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Abstract

Biocompatible beta-titanium alloys such as Ti-27.5(at.%)Nb are good candidates for implantology
and arthroplasty applications as their particular mechanical properties, including low Young’s
modulus, could significantly reduce the stress-shielding phenomenon usually occurring after surgery.
The CLAD® process is a powder blown additive manufacturing process that allows the manufacture of
patient specific (i.e. custom) implants. Thus, the use of Ti-27.5(at.%)Nb alloy formed by CLAD®
process for biomedical applications as a mean to increase cytocompatibility and mechanical
biocompatibility was investigated in this study. The microstructural properties of the CLAD-deposited
alloy were studied with optical microscopy and electron back-scattered diffraction (EBSD) analysis.
The conservation of the mechanical properties of the Ti-27.5Nb material after the transformation steps
(ingot-powder atomisation-CLAD) were verified with tensile tests and appear to remain close to those
of reference material. Cytocompatibility of the material and subsequent cell viability tests showed that

no cytotoxic elements are released in the medium and that viable cells proliferated well.
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1. Introduction

Elaborated from a combination of non-cytotoxic elements, beta-titanium alloys have been widely

studied for applications in biomedical domains [1]. Implantable medical devices should have a



Young’s modulus as close as possible to that of the bone (~ 30GPa). Indeed, the durability of a joint
replacement or an implant placement depends on the bone remodeling process which is related to the
loading conditions of the bone. The stiffness mismatch between implant material and surrounding
bone may lead to stress-shielding of the bone as demonstrated by Huiskes et al. [2]. This phenomenon
can result in bone resorption and loosening of the implant.

Authors have designed some titanium alloys, for example scanning the proportions of niobium,
tantalum, zirconium and molybdenum in Ti-Nb, Ti-Nb-Ta-Zr, Ti-Nb-Ta—-Mo and Ti-Nb-Ta-Sn
alloys [3]-[6], taking into account the factors of mechanical biocompatibility and non-cytotoxicity.
Beta titanium alloys are often studied as an alternative for more « conventional alloys » to improve
mechanical biocompatibility [7], [8]. It was shown that beta-titanium alloys such as Ti-27.5(at.%)Nb
are excellent candidates for biomedical applications because of their very low elastic modulus (50GPa)
close to that of cortical bone (30GPa) and their high strength (600Mpa) [3], [4], [7], [9]-[11]. They
could significantly reduce the stress-shielding phenomenon [12]. In addition to the improvement in
elastic properties, Ti-Nb alloys are perfectly biocompatible [13] and non-cytotoxic. Their use instead
of classical materials such as Ti-6Al-4V or Ti-Ni avoids the release of Al, V and Ni toxic ions in the
body [14].

The direct laser deposition process or CLAD® process is a powder blown additive manufacturing
process. Its flexibility permits the fabrication of many shapes. It is thus applicable to the production of
high added value products such as patient specific implants since it makes the manufacture of shapes

close to a patient’s morphology possible.

The purpose of this study was to validate the conservation of the particular properties of the Ti-
27.5Nb material after the transformation steps as the raw Ti-27.5Nb powder is not available for

purchase and has been fully synthesized: pre-alloyed ingot, atomization, laser deposition.

The microstructure of a Ti-27.5Nb wall was analysed by optical microscopy and its phases were
identified by X-ray diffraction. Grain growth was studied with EBSD that allowed obtaining a
representation of the crystallographic orientations and studying the morphology of the grains. Tensile
tests were performed to verify its mechanical properties. Direct and indirect tests were performed to

determine cytocompatibility of the material and to evaluate cell viability.

2. Materials and methods

A Ti-27.5(at%)Nb ingot was first melted using the cold crucible levitation melting method using
pure metals in weight proportions Ti:Nb=58:42. The ingot obtained was then subjected to a

homogenization treatment at 1223 K for 72 ks under high vacuum followed by water quenching. After



that, the material was cold rolled into 2mm x 2mm square section bars. The bars were then hammered
into circular section bars before being hot wire drawn. The wire was transformed into powder by the
wire-arc atomization method. This method consists in transforming the wire into liquid by plasma
generation. Simultaneously, an atomized gas chops the liquid to elaborate particles. The morphology
of particles displays a spherical morphology without satellites. Fig 1 and Fig 2 show respectively the
powder morphology and size distribution. The average powder size is 66pum and the alloy melting
point is close to 2100°C, considerably higher than that of more conventional Ti alloys.
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Fig 1: SEM micrograph (at two magnifications) showing the spherical Ti-27.5Nb powder obtained by the wire-arc
atomization method
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Fig 2: Particle size distribution of particles from wire-arc atomization

