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Abstract: Ti-45Nb is one of the potential alloys that can be applied for biomedical
applications as implants due to its low Young’s modulus. Ti-45Nb (wt.%) gas atomized
powders were used to produce bulk samples by selective laser melting with three different
parameter sets (energy inputs). A B-phase microstructure consisting of elliptical grains with
an enriched edge of titanium was observed by scanning electron microscopy and X-ray
diffraction studies. The mechanical properties of these samples were evaluated using
hardness and compression tests, which suggested that the strength of the samples increases
with increasing energy input within the range considered.

Keywords: selective laser melting; Ti-45Nb; additive manufacturing




Metals 2015, 5 687

1. Introduction

Ti-based alloys, Co-based alloys and stainless steels are alloy systems that are widely used as
biomedical implants [1]. However, most of these alloys show higher Young’s modulus (>70 GPa)
compared to the Young’s modulus of the cortical bone (10-30 GPa) [2]. These differences cause
significant stress shielding [3] due to a mechanical stress mismatch between the implant and the bone,
results in loosening of the implant or potential mismatch of the implant in the human body [4,5].

B-titanium alloys like Ti-45Nb are one of the candidates for such applications because of its low
Young’s modulus (~62 GPa) due to the presence of the high-temperature bec B-phase [6], stabilized by the
high niobium content. Also, a high cooling rate will favor the solidification of the bcc B-phase [7]. This
relatively low Young’s modulus reduces the risk of the undesired stress shielding effect rendering Ti-45Nb
a potential material for biomedical implants [8,9]. In addition, Ti-45Nb possesses excellent ductility [10] and
good corrosion resistance [8] apart from the excellent biomedical properties rendered by this alloy. The
high affinity of titanium towards oxygen yields a self-generating passive layer consisting of TiO2 [7,11]
resulting in superior chemical resistance making it a prominent competitor in the biomedical arena.

Selective Laser Melting (SLM), an additive manufacturing technique developed in the
1980s [12,13], offers the possibility to produce parts with intricate shapes and near net design [14,15]
along with high cooling rates resulting in parts with superior properties [15]. Hence, SLM has attracted
the attention of both scientific community and industries, where there is a strong demand for the
production of novel materials, alloy development and production of near-net shaped materials. SLM
involves the production of parts by the interaction of a laser beam selectively with a powder bed [16].
The selective interaction process can be directed from a 3D CAD (Computer Aided Design) model,
which gives the processing parameters like the laser power, scanning speed, hatch style etc. layer by
layer [16]. The present work focuses on the production of a Ti-45Nb biomedical alloy using the SLM
process, followed by structural and microstructural characterization. The mechanical properties of the
specimens were evaluated for microhardness and compression tests.

2. Experimental Section
2.1. Powder Fabrication

Ti-Nb rods (4 kg), used to produce powder were commercially acquired from ATI (Albany, NY,
USA). Spherical gas atomized powder (GAP) was produced adopting the EIGA method (Electrode
Induction-melting Gas Atomization) in an argon (purity 99.999%) atmosphere, by the company TLS
Technik (Bitterfeld-Wolfen, Germany). Wet sieving (fluid: Isopropyl alcohol) was employed to select
the powder particles ranging between 20 < d < 100 pm. Bulk samples were produced from the GAP
using SLM Solutions SLM 250HL device, equipped with a continuous Nd-YAG laser (Pmax: 400 W,
continuous mode, A: 1054 nm and build chamber size: 250 mm x 250 mm x 350 mm) with a beam spot
size of ~80 um. The samples were produced on a Ti-45Nb substrate plate and the building chamber
was flooded with high purity argon gas (purity 99.9%) to avoid oxidation of the samples during the
SLM process. To prevent the influx of oxygen from the atmosphere the building chamber was kept
under an overpressure of 10 mbar.
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2.2. Parameter Selection

Selected combinations of laser powder PL, laser speed v, hatch distance along with the energy Ev
input employed and the relative density of the samples obtained are shown in Table 1. A strip hatch
style with an angle of 74° was set between the layers to ensure the production of defect free samples.
This so called strip or cross hatching avoids the formation of interconnected porosity [17]. A layer
thickness of 100 um between layers was used for all experiments.

2.3. Sample Characterization

Structural characterization was carried out by X-ray diffraction (XRD) using D3290 PANalytical
X’pert PRO (Almelo, The Netherlands) with Co-Ka radiation (A = 0.17889 nm) in Bragg-Brentano
configuration. Microstructural investigations were carried out by scanning electron microscopy (SEM)
in both back scattered and secondary electron modes using Gemini 1530 microscope (Carl Zeiss AG,
Oberkochen, Germany) fitted with an energy dispersive X-ray spectrometer (EDX). The density of the
samples was evaluated by the Archimedes principle using a Sartorius YDK-01 (0D) device (Sartorius,
Gottingen, Germany). Cylindrical samples of 5 mm diameter and 10 mm height (DIN 50106) were
produced for compression tests and were tested an INSTRON (model 5869) device at a cross head
speed of 0.005 mm/s. The measurements were stopped at a strain of 35%. The hardness was measured
with a HMV Shimadzu micro hardness tester with a load of 100 g for 10 s on polished samples.

Ten indents were performed under each condition and the average value is reported.

