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ARTICLE INFO ABSTRACT

Keywords: Low Young's modulus titanium alloys, such as Ti-30Nb-5Ta-3Zr (TNTZ) of this study, were promising bio-
Selective Laser Melting compatible implant materials. In this work, TNTZ samples with relative density of 96.8%-99.2% were additively
TNTZ manufactured by powder-bed based Selective Laser Melting (SLM) through tuning processing parameters, i.e.
Biocompatibility

Mechanical properties
Microstructure

varying the point distance between 50 and 75 um, laser exposure time between 135 and 200 s, and a fixed laser
power of 200 W. The microstructure, elastic properties, fatigue properties and machining accuracy of the fab-

ricated samples have been investigated. Lattice structure TNTZ samples with porosity of 77.23% were also
fabricated to further reduce the Young's modulus of the TNTZ. According to the Relative Growth Rate (RGR)
value, the as-printed TNTZ samples exhibited no cell cytotoxicity, where they showed even better biocompat-
ibility than the comparative, as-printed Ti-6Al-4V samples. The as-printed TNTZ developed by the study de-
monstrates good biocompatibility, low stress shielding tendency and high mechanical properties.

1. Introduction

Biomedical titanium alloys have extensive medical applications due
to their superior biocompatibility, excellent mechanical properties and
low Young's modulus close to that of cortical bones [1-4]. Among the
explored Ti-based biomaterials, Ti-6Al-4V has been widely used in
making implant to replace shoulders, knees, elbows, or other body parts
of the human being [5-7]. Recent research in biomedical titanium al-
loys, however, showed that novel B-type titanium alloys such as Ti-
30Nb-5Ta-3Zr (TNTZ) [8-10] have better biocompatibility and lower
stress shielding tendency, and thus were considered as more effective
for promoting bone healing and remodeling than the Ti-6Al-4V alloy
[11-13]. They were generally regarded as the next generation, more
advanced metallic implant material [14-17].

For individual patient with e.g. bone loss or illness, standard mass
production of implants may not meet their needs, and then the custo-
mized devices with geometry derives from the Magnetic Resonance
Imaging (MRI) data was badly needed [18-20]. Selective Laser Melting
(SLM), a powder bed based additive manufacturing technology, can be
used to melt selected areas of each layer through a highly focused laser
beam and under computer control; the final implants were obtained by
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accumulating layers [21-24]. Aside from dense implant, SLM can also
fabricate customized implants with lattice structures, which allows the
ingrowths of the new-bone tissues and transport of the body fluids
[25-27]. Although some titanium alloys like commercially-pure Ti (CP-
Ti) and Ti-6Al-4V have been successfully manufactured by SLM, few
attempts have been devoted to the study of the processing, mechanical
property and biocompatibility of Ti-30Nb-5Ta-3Zr manufactured by
SLM [28,29]. During the SLM processing, heating & cooling rates of the
metal material can reach to 10°-10° K/s which could strongly affect the
mechanical properties of the final material and finally effect the bio-
compatibilities [30-32].

In this work, samples of TNTZ with high relative density of 99.2%
and TNTZ lattice structure samples with the porosity of 77.23% and
Young's modulus of ~19.0 GPa were additively manufactured by SLM.
The influences of the manufacturing strategy on the relative density and
the Vickers hardness of the TNTZ alloy were discussed. The micro-
structure, elastic properties, fatigue properties and machining accuracy
of the fabricated samples have been investigated. The biocompatibility
of the as-printed TNTZ alloy has been investigated as well.
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Table 1 Table 2
Chemical composition of TNTZ powders studied in this work (wt%). List of TNTZ samples.
Nb Ta Zr (0] Ti Kind of test Print Cast
30.4 5.28 7.16 0.11 Remainder Hardness 42 3
Compression 5 3
Tensile 5 3
2. Materials and methods Fatigue 30 -
EBSD 3 1
. . o Biocompatibility 5 5
2.1. Material preparation and characterization Lattice compression 5 _
Total 95 15

The TNTZ powders were produced by Plasma Rotating Electrode
Process (PREP; commercially purchased from Xiansailong Company),
and the chemical composition of the powders was shown in Table 1(in
wt%). The powder flowability was tested measured by the compre-
hensive characteristic tester of powder (BT-1000). Images of the TNTZ
powders were acquired from the Tescan MIRA3 field-emission Scanning
Electron Microscopy (SEM, operated at 10 kV, 60 um aperture, and high
current mode). The as-cast samples in this work were manufactured by
arc melting. All 110 Titanium samples (both as-printed and as-cast,
listed in Table 1) in this work were annealed (at 600 °C, 3 h) for stress
relief [33,34].

