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Abstract: Additively manufactured trabecular tantalum (Ta) scaffolds are promising bone repair materials for load-bearing
applications due to their good pore interconnectivity. However, a thorough mechanical behavior evaluation is required
before conducting animal studies and clinical research using these scaffolds. In this study, we revealed the compressive
mechanical behavior and material failure mechanism of trabecular tantalum scaffolds by compression testing, finite element
analysis (FEA), and scanning electron microscopy (SEM). Trabecular tantalum scaffolds with porosities of 65%, 75%, and
85% were fabricated by laser powder bed fusion-based additive manufacturing. Porosity has a significant effect on their
compressive mechanical properties. As the porosity decreased from 85% to 65%, the compressive yield strength and elastic
modulus increased from 11.9 MPa to 35.7 MPa and 1.1 GPa to 3.0 GPa, respectively. Compression testing results indicate that
trabecular tantalum scaffolds demonstrate ductile deformation and excellent mechanical reliability. No macroscopic cracks
were found when they were subjected to strain up to 50%. SEM observations showed that material failure results from
tantalum strut deformation and fracture. Most microcracks occurred at conjunctions, whereas few of them appear on the
struts. FEA-generated compressive stress distribution and material deformation were consistent with experimental results.
Stress concentrates at strut conjunctions and vertical struts, where fractures occur during compression testing, indicating that
the load-bearing capability of trabecular tantalum scaffolds can be enhanced by strengthening strut conjunctions and vertical
struts. Therefore, additively manufactured trabecular tantalum scaffolds can be used in bone tissue reconstruction applications.
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Compression Failure of Trabecular Tantalum Scaffolds

1. Introduction

Porous tantalum (Ta) scaffolds have attracted immense
interest in bone tissue engineering owing to their
excellent physicochemical and biological properties,
including outstanding corrosion resistance, excellent
ductility, non-cytotoxicity, and superior bioactivity and
biocompatibility!-*. Numerous biological studies in vitro
and in vivo have confirmed that Ta scaffolds can effectively
promote osteoblast adhesion, proliferation, differentiation,
and mineralization, and have superior osteoconductivity,
osteointegration, and vascularization”. Furthermore,
the in vitro biological performance and in vivo bone
ingrowth of Ta scaffolds are superior compared to those
of Ti6Al4V scaffolds®”. Therefore, porous Ta scaffolds
are considered the promising third-generation bone repair
materials. At present, major challenges in the development
of porous Ta scaffolds are fabrication, structural design
and optimization.

Ta processing is hampered by the high melting
temperature of Ta (2996°C)!'%. Porous Ta scaffolds are
typically fabricated by chemical vapor deposition (CVD),
powder metallurgy (PM), and additive manufacturing
(AM). In CVD, a Ta coating is deposited on a low-
density vitreous carbon skeleton by a chemical reaction to
prepare porous Ta scaffolds!'!!. Since the CVD-fabricated
porous Ta acetabular cup was introduced (Trabecular
Metal™, Zimmer, Warsaw, IN, USA) in the early 2000s,
commercially available CVD-fabricated porous Ta
implants have been applied to bone defect repair and
bone disease treatment with excellent clinical results!?!4],
However, this technique is complicated and expensive
with poor control over the porous structure and outer
geometry to fabricate patient-specific and anatomically
matching implants. Using PM, porous Ta scaffolds are
manufactured by removing space-holding materials
through high-temperature sintering or dissolution!'>!71,
However, PM-fabricated porous Ta scaffolds present
closed orisolated pores, resulting in poor interconnectivity
and osteointegration?. Compared with CVD and PM, AM
is a more versatile and effective technology to customize
porous bone implants with complicated geometries that
match anatomical shapes and meet personalized treatment
requirements. Laser powder bed fusion (LPBF), an AM
technology, employs high-energy lasers to selectively
melt the pre-laid metal powder on the build platform
layer by layer according to a pre-designed CAD model
to manufacture fully dense functional parts with complex
geometries and well-designed open porous structures!!'3-2%,
LPBF allows rapid fabrication of parts with complex
geometries and relatively high mechanical performance
directly from powders without the time-consuming mold
design process?'??l. Due to its high precision, LPBF has
recently been used to fabricate Ta-based structures with
controllable porosity/pore geometry and predictable