Table 1. Selective Laser Melting (SLM) parameters used for building bulk samples and
their related densities measured by Archimedes method.

v [mm/s] P [W] hatching [%] Ey [J/mm’] rel. density [%]
35 150 25 137 97.7+1.3
35 250 25 172 99.4+0.5
35 250 50 257 99.5+0.2

3. Results and Discussion
3.1. Ti-45Nb GAP Starting Material

The GAP used for the present study consists of spherical particles in the range of 20 < d < 100 pm
(Figure 1). The powder show the presence of satellites, which may influence the flow ability of the
powder (Figure 1) [18]. The XRD pattern (Figure 2) reveals the presence of a single B-phase (Im-3m),
whereas the rod used for gas atomization process consists of two phases (hexagonal a-phase and

B-phase).
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Figure 1. SEM image (Secondary electron mode, 15 kV) showing the spherical shaped
Ti-45NDb gas atomized powder (GAP) particles with the presence of satellites.
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Figure 2. X-ray diffraction patterns of the initial Ti-45Nb rod, the gas atomized powder
and of bulk samples produced by SLM with different energy input.

3.2. Bulk SLM Samples

The XRD patterns show that all the samples produced by SLM process employ three different
parameter sets (see Table 1) that exhibit the presence of single phased B structure (space group Im-3m)
(Figure 2), suggesting that the variation in the processing parameters does not have a significant
influence on the phase formation in the Ti-45Nb alloy. Compared to the XRD patterns of the initial cast
rod and the GAP, the SLM samples exhibit broad diffraction peaks. The peak broadening can be a result
of the presence of internal stresses in the material and/or a fine grained microstructure [12,13,15].

Figure 3. Scanning electron microscopy images of the SLM sample produced with the
following parameter set: laser speed, 35 mm/s; power, 250 W and hatching overlap,
50% (Back scattered electron mode, (a) 10 kV (b) 20 kV, etchant: Kroll’s agent).
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3.2.1. Microstructure

The SEM microstructure investigations (Figure 3a) show the presence of pores (<5 um in diameter)
in the material, suggesting that the sample is not completely dense (Table 1). Gas inclusions generated
during the melting and re-melting process may result in the formation of spherical porosity in the
samples [19]. It can be observed from the longitudinal section of the sample that these pores are
distributed all over the samples and they do not have a preferential site. Some irregular pores were also
observed, which is characteristic of the additive manufacturing process. Some typical SLM features
like the scan track boundaries (2) can also be observed clearly along with the presence of partially
molten powder particles (3). The SEM images show that the width of the scan tracks was observed not
to be uniform, which might be due to the rotation of the hatches to 74° between the layers. The
solidification process is dominated by an epitaxial growth mechanism (Figure 3) [20]. The solidified
layer acts as substrate for the solidifying melt leading to the formation of elliptical-shaped grains
orientated perpendicular to the solidification front [20]. The elliptical-shaped grains grow along the
same orientation as their neighbors and are separated by thin grain boundaries. Several of these
elliptical-shaped grains with same orientation form one cell separated by primary grain boundaries.
A similar behavior can also be seen in other materials like Al1Si10Mg, Inconel 939 or 316 L [21-24].
The grain growth occurs in a wavelike fashion and the boundary of the elliptical grains are rich in
titanium (Figure 4), which is similar to the cellular kind of microstructure observed in Al-12Si alloys,
where the cellular boundaries are rich in Si [15]. The elliptical grains are ~5 pm wide and ranges up to

Figure 4. Energy dispersive X-ray spectrometer (EDX) mapping of the elliptical-shaped

100 um in length.

grains and their segregation edges for samples obtained with the SLM parameters: laser speed,
35 mm/s and laser power, 250 W (etchant: Kroll’s agent, 11 kV).

3.2.2. Micro Hardness

The micro hardness data of the SLM samples produced with different parameters is displayed in
Figure 5. A micro hardness of ~211 HVo.1 is observed for an energy input of 257 J/mm? and the value
drops to ~192 HVo.1 as the energy input is reduced to 137 J/mm?. The results reveal that the micro
hardness is directly correlated with the energy input supplied to the material. With increasing energy
input, the thermal gradients change, thereby changing the local heat flux and in turn the cooling rates
observed. We expect this to have an influence on the microstructure formation, grain sizes and in turn
the hardness (as observed in Figure 5) [20,25-27].
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Figure 5. Vickers microhardness data of the samples produced by SLM with different
energy input.

3.2.3. Compression Tests

Typical room temperature compression test curves are shown in Figure 6. The compression test was
stopped at 35% strain due to technical limitation that may arise from the strain measurement system.
It can be observed that the yield strength as well as the compression strength at 35% increases with
increasing energy input and the density of the samples. A highest compressive strength at 35% strain
of ~723 MPa is observed for the sample with the highest energy input of 257 J/mm?® (99.5% dense)
corroborating the Vickers microhardness results with respect to the increase in strength owing to fine
microstructural features observed in the SLM specimens. The strengths of the material under
compression do not show a significant variation between the energy densities 137 J/mm® and
172 J/mm?. The compression test results along with the hardness results and density data suggests that
the energy input plays a distinct role in creating a fine defect free microstructure and in turn the
mechanical properties.
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Figure 6. Compression test curves of the samples produced by SLM with different
energy input.
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However, the compressive modulus was observed to be ~30—50 GPa higher than the Ti-45Nb alloy
prepared by other conventional routes [6,28,29], which might be attributed to the fine microstructure.
Thanks to the advantage of such additive manufacturing processes, modification in the modulus can be
incorporated in the form of introducing structures in the samples instead of the bulk samples. This
suggests that additive manufacturing processes like selective laser melting are suitable for producing
custom specific biomaterials.

4. Conclusions

Ti-45(wt.%)Nb samples were successfully produced using the SLM technique with three different
parameter sets. The XRD patterns show the presence of B-phase with broadening of the peaks
compared to the GAP, suggesting the presence of internal stresses and/or grain refinement. The SEM
images reveal the presence of elliptical grains with Ti along the boundaries. Both the Vickers
micro-hardness as well as the compression test results prove that the strength of the SLM samples
increases with increasing energy input.
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