKART TLS. Gas atomized niobium powders were obtained from H.C.
Starck. Mechanically ground tin powders were obtained from Sigma Aaldrich. The powders
were blended for 2 hours at 34 rpm using a Turbula T2F device. Fig.la shows a back-
scattered scanning electron microscopy (SEM) image of the mix after blending. It should be
noted that the niobium powder is the finest of all (Table.1). The use of a fine niobium powder
for in situ elaboration is required according to the literature to reduce as much as possible the

unmelted particles fraction [25].

Table 1
Ti-227Zr-11Nb-2Sn (at%) elemental powders properties.

Element Size distribution (um) D50(um) Purity Morphology Melting T (°C)

Ti 15-45 35.7 >99.7 Spherical 1668
Zr 10-45 32 >99.7 Spherical 1855
Nb 10-45 299 >99.9 Spherical 2469
Sn <45 - >99.9 Irregular 232

ASTM F3001 standard compliant Ti-6Al-4V ELI pre-alloyed powders from AP&C powders
were used to build reference specimens. The average powder size is between 15-45 um. Fig.
1b shows a back-scattered SEM micrograph of the Ti-6Al1-4V ELI powder.
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Fig.1: Ti-22Zr-11Nb-2Sn powder mix (a) and Ti-6A1-4V ELI pre-alloyed powders (b) used during this study.

2.2. Additive manufacturing by L-PBF

A SLM 125 HL (SLM Solutions Group AG, Germany) equipped with a 400W laser was used
to carry out the elaboration of the different titanium alloys. The manufacturing chamber was
filled with an Ar atmosphere during elaboration to maintain the oxygen below 500 ppm.
Different types of specimens were built to characterize the microstructural and mechanical
properties of the different alloys: 10x10x10 mm® cubes were used to characterize the
microstructural properties of the specimens. Flat tensile specimens with a gauge section of
3x1 mm? and a gauge length of 15 mm were extracted by electrical discharge machining from
50x5x2 mm?® rectangles and used for mechanical characterization. Cylindrical samples of
3mm diameter and 15 mm long were also built to characterize the porosity and the unmelted
alloying element fraction of the specimens using X-ray Tomography. A 67° hatch scanning
strategy was used for both Ti-6Al-4V ELI and Ti-22Zr-11Nb-2Sn alloys during elaboration.
Concerning the fabrication of the Ti-6Al-4V ELI parts, a laser power of 175W, a laser speed
of 1000 mm.s™!, a hatch space of 100 pum, and a layer thickness of 20um were used. These
manufacturing parameters correspond to those recommended by the supplier of pre-alloyed
Ti-6Al-4V ELI powders. Optimized elaboration parameters for the elaboration of the new Ti-
227r-11Nb-2Sn alloy were investigated using design of experiments. The results are
presented and discussed in section 3.1.

2.3. Microstructural and mechanical characterization methods

Microstructure and texture of both alloys were characterized by X-ray diffraction (XRD),
electron back-scattered diffraction (EBSD) and transmission electron microscopy (TEM).
EBSD analyses were carried out on a JEOL JSM 7100F scanning electron microscope with a
step of 0.1 pm and an accelerating voltage of 20 kV. Specimens for EBSD analysis were
prepared by mechanical polishing using SiC papers with decreasing grid size, followed by

colloidal silica suspension polishing mixed with H>O> to get a “mirror finished” state. Texture
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was investigated through {200}p, {110}pand {112}p poles figures acquisition on a Rigaku
SmartLab X-ray diffractometer using Cu-Ka radiation at 40 kV and 50 mA. TEM
observations were carried out on a JEOL JEM 2100 LaB¢ machine. TEM specimens were
prepared by a three steps ion milling process with 4 keV, 2 keV and 0.5 keV argon ions using
a Gatan PIPS II machine.

Porosity and unmelted alloying elements of the Ti-22Zr-11Nb-2Sn alloy were investigated
through X-ray p-tomography. An EasyTom (Rx Solutions) device was used to carry out the

measurements.