mechanical properties. Wauthle et al.D) applied LPBF
to fabricated porous Ta scaffolds comprising of rhombic
dodecahedron unit cells for the 1 time. Compression tests
and biological evaluation suggested that these scaffolds
exhibited desirable mechanical properties and enhanced
osteogenesis and osteointegration. Wang et al.l" fabricated
porous Ta scaffolds with diamond unit cells by LPBF and
achieved good osteointegration performance through
animal experiments. Guo et al.””! compared the biological
performance of porous Ta scaffolds with that of porous
Ti6Al4V scaffolds fabricated by LPBF and reported
that porous Ta scaffolds showed better biocompatibility
and osteointegration than porous Ti6Al4V scaffolds.
Therefore, AM, especially LPBF-based AM, is expected
to become the mainstream fabrication method for porous
Ta scaffolds in the future.

The trabecular lattice is an irregular structure, which
has attracted great interest in bone tissue engineering
due to the similarity of its micro-architecture to that of
a natural bone and good interconnectivity suitable for
bone implants. Liu et al.*! designed a trabecular bone
structure derived from micro-computed tomography
images of cancellous bone and fabricated trabecular
porous titanium (Ti) scaffolds by LPBF, achieving a
good match of morphological accuracy and mechanical
properties to those of the natural bone. Wang et al.**!
constructed controllable irregular structures based on the
Voronoi—Tessellation method and fabricated trabecular
porous Ti6Al4V scaffolds with predictable porosity and
mechanical behavior by LPBF. However, studies on
trabecular porous Ta scaffolds fabricated by AM were
rarely reported. In our laboratory, we have successfully
fabricated trabecular porous Ta scaffolds using LPBF
and investigated their pore structure characteristics and
comprehensive mechanical properties®®!. However,
mechanical behavior evaluation is required prior to their
deployment in clinical research.

In this work, we used LPBF-based AM to fabricate
innovative trabecular Ta scaffolds with various porosities
(65%, 75%, and 85%). Morphological evaluation was
conducted to analyze the microstructural characteristics
of as-prepared samples. The mechanical behavior and
material failure mechanism of AM trabecular Ta scaffolds
were investigated by compression testing, finite element
analysis (FEA), and microscopic observations.

2. Materials and methods

2.1. Design and manufacturing

Astochastic porous structure based on Voronoi tessellation
was designed by the Grasshopper plug-in in Rhinoceros
6.0 (Robert McNeel and Associates, Seattle, WA, USA)
and was saved in the STL format. First, we constructed a
three-dimensional (3D) Voronoi diagram with randomly-
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distributed seed points. Then, the wireframe of the 3D
Voronoi diagram was extracted. The trabecular porous
structure can be constructed by employing the wireframe
to form a circular strut with a cross-sectional diameter
(D). The porosity of the trabecular scaffold can be
adjusted by changing the number of seed points and the
strut diameter. Indispensable repairs were conducted
by Materialise Magics 24.0 (Materialise N.V., Leuven,
Belgium) to create CAD models for further process.
During the laser fusion process, the raw material powders
at the boundaries of selected locations become fused
or half fused, increasing the strut diameter beyond its
designed value. In the same structure, the bigger the strut
diameter, the smaller the pore size and porosity will be.
By our many optimizations and attempts, a deviation of
approximately 2% between the porosity of AM trabecular
Ta scaffolds and the designed models was summarized.
Therefore, to obtain Ta scaffolds with porosities of 65%,
75%., and 85%, cylindrical trabecular porous models with
porosities of 67%, 77%, and 87%, having the same outer
geometry (diameter x height: 10 mm x 10 mm) and strut
diameter (250 um), were designed, as shown in Figure 1.

Fully dense pure Ta spherical powder with a
particle size range of 15 wm and 45 um (TEKNA
Advanced Materials Inc., Sherbrooke, QC, Canada) was
used to fabricate trabecular Ta scaffolds. The powder
microstructure and characteristics have been described in
our previous work®.. Based on CAD data, samples were
manufactured by Dazhou Medical Co., Ltd. (Shenzhen,
Guangdong, China) using Farsoon FS271M (Farsoon
Technologies Co., Ltd., Changsha, Hunan, China), an
LPBF-based AM system equipped with a S00W Yb: YAG
fiber laser with a spot size of 80 um. The production step
was performed in an argon environment with <0.05%
oxygen to prevent oxidation. The process parameters
and scanning strategy have significant effect on the
microstructures and properties of LPBF partsi?*?7, We
employed the optimized processing parameters, including
laser power, scan speed, fill distance, and layer thickness,