A RENISHAW 250 HL machine equipped with a 200 W Yb:YAG
pulsed fiber laser with a beam size of 80 um was used to fabricate the
samples under a high-purity Ar atmosphere containing no > 80 ppm
environmental oxygen. TNTZ samples of 10 X 10 x 30 mm?® dimension
were additively manufactured through varying processing parameters
including the point distance (PD, center distance between two molten
pool; denoted as L, L = 50-75um), laser exposure time (ET, time
duration of single molten pool melted by laser spot; T = 135-200 ps).
The layer thickness (D, um) was kept constant at 50 pm, and the laser
power (P, W) was fixed at 200 W.

The relative density of samples was measured by the Archimedes'
method. Then the “Best Parameter” was acquired. The Vickers hardness
was measured on the polished samples through a microscopic Webster
hardness Tester with a 500N load and dwell time of 15s (diamond
indenter ¢@ 2.8 mm). An average of 12 points was tested for each
sample; the deviation in these measurements was less than + 0.3%. The
hardness on the sides showed 83%-92% of the top and shared the same
trend as the top. However, due to the high value dispersion, the results
were not included in our work.

Using the “Best Parameter”, cylinder compression samples with
®3mm X 6 mm dimension were manufactured. Phase constitution was
analyzed by the X-ray diffractometer (XRD, Rigaku Smartlab, Japan),
with a Cu Ka radiation at 45 kV and 200 mA. Continuous scanning at a
speed of 1.5°/min was used from 20 angle of 30° to 90°. The micro-
structure of the horizontal direction of the cube was examined by SEM,
after the samples were etched with Kroll's Reagent (containing 100 mL
water, 3mL hydrogen fluoride and 5mL nitric acid). The Electron
Backscattered Diffraction (EBSD) mappings were also examined by the
same SEM. The SEM mapping settings were 0.05 pm-0.5 um step size
and 1000-5000 grains with grain boundary definition as 10°. Grain size
measurements were obtained using data for all grains in a single map.

The Young's modulus of the heat-treated samples (cylinder com-
pression samples with ®3 mm X 6 mm dimension) was measured by
ultrasonic method on an ultrasonic velocity gauge (35 DL, Panametric,
USA). A normal incident probe, model M110, 5 MHz and a shear probe,
model V221, 5 MHz were used for the measurement of normal and
shear velocities of the wave, respectively. Samples were compression-
tested and tensile -tested using a microcomputer controlled universal
testing machine (CMT 4503, MTS, USA) at a strain rate of 10~ 3s™ 1.
During the testing, the load-displacement data was recorded, and the
Young's modulus was acquired. The samples of machining accuracy
were also manufactured using the “Best Parameter” as well. After ul-
trasonic cleaned for 20 min, the samples were analyzed using SEM. The
3D morphological characterization of the as-printed samples was

acquired through the Diondo-D2 micro-CT system. The surface rough-
ness of the samples was measured by a 3-D profiler (Bruker, ContourTG-
KO0, Germany). Five measurements with a scan area of 0.09 x 0.12 mm?
were performed at random positions on 3 samples. The surface com-
position was analyzed using XPS (ESCALAB 250X), with an Al-K, X-ray
source (1486.6 eV) at a take-off angle of 90°. The stl. file of the lattice
sample was generated by the MAGICS (Materialise, Leuven, Belgium),
then the lattice sample were also additively manufactured by SLM
(Table 2).