Mechanical characterization of both titanium alloys was carried out through tensile tests on a
Instron tensile device with a 5 kN load cell. Those tests were performed with a strain rate of
10* s, and deformation was measured with an extensometer. The tensile direction for both
titanium alloys was chosen orthogonal to the building direction. 10 different specimens were
tested for each condition and the mechanical properties are presented via mean values and
their standard deviations. Tensile curves shown in this study are those which best correspond

to the mean value of the mechanical behaviour of the studied specimens.

3. Results and discussion

3.1. Optimization of the L-PBF process for the in situ elaboration of the Ti-22Zr-11Nb-
28n alloy

The optimization of building parameters of the L-PBF process has been a focus of interest
since the early development of additive manufacturing technologies. Indeed, building
parameters have a great influence on the structural and microstructural characteristics of the
metallic alloys elaborated [35-39]. Considering the important number of elaboration
parameters, design of experiments (DOE) has proven to be useful [40] to analyse the
influence of the variation of building parameters on a restricted number of outputs, such as
porosity and unmelted alloying particles. In our case, iterative design of experiments was used
to identify the optimized building parameters to obtain dense and homogeneous parts. This
optimization method was based on the Box-Behnken response surface methodology. The
iterative method used for the optimization of the building parameters is schematized in the
flow chart in Fig.2.
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Fig.2: Flow chart used for the iterative method of optimization of the manufacturing parameters.

The influence of the variation of laser power, scanning speed of the laser, hatch-distance and
the layer thickness on the porosity fraction and the unmelted niobium fraction is investigated
in the present study. The selection criterion of the appropriate optimized parameters is based
on the minimization of both porosity and unmelted Nb particles. Through the first iterations of
the design of experiment, two sets of parameters seem to ensure satisfying results for both
unmelted niobium fraction and porosity. The last step of optimization is focusing on the
influence of the scanning speed of the laser on the defined outputs, based on the previous sets
of optimized parameters. Table.2 displays the different building parameters tested during the
last step of the design of experiments.

Table 2

Building parameters from the last iteration of the DOE.

Specimen P (W) v(mm.s') h(mm) e(um) Porosity (%) Unmolten Nb (%)

1 200 555 3.39 0.03
2 200 355 1.76 0.08
3 200 305 0.06 20 0.7 0.04
4 250 695 1.7 0.02
5 250 480 1.15 0.05
6 250 380 0.3 0.05

As those different building parameters derive from previously optimized building parameters,

they allow to keep the unmelted fraction of niobium below 0.1% of the volume of the
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specimen. This result highlights the efficiency of the combination of adapted granulometry of
niobium powders (Table.1) and optimization of building parameters using design of
experiments. Tomographic reconstruction of cylindrical samples of the first iteration of design
of experiments and the final optimized parameters are presented in Fig.3.

(a) DN

Fig.3: Tomographic reconstruction of the Ti-22Zr-11Nb-2Sn cylindrical samples of the first step of design of
experiments (a), and final step of design of experiments (b).

Both porosity and unmelted niobium particles decrease along the iterative DOE, as the
window processability is more and more precise. Both 3 and 6 specimens exhibit lowest
porosities and unmelted niobium particles, but the elaboration conditions of the 6! specimen
also led to a deformation of the sample, due to the high energy input. Building conditions n°3

were then used to carry out to elaborate all specimens.
3.2. Microstructural characterisation of the as-fabricated specimens

Microstructures of as-fabricated (AF state) Ti-6Al1-4V ELI and Ti-22Zr-11Nb-2Sn alloys are
shown in Fig.4. XRD pattern of the AF-Ti-22Zr-11Nb-2Sn (Fig.4c) exhibits typical body-
centered cubic diffraction peaks, meaning that the alloy is mainly composed of 3 phase (ap =
0.337 nm). The combination of B-stabilizing alloying elements content and cooling conditions
of the L-PBF process can promote a fully-fB microstructure without heat-treatment or
quenching. Macrostructure of this new B-titanium alloy displays regular semi-elliptical
shapes, which correspond to the longitudinal sections of consecutive laser tracks (Fig.4a). The
range of shapes that can be observed is due to the 67° scanning strategy, changing the laser
trajectories layer after layer. This kind of morphology has already been reported for materials
elaborated via L-PBF process [24, 41] and seems to be dependant of elaboration parameters
that shape and drive the melt pool [42]. No grains are visible despite the chemical etching of
the alloy.