The laser deposition tests were carried out on a 5 axis laser metal deposition (LMD) machine
designed by IREPA LASER (Fig 3a). The process developed by IREPA LASER is a blown powder
additive manufacturing process called CLAD® process, with a laser as the heating source. The
metallic powder is injected in a coaxial nozzle, patented by IREPA LASER (US Patent n° 5418350).
The powder is carried by argon as transport gas. At the output of the nozzle, the powder jet is shaped
by a secondary gas in order to concentrate the powder density (Fig 3b). The powder is then heated and
melted by a laser source before being deposited on a substrate. The addition of deposited layers creates

the manufactured object.
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Fig 3: CLAD® machine MAGIC with the 5 axis structure (a) and patented IREPA LASER coaxial deposition nozzle (b)

The machine is equipped with a 500 W fiber laser (optic fiber @200 um, X = 1070 nm). This
machine called MAGIC has a continuous 5 axis configuration and a working envelope of X1500 x
Y800 x Z800 mm for the linear axis, and a swiveling (B) and rotating (C) movement for the part. The
nozzle is fitted on the linear axis and works always vertically because the gravity affects the powder
jet stream. Two nozzles (US Patent n° 5418350) are integrated into this machine and work
alternatively for the manufacturing of the parts. The first nozzle (called macroCLAD 10Vx) makes
deposition tracks with a width in the range of 1-1.2 mm, and the second nozzle (called macroCLAD
24Vx), equipped with a different optical system, makes tracks width in the range of 2-2.4 mm. At last
the machine is equipped with a gas enclosure with a volume of 12 m® specially adapted for the
manufacturing of Ti alloys parts, and able to work with O, level lower than 40ppm, and H,O level
lower than 50ppm. Indeed, after first argon filling, the machine works with a closed-circuit of argon
continuously purified allowing very low oxygen partial pressure. Processing parameters are

summarized in Table 1.

Table 1: LMD processing parameters

Laser power 500W

Spot diameter 700um

Deposition speed | 1000mm/min

Powder flow 4g/min




The powder obtained from wire-arc atomization was used in the CLAD® process with the
macroCLAD 10Vx nozzle to manufacture Ti-27.5Nb walls with dimensions height x width x thickness
100 mm x 70 mm x 2 mm. They were produced by depositing two adjacent tracks per layer.

a b
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Fig. 4: (a.) manufactured wall and (b.) its fabrication scanning strategy

The chemical composition of Ti-27.5Nb wire drawn material as well as Ti-27.5Nb powder and Ti-
27.5Nb CLAD® wall is presented in Table 2. The titanium and niobium contents were measured by
inductively coupled plasma atomic emission spectroscopy. The carbon and the oxygen were analyzed
by fusion method and infrared detection, and the nitrogen and the hydrogen by fusion and conduction.
Most of the oxygen present in the final part is due to the atomization process inducing high levels of
oxygen in the powder. There is a partial desorption of this oxygen during the fusion of the powder in
the LMD process. As comparison with a more common material, oxygen levels allowed in Ti6Al4V
ELI are 1300ppm (ASTM F136 and ASTM F3001-14) and in Ti-6Al-4V are 2000ppm (ASTM F2924-
14).

Table 2: Chemical composition (wt. %) of the powder mix

Element Ti Nb C H N o
Incertitude (wt. %) (£1) (£1) (£0.003)  (+0.0012) (+0.0020) (+0.020)
Wire (wt. %) 58 42 0.014 0.0053 0.0160 0.147
Powder (wt. %) 58 42 0.020 0.0160 0.0630 0.789
Wall (wt. %) 57 43 0.022 0.0138 0.0375 0.323

The microstructure of the Ti-27.5Nb walls was analysed by optical microscopy after grinding and
etching with Kroll’s reagent and phases were identified by X-ray diffraction using a Cu Ka source
(A=0.1540 nm). Grain growth was studied with EBSD analyses showing a representation of the

crystallographic orientations and the morphology of the grains.