An Instron 8801 (USA) with 10 kN force cell was used to subject all
fatigue samples to constant amplitude sinusoidal loading in compres-
sion-compression at fixed test frequency of 50 Hz and fixed load ratio
R = 0.1. All experiments were force controlled and the stress-based
approach was used for fatigue analysis. S-N curve was constructed by
testing at least 5 identical samples at one stress amplitude.

2.2. Cell culture, proliferation

The SLMed samples were sliced and polished into 0.5 mm thick and
6.2mm diameter discs. After high temperature sterilization, the discs
were placed in 96-well TCPS (Tissue Culture Polystyrenes) plates. One
of the control groups was the same culture medium but without the
metal materials, while the rest control groups were the same culture
medium filled with Ti-6Al-4V discs manufactured by SLM processing
[35,36]. The blank group contained only PBS (Phosphate Buffered
Saline, HyClone, USA) without cell suspension and materials. L929 cells
(Mouse fibroblast cell line, purchased from the Shanghai Type Culture
Collection, Chinese Academy of Sciences) were used for biocompat-
ibility study and they were cultured at 37 °C and in a 5% CO, air at-
mosphere until cells were ready to be subcultured. After digesting with
Trypsin-EDTA solution (0.25% Trypsin-0.53 mM EDTA solution),
single-cell suspension was counted by Automated Cell Counter (Coun-
tess II, Invitrogen, USA). The cell suspension was diluted to a con-
centration of 1.0 X 104 cells/well. After preparation, 0.2 ml of the cell
suspension was seeded into each well [37].

After cultured for 72 h, the discs were washed twice by PBS, and cell
proliferation of each group was measured. 0.2ml of fresh culture
medium and 0.02ml of CCK-8 (Cell Counting Kit-8, Dojindo, Japan)
solution were added to each well and incubated at 37 °C for 2h. Then
the Optical Density (OD) value of the solution in each well was de-
termined using the Varioskan LUX multimode microplate reader at a
wavelength of 450 nm. Subsequently, cell Relative Growth Rate (RGR)

was calculated by using the following method [38]:
RGR = [(As — Ap)/(Ac — Ap)] (€]

where A was the OD value of experimental group, A. was the OD value
of control group and A, was the OD value of blank group. The RGR
value of the lattice structured TNTZ samples was obtained using the
similar method in 6-well plates.

2.3. Cell morphology

The discs were cleaned twice with PBS, fixed with 4%
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Fig. 1. (a) SEM image and (b) particle size distribution of the TNTZ powder.

paraformaldehyde for 30 min, stained with DAPI for 10 min, then
cleaned twice with PBS again. The magnification fluorescence micro-
graphs of the samples were acquired.

2.4. Statistical comparisons for the biocompatibility study

To further evaluation the biocompatibility, statistical comparisons
were performed using Student's t-test for unpaired data. P values <
0.05 were considered significant for all tests [39].

3. Results
3.1. Powder characterization

Fig. 1 showed SEM image (Fig. 1a) and particle size distribution of
the TNTZ powders (Fig. 1b). The powders were nearly spherical, and
their size distribution followed Gaussian distribution with medium
diameter of ~51um. Flowability test suggested that the powders
showed angle of repose, angle of collapse, and apparent density as
6, = 21.5°, 6 = 19.2°, and 3.462 g/cm>, respectively, suggesting ex-
cellent flowability of the powder (details were omitted here).

100.5

3.2. Porosity

Fig. 2 showed the effect of point distance (PD) and exposure time
(ET) on the density of the SLMed samples. There was an overall trend of
increasing relative density with decreasing PD down to 55 pm and with
increasing ET up to 165 ps, after which level the density slightly de-
creased from 99.2% to 98.7%.

Regarding the effects of the point distance and the exposure time on
the density, it was interpreted as follows: While decreasing laser input
energy may cause less fusion and more porosity, increasing laser input
energy was, on the other hand, likely to cause higher temperature in the
molten pool. And once the powders were fully molten, too much melt
convection, will, in turn, hinder the spreading of molten pool and cause
the generation of pore defects. Indeed, other studies also showed that at
shorter point distance (< 55 pm) or longer exposure time (> 165 ps),
the balling, crack and oxide layer were generated in the melt pool,
resulting in a poor layer surface and lower relative density [15].