XRD pattern of the AF-Ti-6Al-4V sample (Fig.4d) is fully indexed as o’ hexagonal phase (aa
= 0.292 nm; ce = 0.467 nm), which is a martensitic phase that is commonly observed in

titanium alloys after rapid cooling. Although the o’ phase develops in the same hexagonal
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crystallographic system than the o phase, its chemical composition is identical to the initial 3
phase. The microstructure of the alloy (Fig.4b) is composed of columnar grains along the
building direction. Those grains have an average width of 175 pum. This columnar
morphology is caused by the elaboration conditions of the L-PBF process, as the layer-by-
layer elaboration and the partial remelting of previous layers promote an epitaxial growth
along the building direction. A fine needles-like microstructure is also visible within the
columnar grains, with a needle width of about 1 pm. o’ martensitic phase is known to form
into a fine needle-like structure in titanium alloys, the width of the needles being controlled
by the cooling rate of the alloy. The microstructure of Fig.4b is consistent with the indexation
of the corresponding XRD pattern (Fig.4d), because the cooling rates of the laser powder bed
fusion process are known to be fast (~10° K/s [43]) promoting then the formation of refined

martensitic phases.
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Fig.4: Optical microscopy of the macrostructure of the AF-Ti-22Zr-11Nb-2Sn (a) and the microstructure of the
AF-Ti-6A1-4V (b), along the XRD patterns of the AF-Ti-22Zr-11Nb-28n (c) and the AF-Ti-641-4V (d).

Microstructure of both alloys was more precisely investigated through EBSD analysis (Fig.5).
Inverse Pole Figure (IPF-EBSD) map of the AF-Ti-22Zr-11Nb-2Sn in Fig.5a displays a
columnar microstructure along the building direction, just as the AF-Ti-6Al-4V
microstructure (Fig.4b). Those elongated grains are about 140 um long, for a width of about
45 pm. This analysis corroborates the XRD pattern indexation of Fig.4c, as every grain of the
AF-Ti-22Zr-11Nb-2Sn microstructure is indexed as the cubic § phase. Texture of the AF-Ti-
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227r-11Nb-2Sn is also investigated. The inverse pole figures shown (Fig.5a) imply a strong
<100>p texture along the building direction (BD). It is worth noting that the texture observed
in the tensile direction (TD) and the normal direction (ND), which are both orthogonal to BD,
are similar. Those inverse pole figures show a concentration of {405}p poles in TD and ND
directions, which are close to {110}p. The texture in BD is a consequence of the epitaxial

growth promoted by the layer-by-layer building and has already been reported for bcc

materials in the literature [44-46].

Fig.5: IPF-EBSD maps along the building direction of the AF-Ti-22Zr-11Nb-25n (a) and the AF-Ti-6A1-4V (b).

The IPF-EBSD map of the AF-Ti-6Al1-4V (Fig.5b) corroborates the XRD analysis of Fig.4d,
as it is fully indexed as a/a’ phase. As specified above, both o’ and o phases possess the
same crystallographic system and cannot be distinctly identified via EBSD analysis.
Elongated grains are however visible, as the martensitic o’ needles of similar orientations

formed from the same [ grain, delimiting the initial elongated parent 3-grains.

Texture of the AF-Ti-6AI1-4V is also investigated via EBSD and inverse pole figures (Fig.5b).
Inverse pole figures of BD exhibit two high pole density, {-12-10}« and {01-12}«°. Textures
in TD and ND directions are not equivalent and exhibit very different preferential directions.
TD shows a high (0001). pole density while the texture in ND does not exhibit preferential
direction. If we refer at the standard orientation relationship (OR) between the o’ martensitic
phase and the parent § phase from which it formed, i.e. (0001)a // (110) and [2-1-10]c // [1-
11]p, texture of the AF-Ti-6Al1-4V along BD is consistent with the texture observed along BD
of AF-Ti-22Zr-11Nb-2Sn -phase. As a matter of fact, following the standard OR between o’
and [ phases, {100}p poles are supposed to match one {11-20}« pole, and two {01-12}«
poles. As these poles match the ones observed in the inverse pole figure of BD for the AF-Ti-
6Al1-4V (Fig.5b), it can be assumed that the initial parent B—grains displayed a <100>p

9
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preferential direction along BD. Texture along TD is also consistent with the standard OR, as
B phase in AF-Ti-22Zr-11Nb-2Sn shows high poles density near {110} in TD, which is
supposed to match (0001)c’ in the a phase. However, texture along the ND direction of the
AF-Ti-6Al-4V does not exhibit (0001)s preferential direction and therefore does not match
the texture along the ND direction of the AF-Ti-22Zr-11Nb-2Sn alloy.