Tensile tests were performed to verify the mechanical properties of the deposited alloy. Six tensile
specimens were machined from a wall in the longitudinal direction. Half the specimens were tested as-
build (AB) and the others were solution treated at 1173 K for 3.6 ks followed by water quenching
(STcLape). Wire drawn material (from ingot) was tested as well for reference: three wire specimens
with diameter 2 mm were sampled after the hot wire drawing process. Specimens were subsequently
solution treated (STyy) at 1173 K for 3.6 ks under Ar atmosphere and water quenched. Tensile tests
were performed at 20°C, with 20mm in gauge length at a constant strain rate of 0.05min™.

Cytocompatibility tests were performed in order to verify the safety of the Ti-27.5Nb alloy before
and after CLAD® process. Indirect and direct tests were performed following the 1SO10993-5
standard [15]. First, extraction media were produced for indirect tests by immersion of raw powder,
wire or bars of Ti-27.5Nb in Dulbecco’s modified Eagle cell culture medium without fetal bovine
serum (FBS) addition. A deep cleaning was needed before immersion of materials in order to remove
any pollution from the post-processing protocols. Samples were immersed in successive 10 minutes
baths in ultrasounds of chloroform, acetone, ethanol and distilled water. After cleaning, samples were
sterilized at 180°C in air during 2 hours and immersed in culture medium during 1, 3 or 5 days at 37°C
in a 5% CO, atmosphere in a cell culture incubator. Afterwards, immersion media were harvested and
kept at -20°C. Immediately before use, they were thawed, completed with 10% FBS and deposited for
24 hours on human mesenchymal stromal cells (STRO-1A" cells) [16] cultured at confluence in 96-

well plates. After this time, viability of cells was quantified in each well using a MTT test.

Secondly, STRO-1A" cells were directly inoculated on samples prepared from walls manufactured
by CLAD® from Ti-27.5Nb powder. Walls were cut in 1cm? pieces and mirror-polished. Viability and
proliferation of cells after 4 hours, 24 hours, 3 days and 6 days were quantified by the PrestoBlue® cell
viability reagent (ThermoFisher Scientific, France) and compared on unpolished and mirror-polished
samples. Cells were inoculated at 2.10* cells / sample. After 1 and 3 days of culture, samples were
prepared for cell morphology examination by confocal microscopy. They were fixed with
paraformaldehyde 2% and stained with Hoechst 33342 (Sigma Aldrich) for revealing cell nucleus and
Alexab55-phalloidin  (Thermofisher Scientific, France) for staining actin cytoskeleton. The

examination was performed thanks to a Zeiss LSM700 upright confocal microscope.

Standard statistical analyses (Student t-test) were performed to compare the number of viable cells

adhering on the different samples at the various culture times.

3. Results and discussion

It was essential to analyze the properties of the transformed material in order to determine whether the

properties of the bulk (ST ) material were retained.



3.1. Microstructure and phase analysis

On the micrograph Fig. 5, the superposition of the deposited layers is visible and the two adjacent
tracks are discernible. The width and height of each track is estimated to be respectively 1.2mm and
0.3mm. Nonetheless, the two scanning tracks seem asymmetrical. This is due to the fact that in order
to obtain a compact deposit, an overlapping of 30% is required between two successive tracks.

At higher magnification, the dendritic solidification structure can be observed.

Fig. 5: Optical micrograph showing the solidification structure of the Ti-27.5Nb alloy after CLAD® in the plane (xz)

Ti—27.5Nb gas atomized powder and Ti-27.5Nb CLAD® AB processed sample exhibit only [3-

phase peaks in XRD (Fig. 6) (Cu Ka irradiation) in agreement with the high cooling rates occurring
during the process. The intensity of the peaks of the powder diffractogram and that of the CLAD®

sample are identical. This shows the absence of texture in the processed material.
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Fig. 6: X-ray diffraction profiles of Ti-27.5Nb powder and Ti27.5Nb after CLAD® process