Ignoring the laser transfer between the two adjacent molten pools,
the laser scan speed can be approximated by the follows [40]:

v=L/t 2

where v was the laser scan speed (m/s), L was the point distance (um)
and t was the exposure time (us). The corresponding scan speed of each
data point in Fig. 3 were therefore calculated. The laser energy density

100.0
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99.0
98.5

—=—135ps
—o— 145ps
155ps
—v—165ps
—+—175ps
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Fig. 2. Relative density of the 42 samples manufactured by SLM (laser power: 200 W; point distance: 50-75 pum; exposure time: 135-200 ps).
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Fig. 3. The 3D, micro-CT image of the as-printed TNTZ.

(the total energy input per volume of each track), E (J/mm?>), can be
calculated by [41]:

E=P/V 3)

where P was the incident laser power (W) and V was the volume of laser
scanned per second (mm?3/s). In this work, V can be estimated by:

V =v-D-(2L) @
Then the energy density, E, can be calculated by:
E = PT/(2L*D) (5)

Based on Eq. (5), it was noted that L plays a major role on the re-
sultant E. The laser energy density, E, was in turn a key factor that
affects the quality of the SLMed samples. From Fig. 3, the “Best Para-
meter” was determined as PD: 55 pm, ET: 165 ps. The corresponding E
of this point was about 109 J/mm?, above or below which value por-
osity will increase.

Fig. 3 showed the 3D micro-CT image of the whole as-printed TNTZ
sample. Merely few pores with a maximum diameter of ~15 pum can be
found within the sample, and overall the as-printed sample showed
almost near full density.

3.3. Microstructure study

Furthermore, results from X-ray diffraction (XRD) suggested that the

A
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SLMed TNTZ consisted of a majority 3 phase and a minority a phase
(Fig. 4a). Fig. 4b revealed that the as-built struts were filled with very
fine o’ martensitic laths (average length 0.8 um). Again, the micro-
structure showed no obvious apparent porosity. The EBSD results of the
horizontal plane (XOY plane) (Fig. 5a) suggested that the average grain
size of as-printed sample is ~17.6 um, 9 times smaller than the as-cast
sample (~157.4 um; Fig. 5b).

3.4. Mechanical properties of the SLMed TNTZ alloy

All hardness samples were well polished, the 3-D profiler image of
one sample (Fig. 6a) showed that the roughness of the samples was Ra
~0.043 pm. Fig. 6b showed the Vickers hardness at different DP or ET.
Among the tested 42 samples, 32 samples exhibited higher hardness
than the control samples prepared by arc melting (~279.4 HV). Along
with the increasing of relative density, Vickers hardness of the samples
showed an increasing tendency. At relative density of > 99.2%, the
hardness reaches up to 305.4 HV and then tends to a plateau. The
overall tendency of hardness similar to the one of the as-printed den-
sity. Combining the density results and the hardness results, the ap-
propriate laser energy density ranges 109 J/mm?>-133 J/mm?>.

Due to the excellent ductility, both as-printed and as-cast TNTZ
samples were not fully fractured in the compression test (Fig. 7a, b).
Part of the typical compression stress—strain curve of the as-printed
sample was shown, with a comparative curve from as-cast TNTZ. The
as-printed and as-cast samples exhibited Young's modulus of 59.5 GPa
and 83.2 GPa, respectively; their yield strength was 664 MPa, and
736 MPa, respectively. Compared to the fully-dense as-cast TNTZ, al-
though the as-printed TNTZ appears lower yield strength, the value was
still much higher than CP-Ti [1]. More importantly, the as-printed
TNTZ showed lower Young's modulus compared to the as-cast TNTZ
and this was preferred from reducing stress shielding perspective.
Fig. 7c showed the typical tensile stress—strain curve of the as-printed
samples. It was noted that the as-printed TNTZ showed a highest tensile
strength (~680 MPa) and a lower Young's modulus (~64.2 GPa). The
corresponding elongation was ~15.3%. Compared the data of as-cast
TNTZ from the literature [42] (tensile strength at 680-720 MPa,
Young's modulus at ~82GPa and elongation at ~8-10%), the as-
printed TNTZ showed slightly lower in tensile strength, but much
higher in elongation. It was noted that the strengthening mechanism of
the as-printed samples was considered as fine grain strengthening
which improved the as-printed samples' elongation (the average grain
size: as-printed sample ~ 17.6 um, as-cast sample ~ 157.4 um; Fig. 5)
and the density of samples has played a dominant role to its mechanical
properties which decreased the tensile strength. The fracture surface
morphology was observed by SEM in order to identify the ductile
fracture and some ductile dimples, as shown in Fig. 7d. The fracture
surface showed little size of voids and unmelted powder particles. The
defects including voids were always considered as the parts to trigger a
failure in the tensile process and the decreasing of young's modulus
[43]. In addition, the unmelted powder particles existing in the small