3.3. Microstructural characterization of the AF-Ti-22Zr-11Nb-2Sn after heat-
treatments

Characteristic phase transformation temperatures of the AF-Ti-22Zr-11Nb-2Sn were
identified through resistivity thermal analysis. This method relies on the measurement of the
electrical resistivity upon a range of temperature. As electrical resistivity is particularly
sensitive to microstructural modifications, this method is suitable to detect characteristic
temperatures of metallic alloys such as the B transus temperature of titanium alloys. Fig.6
displays the variation of electrical resistivity (po correspond to the resistivity at room
temperature) of the AF-Ti-22Zr-11Nb-2Sn alloy as a function of temperature. The [ transus
temperature of this alloy (Tp) is about 500°C, which is consistent with the fact that this alloy
is a metastable B-type alloy in its AF state. Consequently, variations of the electrical
resistivity between 300°C and 500°C implies a modification of the microstructure, such as the
nucleation of o or wiso phases as reported in the literature [47, 48].

The influence of heat-treatments on the microstructural and mechanical properties of the AF-
Ti-22Zr-11Nb-2Sn are investigated through two different heat-treatment temperatures: a
400°C heat-treatment for 30 minutes followed by water-quenching (400WQ state), and a
700°C standard solution treatment for 30 minutes followed by water-quenching (700WQ
state). Heat-treatments were carried out under high-vacuum atmosphere (10" mbar) to prevent

the oxidation of the samples.
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Fig.6: Resistivity analysis curve for the AF-Ti-22Zr-11Nb-2Sn alloy.

Fig.7 displays XRD patterns of the three different conditions (AF, 400WQ and 700WQ
states). Since the diffraction patterns of the AF and 700WQ states are identical (Fig.7a&b),
this implies that the 700WQ specimen is fully composed of 3 phase (ap = 0.337 nm). As the
heat-treatment temperature is above the 3 transus and is followed by water quenching, a fully-
B microstructure is expected. However, the shift of the relative intensity of the (002)s peak
observed between the AF and 700WQ states may imply a modification of the crystallographic
texture of the specimen through heat-treatment.

The XRD pattern of the 400WQ specimen (Fig.7c) exhibits the characteristic peaks of the 3
phase (ap = 0.338 nm) which correspond to the same peaks of the AF and 700WQ states.
However, other diffraction peaks are also visible, and indexed as the hexagonal a phase of
titanium (ac = 0.303 nm; co = 0.462 nm). As the relative intensity of [ phase peaks are
significantly higher than those of o phase peaks, it can be assumed that the 400WQ specimen
is composed of a majority of 3 phase. This result is consistent with the resistivity curve (Fig.
6) and therefore a nucleation of o phase during the heating of the AF-Ti-22Zr-11Nb-2Sn alloy

occurs between 300°C and 500°C, leading to a dual-phase +o microstructure.
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Fig.7: XRD patterns of the AF-Ti-22Zr-11Nb-2Sn (a) the 700WQ state (b) and 400WQ state (c).

Details about microstructures of both heat-treated specimens are given through EBSD and
texture analyses (Fig.8).

IPF-EBSD map of the 700WQ specimen exhibits regular, quasi-equiaxed shaped grains, with
a mean diameter of 24 um (Fig.8a). Texture of the 700WQ state (Fig.8c and Fig.8e) is very
different from the texture of the as-fabricated state in this Ti-22Zr-11Nb-2Sn alloy (Fig.5a).
Indeed, the tensile direction (TD) exhibits a preferential <100>p direction, with an intensity
factor of 4.12. It should be noted that the texture along BD still exhibits a significant number
of grains nearly oriented <100>p (intensity factor 1.87). The changes in both granular
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morphology and texture of the specimen imply that the alloy experienced recrystallization
during heat-treatment. It is well-known that as-fabricated additive manufacturing parts exhibit
high level of residual stresses [49, 50], which can constitute a driving force for the
recrystallization of metallic alloys. With a heat-treatment temperature of 700°C, which is
above the transus B temperature (Tp~500°C), a recrystallized microstructure is obtained in
those conditions.