EBSD analyses were conducted in order to further highlight the grain morphology. The growth rate,
temperature gradient, melt pool shape, travel speed and alloy constitution will all control the final
microstructure of a solidifying melt pool. As can be seen in Fig. 7, representing the IPFZ (inverse pole



figure) EBSD map of the complete thickness of the wall, the deposited alloy is entirely composed of
large beta grains. Contrary to what can be observed for some other laser deposited titanium alloys, the
beta structure is not columnar. Indeed, laser deposited Ti-6Al-4V for example, usually presents a full
o’ phase with vertical prior columnar beta grains [17], [18]. Here, the beta grains present different
morphologies depending on their location. Indeed, on the sides (near the faces of the wall), large
elongated beta grains can mainly be found whereas in the core of the wall, there are mainly smaller
equiaxed beta grains. Moreover, there is a difference between the two sides of the map. Indeed, on the
right, the grains are elongated and have an inclination of approximately 45° with respect to the face of
the wall. On the left, the grains are also elongated but are perpendicular to the face of the wall.
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Fig. 7: EBSD analysis on the width of the wall
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Fig. 8: Grain growth during the melting-remelting-solidification process occurring during the first (a) and second (b)
deposition tracks in CLAD®

The different grain morphologies are due to varying cooling speeds and thermal phenomenon related
to the fabrication strategy. Because the deposit was made for the first track scanning from the front to



the back and the other way around for the second (from the back to the front), the thermal
phenomenon happening is different from one side to the other. When the first track is deposited, there
is a directional solidification of the grains towards the direction of the heat i.e. the direction of the
moving laser (Fig. 8(a) index 1). When the second track is deposited, two areas are to be distinguished
(2 and 3 on Fig. 8(b)). The area indexed 2 corresponds to the overlapping of the tracks, thus a mix
between remelted metal from the first track and freshly deposited metal from the second track. In this
zone, there is no directional solidification because temperature is homogeneous in the core of the wall.
It forms a heat zone where the grains grow in an equiaxial shape, analogous to the center of a cooling
ingot [19], [20]. The area indexed 3 consists of the main part of the second track. Here, there is a
directional solidification perpendicular to the edge, in the direction of the heat zone in the core of the
wall (2 in Fig. 8(b)).

The final microstructure of a Ti-27.5Nb CLAD® part will depend on its geometry. It is highly
probable that a larger part, built from many adjacent tracks and thus more similar to the center of the

wall will mostly contain equiaxed beta grains.

The EBSD analyses were performed in a significantly large portion of the CLAD® Ti-27.5Nb wall

and highlight the absence of preferential crystallographic orientation of the grains.

3.2. Mechanical characterization

One of the main advantages regarding the use of a Ti-27.5Nb alloy for biomedical applications is
its low elastic modulus [21], [22]. The properties of the wall built by CLAD® process were tested by
loading-unloading tensile tests with imposed strain increasing by 1% for as-built samples (AB) and for
solution treated samples (ST¢ ape) and compared to the reference (STy) (Fig. 9).
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Fig. 9: Stress-strain curves for Ti-27.5Nb CLAD® samples AB, ST ape and for reference sample ST ¢



For the three metallurgical states, similar mechanical behavior is observed with no superelasticity,

similarly to that observed by Kim et al. [5] in Ti-xNb alloys with x superior to 27%.

The elastic moduli and ultimate tensile strengths obtained from the stress-strain curves are
respectively 70GPax3GPa and 820MPat5MPa for the AB sample and 70GPat4GPa and
750MPa+4MPa for the STcLape Sample. There is very little difference between the two states which
confirms the high cooling rates in CLAD® PROCESS.

However, the moduli and ultimate tensile strengths of these LMD samples are higher than that of
the ST that has a modulus of 65GPa+4GPa and ultimate tensile strength of 700MPa+5MPa. This gap
can be explained by a presence of oxygen in the CLAD® samples: 3500ppm i.e. 1.3at.%0 (Table 2).
Indeed, many studies have compared Ti-Nb-O alloys with addition of 0.5% to 2% oxygen to Ti-Nb

alloys.

Wei et al [23] investigated the influence of oxygen content in beta-titanium alloys and in particular
in Ti-Nb-Zr-Ta-(0-2at.%)0O. The experimental results highlighted an apparent change in stress-strain
behaviors with increasing oxygen. Ultimate tensile strength was increased by 30% to 60% of its
original value; Young’s modulus increased gradually from 56GPa (0%O) to 90GPa (2%O) but
remaining around 60GPa between 0.5%0 and 1.5%0; elongation remained high until addition of
1%0; superelastic behavior was suppressed with any addition of oxygen. They concluded that the best

behavior for biomedical applications was obtained with Ti-22.5Nb-0.7Zr-2Ta-10.