67%

77%

in the fabrication of dense samples to manufacture porous
Ta scaffolds with relatively dense Ta struts. An optimized
scanning strategy was employed to reduce the residual
stress produced during laser fusion process. After the
fabrication, specimens were removed from the substrate
using numerical control wire electrical discharge cutter
DK7732 (Changde Machinery Manufacturing Co., Ltd.,
Taizhou, Jiangsu, China). The unfused Ta powders adhered
to the sample surface were removed by sandblasting
(Blaster 9060A, Hexin Sandblasting Equipment Co.,
Ltd., Shenzhen, Guangdong, China). Then, as-prepared
samples were subjected to annealing (Vacuum Annealing
Furnace SLZK1100-45, Litan New Energy Development
Co., Ltd., Suzhou, Jiangsu, China) for releasing residual
thermal stress generated during the fabrication process.
The annealing procedures were conducted in a vacuum
atmosphere. First, the temperature rose at a rate of 5°C/
min to 300°C and held for 30 min, and then rose at the
same rate to the plateau annealing temperature of 1000°C
and held for 120 min before dropped to room temperature.
Finally, all specimens were ultrasonically and separately
cleaned for 30 min in distilled water and ethanol. Ten
samples of each model were fabricated.

2.2. Morphological analysis

The strut diameters and average pore sizes of as-prepared
samples were measured from the optical micrographs
with n = 10 for each porosity. Their overall porosities
were determined by the dry weighing method under
normal atmosphere conditions with n = 10 for each
porosity. Sample dimensions were measured by digital
Vernier calipers 111-101-10G with an accuracy of
0.01 mm (Digital Measurement and Control Co., Ltd.,
Guilin, Guangxi, China) and derived from the average of
3 measurements for each specimen. The dry weights of
as-fabricated samples were measured using an electronic
densimeter with a sensitivity of 0.0001 g (DK-120MD,
Decca Precision Instrument Co., Ltd., Shenzhen,

87%

Figure 1. Designed models of trabecular porous Ta scaffolds with nominal porosities of 67%, 77%, and 87%.
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Guangdong, China) at room temperature (25°C). Relative
density was calculated by dividing the actual weight (/7))
by the theoretical weight (/) of the macrovolume using
a theoretical density (16.6 g/cm?) of pure Ta. The porosity
of scaffolds was obtained using the formula as follows:

Porosity(%) = (1 - %J x 100 (1)

2

The microstructural characteristics of AM-
fabricated porous Ta scaffolds were visualized using hot
field emission scanning electron microscopy (FESEM)
(MERLIN Compact, Carl Zeiss Inc., Oberkochen,
Germany) equipped with energy-dispersive X-ray
spectroscopy (EDS), which was used to ascertain the
chemical compositions of the samples.

2.3. Mechanical testing

To evaluate the mechanical properties of AM-
fabricated cylindrical trabecular Ta scaffolds (¢10 mm
x H10 mm), 6 samples (n = 6) from each group (65%,
75%, and 85%) were subjected to uniaxial static
compression testing at room temperature (25°C).
Compression tests were performed in accordance with
ISO 13314:2011 (mechanical testing of metals-ductility
testing-compression test for porous and cellular
metals) using mechanical testing machine (max. 5 kN,
Instron 4301, Instron Company, Norwood, MA, USA)
equipped with an extensometer (YSJ50/5-ZC, Suzhou
Shenghui Precision Instrument Technology Co., Ltd.,
Suzhou, Jiangsu, China). A constant deformation rate
of 0.5 mm/min was applied during compression tests.
Each specimen was compressed to 50% strain to
obtain stress—strain curves. The elastic modulus (F)
as the gradient of the straight line was calculated from
the linear deformation region at the beginning of the
compressive stress—strain curve. The compressive 0.2%
offset stress was identified from the stress—strain curve
as the yield strength ().

2.4. Experimental study of compressive behavior
and material failure

(1) Static compression testing

To obtain the initial stages of trabecular Ta scaffolds after
collapse under static compressive loading, 10%, 15%,
and 20% strain were set for specimens with 65%, 75%,
and 85% porosities, respectively. Two specimens of each
porosity (annealed and unannealed) were prepared for
compression tests with an identical strain. Compression
tests were performed under the same equipment and
deformation rate as mechanical tests described above.
Post-compressive microstructures of all samples were
observed by hot FESEM (MERLIN Compact, Carl Zeiss

Inc., Oberkochen, Germany) before metallographic
sample preparation.