IPF-EBSD map of the 400WQ sample (Fig.8b) exhibits elongated grains along the building
direction, with an average length of 120um, for 40um average width. Inverse pole figures of
this specimen exhibit a preferential <100>p direction along BD, and no preferential directions
along both TD and ND (Fig.8d and Fig.8f). With a heat-treatment at 400°C, the transus 3
temperature is not reached and the sample has not recrystallized. The texture can therefore be
considered equivalent to the as-fabricated texture. The intensity factor of the <100>p
preferential direction is around 14 for the 400WQ state of the Ti-22Zr-11Nb-2Sn alloy, which
highlights the modification of the texture observed in the recrystallized state of the same alloy
(Fig.8c). Despite coarser grains, the 400WQ state microstructure is identical to the AF-Ti-
227r-11Nb-2Sn microstructure. However, the grains of the 400WQ specimen are fully
indexed as 3 phase by EBSD, which is not consistent with the XRD analysis of this specimen
for which a second phase, identified as the a phase, was detected (Fig.7c).
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Fig.8: IPF-EBSD maps along the building direction of the 700WQ state (a) and 400WQ (b) with the pole and
inverse pole figures obtained from XRD measurements (c,d,e.f).
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Microstructure of the 400WQ specimen was further characterized by transmission electron
microscopy (TEM) to observe the a phase. TEM bright field image (Fig.9) displays a 3 grain,
in which elongated and fine needles are also visible (Fig.9a). These needles are only a dozen
nanometres thick, and between 300 nm and 1 um long. The corresponding SAED (selected
area electron diffraction) pattern along the [011]g zone axis (Fig.9b) shows intense spots that
correspond to the B phase, with extra lower intensity spots that are indexed as a phase. Due to
the standard Burgers orientation relationships (i.e. (0001)q // (110)p, [2-1-10]a // [1-11]p) a
single orientation of B phase can lead to six orientations of o phase, usually called variants.

The indexation of the diffraction pattern (Fig.9b) exhibits only two a phase variants due to the

low-symmetry zone axis considered.

Fig.9: Bright-field TEM image of the 400WQ specimen microstructure, the o phase laths are highlighted (a),
and corresponding indexed diffraction pattern (b).

3.4. Mechanical characterization by tensile tests

Fig.10 exhibits the engineering stress-strain tensile curves of the different alloys presented in
this study. Mechanical characteristics of the different alloys, including Young’s modulus,

yield and tensile strengths, and maximum elongation are displayed in Table.3.

The AF-Ti-6Al-4V exhibits higher yield and tensile strengths, but lower elongation compared
to conventionally wrought Ti-6Al-4V. This can be explained by the fully-o’ martensitic
microstructure obtained by L-PBF, which is known to display higher strength but lower
ductility. However, its Young’s modulus is consistent with experimental value of this kind of
alloy (~110 GPa). Lack of ductility can limit industrial applications of this titanium alloy in
its as-fabricated state. Some leads imply that a decomposition of the martensitic

microstructure into a o+f microstructure could happen with carefully selected building
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parameters [37]. Otherwise, heat-treatment have shown to be effective to modify the

microstructure of additive manufactured Ti-6Al-4V to obtain more interesting properties [41].

The AF-Ti-22Zr-11Nb-2Sn tensile curve exhibits lower mechanical strength than the AF-Ti-
6Al1-4V ELI, but a much better ductility, reaching a maximum elongation of about 15%. Yield
strength, tensile strength and ductility of this alloy correspond to the mechanical behaviour of
B-titanium alloys. The AF-Ti-22Zr-11Nb-2Sn tensile curve reveals a Young’s modulus of
about 50 GPa, which is about twice lower than the Young’s modulus of the AF-Ti-6Al1-4V
ELI. This low Young’s modulus is particularly suitable to prevent the stress-shielding effect
of biomedical implants such as hip prosthesis or dental implants [10-13, 51].