Fig. 4. (a) XRD result; (b) metallograph of the TNTZ sample (laser power: 200 W; point distance: 55 um; exposure time: 165 pis).
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Fig. 6. (a) 3-D profiler image of one polished hardness sample, (b) Vickers hardness (Hv) of the samples manufactured by SLM as a function of point distance at a
laser powder of 200 W, point distance of 75-50 um, and exposure time of 135-200 s.

voids (marked by arrow in Fig. 7d) were attributed to the incomplete
melting under insufficient laser irradiation. The fracture surface mi-
crostructure was presented the ductile dimples. Compared with the
tensile test, the low modulus measured in the compression test may be
due to the error caused by the extensometer not being directly loaded
onto the upper and lower surface of the compressed sample. The
average value of the Young's modulus of as-printed and as-cast TNTZ

Stress (MPa)

1000 - —— As-printed
a —— As-cast
800
=
s 600 -
= b
g 4doot '
H = J
200 -
0F
00 05 10 15 20 25 3.0
Strain (%)

samples obtained by ultrasonic technique was 62.8 = 1.6 GPa and
83.7 = 1.87 GPa, respectively. It was further proved that SLM tech-
nology can prepare TNTZ alloy with lower Young's modulus.

The as-printed TNTZ fatigue sample was shown in Fig. 8a (Ra
0.054 um) and the S-N curve was shown in Fig. 8b. According to the
results acquired in this work, considering the non-linear S-N model
from literature [44], the S-N equation of the as-printed TNTZ was

800
c
600 -
A

400
200 +

ot

4 8 12 16
Strain (%)

Fig. 7. (a) Compression stress—strain curves, (b) as-printed and as-cast TNTZ compression samples, (c) tensile stress—strain curves, (d) fracture surface morphologies.
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Fig. 8. (a) TNTZ fatigue sample, (b) S-N curve of as-printed TNTZ sample.

proposed as follows:

logN + 7.2log S = 22.86 (6)
where S, and N were maximum stress and number of cycles. It could be
seen from the Fig. 8b that the fatigue limit of as-printed TNTZ was
~140 MPa (107 Nf). Compared the data of as-cast TNTZ from the lit-
erature [45] (fatigue limit 330 MPa), the as-printed TNTZ showed much
lower in fatigue limit, but still higher than the cortical bone (fatigue
limit 80 MPa [46]). The defects including voids were considered as the
parts to decrease the fatigue limit. According to the literature [47], Hot
Isostatic Pressing (HIP) can further increase the relative density, fatigue
limit and the yield strength of as-printed TNTZ alloy.

3.5. Biocompatibility of the SLMed TNTZ

After 72 h culture, the cell morphologies on the as-printed TNTZ and
TCPS were shown in Fig. 9a, c. Similar cell shape and spreading be-
havior was observed. In comparison with the as-printed TNTZ, the cells
cultured on the as-printed Ti-6Al-4V alloys (Fig. 9b) exhibit a near-
round shape with less spreading. The results suggested that the cells
were almost reached a complete adhesion. According to the corre-
sponding standard (GB/T16886.5- 2003 [48]), the proliferation rates of
L1929 cells on the three sample surfaces were evaluated by the CCK-8
method, and the RGR value was shown and compared in Fig. 10. The
results showed that the RGR of L929 cells were 92.76%, and 84.03% for
the as-printed TNTZ and Ti-6Al-4V, respectively, and the cytotoxicity
levels of both samples were of Grade 1 for biomedical materials. On the
other hand, the cell viability on the TNTZ alloys and TCPS was sig-
nificantly higher than that on the Ti-6Al-4V alloys. These results in-
dicated that all samples appear no cell cytotoxicity according to the
RGR value, and the as-printed TNTZ sample appears better bio-
compatibility than the Ti-6Al-4V alloy, suggesting that the as-printed
TNTZ can be superior biomedical implant materials.
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Fig. 10. RGR of L929 cells after 72 h culture.