(2) Metallographic sample preparation

Post-compressive AM trabecular Ta scaffolds were
prepared to metallographic specimens through the
vacuum pressure impregnation resin (VPIR) method®®!,
Twenty gram of acrylic powder (G90500, Gaopin
Precision Instrument Co., Ltd., Kunshan, Jiangsu, China)
and 40 ml liquid hardener (G90400, Gaopin Precision
Instrument Co., Ltd., Kunshan, Jiangsu, China) were
mixed and stirred uniformly at room temperature (25°C).
Metallographic inlay molds (¢20 mm x H20 mm) were
used to prepare metallographic specimens. Vacuum
defoaming (SIE-MIXS80, SIENOX Co., Ltd., Guangzhou,
Guangdong, China) was employed to exhaust the air
that remained in porous Ta scaffolds, making the resin
solution fully infiltrate into the pores of scaffolds. Then,
the metallographic specimens were placed at room
temperature for 12 h to complete resin solidification. In
addition, an uncompressed porous Ta metallographic
sample was prepared for each porosity as the control

group.
(3) Grinding and polishing

Grinding and polishing of as-prepared metallographic
specimens were conducted by a metallographic sample
grinding and polishing machine (YMP-2B, Metallurgical
Equipment Co., Ltd., Shanghai, China) with a sandpaper
diameter of 230 mm. Metallographic specimens were
ground using 100, 200, 400, 800, 1200, 1500, and 2000
SiC papers and then polished by diamond suspensions with
sizes of 5, 2, and 0.5 um. To achieve the same polished
cross section, 3 metallographic specimens of each porosity
were ground under an identical extent and direction.
The schematic of porous Ta metallographic sample
preparation is presented in Figure 2. The morphological
characterizations of the metallographic specimens were
observed by electron backscattered diffraction (EBSD,
Carl Zeiss Inc., Oberkochen, Germany).

2.5. FEA

FEA was performed to simulate the mechanical behaviors
of trabecular Ta scaffolds under quasi-static compressive
loading by Abaqus/CAE 2020 (Dassault Systemes
Simulia Co., Johnston, RI, USA). Considering the
simulation efficiency and required accuracy, a 5 mm X
5 mm (diameter x height) model with the same porous
structure characteristics as the as-fabricated samples were
applied in this simulation. Ten-node quadratic tetrahedron
(C3D10) with an element size of 0.08 mm was chosen to
mesh this FEA model, and material properties were set
according to pure Ta, consisting of an elastic modulus of
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Figure 2. Schematic of porous Ta metallographic sample preparation.

186 GPa and a Poisson’s ratio of 0.35%°). The boundary
conditions of the FEA model are illustrated in Figure 3.
Two rigid plates were attached to the top and bottom of
the porous scaffold. To simulate the process of uniaxial
compression testing, a frictionless general contact
was defined between the porous scaffold and two rigid
plates. A displacement of 0.1 mm was applied to the top
rigid plate along the Z-axis direction, and the boundary
conditions of the bottom plate were completely fixed,
limitings the simulation in the elastic period. Finally, the
Von Mises stress on the whole model was recorded.

2.6. Statistical analysis

Statistical analysis was conducted using SPSS 25.0
(IBM Corporation, Armonk, NY). Acquired data were
represented as the mean + standard deviation. Statistically
significant differences were analyzed by one-way analysis
of variance ANOVA and Student’s #-test. P < 0.05 was
considered statistically significant.

3. Results

3.1. Porous structure characterization

Figure 4A shows the photographs of AM-fabricated
trabecular Ta scaffolds with different porosities. The
structures of the as-prepared samples were substantially
consistent with those of the designed models. The average
porosities of as-prepared porous Ta scaffolds, derived
from the dry weighing method, were approximately
65%, 75%, and 85%. Figure 4B displays the optical
micrographs of trabecular Ta scaffolds, indicating that
the struts were connected firmly. The surface of the struts
was remarkably dense and smooth without microparticle
adherence. No processing defects or cracks were found
on the struts. Table 1 compares the porous structure
characteristics of as-fabricated specimens with those of
the designed models. The average strut diameter of as-
fabricated samples was slightly larger than that of the
designed models, whereas the porosity and pore size
were smaller than those of the designed models. The
P values of these differences were all >0.05. Figure 5
shows the SEM micrographs of trabecular Ta scaffolds.
AM-fabricated trabecular Ta scaffolds exhibited an
interconnected porous structure and can be a potential
biomimetic model of cancellous bone. Ta powders fused