Despite complete recrystallization, the 700WQ state exhibits mechanical behaviour similar to
that of the as-fabricated specimen. However, it should be noted that the Young’s modulus is
slightly lower in this state, and that the yield strength is also lower than in the as-fabricated
state. The decrease of the Young’s modulus is consistent with the texture of the 700WQ state,
exhibiting a preferential <100>p direction along the tensile direction [52, 53]. The lower yield
strength comes from the stress-relief during heat-treatment, generating a smoother transition

between the elastic and plastic domains.

The mechanical properties of the 400WQ alloy are very different compared to those of AF-Ti-
227r-11Nb-2Sn and 700WQ Ti-22Zr-11Nb-2Sn alloys (Fig.10). Indeed, the yield and tensile
strengths of the 400WQ Ti-22Zr-11Nb-2Sn alloy are comparable to those of the AF-Ti-6Al-
4V ELI alloy, and the Young’s modulus is slightly higher than the AF-Ti-22Zr-11Nb-2Sn.
This enhancement of mechanical properties is due to the precipitation of nano-sized o phase
needles in initial B grains which act as a structural hardener inducing higher yield and tensile
strengths but reducing ductility. It should be noted that the 400WQ specimen Young’s

modulus remains low (about 60 GPa) despite the nucleation of o phase.
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Fig.10: Engineering stress-strain curves of the AF-Ti-22Zr-11Nb-25n (red curve), 400WQ (green curve),
700WQ (blue curve) and AF-Ti-6A1-4V ELI (black curve).
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Table 3
Mechanical characteristics of the different alloys of the present study
E(GPa) Re(MPa) Rm (MPa) A (%)

AF-Ti-6Al-4V ELI 111+£5 972422 1168+28 3.840.5
AF-Ti-22Zr-11Nb-2Sn 51«1 788+19 822427 14.5+0.4
400WQ 61+7 986=+18 1111+30 5.5+0.7
700WQ 4612 737+24 835430 12.8+0.8

4. Conclusion

A new B-titanium alloy, the Ti-22Zr-11Nb-2Sn (at%), was successfully elaborated from a
blend of elemental powders by in situ L-PBF technique. Thanks to the use of DOE, optimized
elaboration parameters led to high density samples (>99.3%) with very low fraction of
unmelted particles of niobium (<0.05%). Microstructure of the new as-fabricated p-titanium
alloy was characterized by XRD and EBSD. Columnar and highly textured <100>p along the
building direction microstructure was observed. A low Young’s modulus (about 50 GPa) was
measured by tensile tests. The microstructure and the mechanical properties of this alloy were
compared to those of the Ti-6Al-4V ELI alloy, elaborated by L-PBF technique using pre-
alloyed powders. The microstructure of the Ti-6Al-4V ELI alloy being fully martensitic (o’
phase), the mechanical characterization displayed low ductility, but high yield and tensile
strengths. Texture of the o’ martensitic microstructure was also investigated and is consistent

with the texture of the high temperature parent § phase from which it formed.

The as-fabricated Ti-22Zr-11Nb-2Sn alloy was heat-treated to modify the microstructure and
the mechanical properties. A recrystallization treatment at 700°C was applied successfully, as
the microstructure of the 700WQ specimen displayed equiaxed -grains, with a change in the
texture compared to the AF state. However, its mechanical properties remained the same as
those of the as-fabricated specimen. A heat-treatment carried out at 400°C has led to a B+a
microstructure. TEM observations highlighted the presence of fine o phase needles in 3
grains. The precipitation of nano-sized o phase needles has led to an improvement of
mechanical properties by a precipitation hardening mechanism, reaching a tensile strength
comparable to that of the AF-Ti-6Al-4V ELI of the present study, while keeping a low
Young’s modulus (60 GPa).

This study thus highlights the potential of the in situ alloying from elemental powders, and
opens a wide range of composition adjustment possibilities. In our case, it shows the
capability of the process to produce new highly biocompatible titanium alloys with interesting
mechanical properties, combining low Young’s modulus and high strength, which are suitable
for medical devices.
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