Nii at al. and Tahara et al [24], [25] worked on oxygen addition in Ti-26Nb alloy. Both demonstrated a
change of the stress-strain curves by the addition of 1%at.%0 to the Ti-26Nb alloy : ultimate tensile
strength (UTS) increased from around 300MPa to 700MPa and no martensitic transformation was
observed. In fact, the martensitic start transformation (Ms) was proven to decrease by 160K with
1at.% increase of oxygen content [26], [27] thus preventing the transformation at ambient temperature

and stabilizing the beta phase in beta-titanium alloys.

Hence, both yield strength and ultimate tensile strength increase with the addition of O. Oxygen
strengthens the material and decreases its superelastic properties. Moreover, the amount of oxygen can
be critical for martensitic phase transformations in Ti alloys because Ms temperature decreases with
increasing oxygen content. From these points of view it is important to keep the oxygen content as low
as possible. In our case, there was a significant presence of oxygen after the atomization process that
can be explained by the small size and the high reactivity of the powder particles. There is around
3500ppm oxygen in the deposited alloy which corresponds to approximately 1.3at.%0O. This explains
the difference with the reference ST Ti-27.5Nb alloy. Nonetheless, the oxygen amount in the
deposited material is lower than that contained in the powder. During fusion, desorption of oxygen

occurs.



3.3. Cytocompatibility analysis

The indirect cytotoxicity tests confirmed that neither powders, wires nor bars released any

cytotoxic elements after 1, 3 or 5 days of immersion in extraction medium (data not shown).

When the cells were directly cultured on unpolished or polished CLAD® Ti-27.5Nb samples,
adhesion and proliferation of cells were maintained and even improved after 3 days on polished
samples compared to control (polystyrene cell culture dishes). Proliferation was significantly higher
on polished samples compared to unpolished CLAD® ones from 24h to 6 days (Fig. 10). That confirms
previous works that demonstrated the cytocompatibility of pure niobium and Ti-Nb alloys [13], [28]—
[30]. The morphology of cells after 24 hours confirmed the good adhesion of cells on both Ti-27.5Nb
surfaces. On unpolished samples, cells logically aligned following surface texture due to CLAD®
process as previously observed in a lot of published studies reviewed by Anselme and Bigerelle [6]
(Fig. 11).

0,25
m4h W24h 3d med
* §
w_ 0,20 %
E r
(%)
S
E
&
~ 0,15
un
; s
(5]
g |
8 010 ——— { }
6
a %
= T
0,05 +—
* §
* x X
0,00 -
Mirror-polished samples Unpolished samples Control

Fig. 10: Viability of cells cultured on mirror-polished and unpolished CLAD®-treated Ti-27.5Nb samples is quantified
over 6 days thanks to PrestoBlue® cell viability reagent. Absorbance was measured at 570 nm and normalized to sample
surface. Control is polystyrene of cell culture dishes. * Statistically different from control, p<0.05. § Statistically different

from unpolished CLAD®-treated Ti-27.5Nb samples, p<0.05



Fig. 11: Morphology of cells cultured 24 hours (A,B) and 3 days (C,D) on mirror-polished (A,C) and unpolished (B,D)
CLAD®-treated Ti-27.5Nb samples.

Conclusion

The goal of this study was to synthesize and characterize a CLAD-deposited Ti-27.5Nb alloy.
From Ti-27.5Nb ingots, wire was obtained and transformed into spherical powder by wire-arc

atomization method. Samples were manufactured by CLAD deposition. We demonstrated that:

- Wall contains more oxygen than ingot but less than powder.

- The produced sample is fully beta with no crystallographic texture.

- Grain morphology highly depends on thermal history and hence on part geometry.

- Young’s modulus and ultimate tensile strength is higher for as-built CLAD samples than for

STrer SamMples. The ratio % J.e. the elastic strain is more advantageous for the deposited

material.
- Material did not hinder cell growth and viability of cells. Results were even better with

polished samples.



Most of the initial properties of this alloy are preserved or even enhanced after the deposition

process.
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Highlights

Biomimetic implants can be provided from additive manufacturing with beta-titanium alloys
We studied the properties of a Ti-Nb alloy elaborated with a laser deposition process

TiNb alloy processed by LMD consists of only beta phase due to rapid cooling

No preferential crystallographic texture is observed with EBSD analyses

TiNb samples showed a combination of high strength and low Young’s modulus