4. Discussion
4.1. Discussion on Young's modulus of the SLMed TNTZ

The yield strength and Young's modulus of some typical biomedical
titanium alloys [49-51], together with the as-printed TNTZ of this
study, were shown in Fig. 11. Among all the compared Ti and Ti alloys,
the TNTZ alloy exhibited low Young's modulus and the as-printed TNTZ
alloy exhibited even lower Young's modulus, which was much closer to
the cortical bone.

For further reducing the Young's modulus and making it match that
of the e.g. the cortical bone structure, lattice structure of the TNTZ alloy
could be made using MAGICS file (lattice name: rhombic dodecahe-
dron) and manufactured by SLM. It was generally accepted that the
relationship between compressive properties and relative density, e.g.
the Gibson-Ashby model [52] suggesting:

4100 ym
s g |

Fig. 9. 1929 cells morphology on (a) as-printed TNTZ alloy, (b) as-printed Ti-6Al-4V alloys, and (c) TCPS.
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log £\ Ci + n;log L
E, )

o
log Zl=C+n, log(ﬁ
Oys ps

where E, 0, and p/p; were Young's modulus, yield stress and relative
density of porous metals, respectively. E; and g,; were Young's modulus
and yield stress of solid metals, respectively. C; and C, are constants
related to materials. n; and n, are exponents related to pore structure.

Based on this, high porosity lattice structure with 77.23 vol% por-
osity was produced (Fig. 12). Through creasing porosity, the integral
Young's modulus of the lattice structure was reduced to 0.79 GPa.
Fig. 12a showed that, due to the excellent ductility, the lattice samples
were not fully fractured in the compression test. The compressive curve
was shown in Fig. 13a. The integral Young's modulus of the as-printed
lattice samples can be lowed to ~0.79 GPa These results suggested that
the integral Young's modulus value of the as-printed TNTZ lattice/dense
samples range was at least in the range of 0.79-64.2 GPa. Fig. 13a also
indicated that the integral yield strength of the lattice samples was
~15.7 MPa, which meant that the integral yield strength value of the
as-printed TNTZ lattice/dense samples range was at least in the range of
15.7-520 MPa (Fig. 7c), which perfectly covers all possible ranges of
human cortical bone [53]. Image of Fig. 13b indicated that there were
still little porous defects could be found in the as-printed lattice sample.

)

(8)

These defects can be eliminated to increase the integral yield strength of
the lattice samples through the post-processing like HIP [46]. Above all,
the integral Young's modulus and integral yield strength could be tai-
lored to suit human bone properties, by designing the amount of por-
osity with appropriate processing parameters, and it became the next
step of our work.

On the other hand, regarding preparing lattice structure, we have
noted that the capability of making fine holes for the lattice structure
and maintaining the printing accuracy needs to be carefully tested.
Fig. 14 illustrated that to make fine-scale samples, the minimum joint
size, and the minimum pore size was ~300 pm, and ~400 um, respec-
tively, for the SLM facility currently used. The SEM images of dimen-
sional accuracy samples were shown in Fig. 14. Fig. 14a showed the
boundary of 300 um joint was smoother and clearer. Optical measure-
ment (Fig. 14b) demonstrates that the absolute error was kept at
6-7 um, and the relative error decreased with the increasing of the
design size. Fig. 14c showed the boundaries of ®500 pm were of ac-
curacy. Fig. 14d demonstrated that the absolute error increased with
the decreasing of the design size, and the relative error increased sig-
nificantly when the design size increased down to 300 um. According to
the literature [54], implants with pore sizes of 400-600 pm exhibited
healing of femoral defects in rats. The accuracy result showed that fine
scaled lattice structure with 400 um pore size can be manufactured for
the SLM facility currently used. Thus, 400 um was finally chosen to be
the pore size.

Fig. 12. (a) Optical image, (b) SEM image optical image of the lattice sample produced at PD: 55 um; ET: 165 ps.
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Fig. 13. (a) Compression curve (b) micro-CT image of the lattice TNTZ sample.

4.2. Discussion on the biocompatibility of the SLMed TNTZ

By evaluating their RGR values, the as-printed samples generally
showed better biocompatibility than the as-cast samples, in this work.
One of the reasons causing the differences between the as-printed and
the as-cast was likely because a higher surface roughness was observed
for the as-printed samples.

A Bruker 3-D profiler was used to measure the surface roughness of
the samples. The 3-D profiler images (Fig. 15a, b) and the average
surface roughness (Fig. 15c¢) were showed in Fig. 15. Fig. 15c¢, re-
presents the expected smooth surface for the as-cast sample. While the
effect of metallurgical defects or voids (dark dot in Fig. 15b) increased
the surface roughness for the as-printed sample. Due to the higher
surface roughness and enlarged surface area of the as-printed sample,
the as-printed sample can adsorb more proteins mediate cell adhesion
than the as-cast ones [55,56]. This was likely the reason that the as-
printed sample exhibits better bioactivity than the as-cast sample by
RGR value.

The as-printed TNTZ samples appeared excellent biocompatibility.
This was not only because the lower modulus or the surface roughness

Absolute error (um)

Absolute error (um)

of the alloy which has less chance to cause stress shielding, but also
because the non-toxic and non-allergic elements contained in the alloy
[22-26].

Fig. 16a showed the XPS survey spectra at binding energies (BEs) of
0-1250 eV for the TNTZ sample, which was sputtered using an Ar-ion
beam for 0s. In addition to the expected elements such as Ti, Nb, Ta, Zr
and O, additional peaks from C was also detected, which were most
likely introduced during sample preparation. XPS results (Fig. 16b)
showed that the as-printed TNTZ samples have TiO, film on the surface,
which was key to the biocompatibility of biomedical Ti alloys [57,58].
However, SLM processing could make the as-printed TNTZ samples
show differences in protein adsorption and cell behavior compared to
the conventional TiO, films. The cell behavior on the as-printed TNTZ
samples needs further research.

5. Conclusions
e Biomedical B-type Ti-30Nb-5Ta-3Zr alloy has been prepared using

SLM. Near full density samples (99.2% relative density) have been
obtained at a point distance of 55 um, an exposure time of 165 s,

10
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Fig. 14. SEM images of the joints sample produced at PD: 55 pum; ET: 165 ps. (a) 300 um joint, (b) dimensional error analysis of joints, (¢) ®500 um hole, (d)

dimensional error analysis of hole.

282



J.P.

Luo et al.

04

02

0o

02

04

SE

Materials Science & Engineering C 97 (2019) 275-284

04

02

00§

02

04

002 o008

0.01

0.00

As-printed

As-cast
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Fig. 16. XPS fine analyses of the as-printed TNTZ samples.

and 50 um layer thickness using 200 W pulsed laser.

The tensile strength, Young's modulus, elongation and fatigue limit
of the as-printed TNTZ was ~680 MPa, ~64.2 GPa, ~15.3% and
~140 MPa. The non-linear S-N equation of the as-printed TNTZ was
proposed. By creating lattice structure of 77.23 vol% porosity, the
integral yield strength value of the as-printed TNTZ lattice/dense
samples range was acquired (15.7-520 MPa), which perfectly covers
all possible ranges of human cortical bone.

According to the biocompatibility evaluation and the RGR value, the
SLMed TNTZ appears no cell cytotoxicity and it's showed better
biocompatibility than Ti-6Al-4V.

The results of the present study suggest that SLM was capable to
produce low-E advanced TNTZ alloy with excellent biocompatibility
and minimum stress shielding tendency.
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