Grinding E

Polishing

2% strain
Rigid plate(movable)

Rigid plate(fixed)

Figure 3. Boundary conditions of the trabecular porous scaffold in
finite element analysis.

completely. The pore size and strut diameter of these
specimens can be measured from SEM images. The strut
diameters along different directions were consistent. EDS
was conducted on 3 different positions (P1, P2, and P3).
The results in Figure 6 showed that 3 elements, Ta, C,
and O, were identified on AM-fabricated Ta scaffolds,
and their average contents were 93.6%, 3.5%, and 2.9%,
respectively.

3.2. Investigation of compressive behavior

The compressive stress—strain curves of AM-fabricated
trabecular Ta scaffolds with porosities of 65%, 75%,
and 85% are shown in Figure 7A(a), (b), and (c),
respectively. The compressive stress—strain curves of
the 6 specimens of each porosity are nearly overlapping,
demonstrating excellent reproducible process ability
of LPBF technology. The average compressive stress—
strain curves of porous Ta scaffolds with these 3
different porosities are shown in Figure 7B. Due to the
superior ductility of porous Ta scaffolds, no maximum
compressive stress or strain was registered during
static compression testing, which is consistent with the
results of other studies™". The compressive stress—
strain curves of AM-fabricated trabecular Ta scaffolds
exhibit 3 distinct deformation phases: linear elastic,
plastic deformation, and densification. To conveniently
calculate elastic modulus (£) and yield strength (c,), the
average compressive stress—strain curves of trabecular Ta
scaffolds with porosities of 65%, 75%, and 85% within 0 —
5 strain are shown in Figure 7C. As shown in Figure 7C,
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Figure 5. (A) Photographs and (B) scanning electron microscopy images of additive manufacturing AM-fabricated trabecular Ta scaffolds
with porosities of 65%, 75%, and 85%.

Table 1. Comparison of the porous characteristics of AM-fabricated trabecular Ta scaffolds with those of the designed models

Models Porosity (%) Strut diameter (pm) Average pore size (m)
Design Fabricated Design Fabricated Design Fabricated
1 67 64.8+2.6 250 261.5+£22.3 600 583.6+21.6
2 77 75.3+1.7 250 259.2425.5 800 779.8+34.2
3 87 84.6+2.3 250 256.7£19.4 1000 986.3+45.4
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Figure 6. Scanning electron microscopy images and energy-dispersive X-ray spectroscopy patterns showing the chemical compositions of
additive manufacturing-fabricated trabecular Ta scaffolds at positions P1, P2, and P3.
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Figure 7. (A) Compressive stress—strain curves and photographs of additive manufacturing (AM)-fabricated trabecular Ta scaffolds with
porosities of (a) 65%, (b) 75%, and (c) 85%. The average compressive stress—strain curves of AM-fabricated trabecular Ta scaffolds with
porosities of 65%, 75%, and 85%: (B) 0 — 50% strain; (C) 0 — 5% strain.

the elastic modulus was calculated as the gradient of the the yield strength, the stress at 0.2% plastic strain, was
straight line at the beginning of stress—strain curves, and extracted from stress—strain curves. As shown in Table 2,
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the elastic moduli of AM-fabricated trabecular Ta
scaffolds with porosities of 65%, 75%, and 85% were 3.0
+0.2,2.2+0.3,and 1.1 £ 0.1 GPa, respectively, and their
yield strengths were 35.7 0.8 (0,),19.5+£0.6 (5,,), and
11.9+0.5 (6,,) MPa, respectively. The yield strains of all
tested samples lie in the range between 1% and 2%.

3.3. Material failure study

Figure 8 illustrates the geometrical morphologies of
trabecular Ta scaffolds with porosities of 65%, 75%, and
85% under compressive strains of 0, 20%, and 50%. They
demonstrated ductile deformation during compression
tests, and no macroscopic cracks were found with a strain
up to 50%. Figure 9 shows the stress—strain curve and
failed specimen of trabecular Ti6Al4V scaffold obtained
from the previous study™®. An obvious shear fracture
band along the inclination of 45° with respect to the
loading direction was found on the trabecular Ti6Al4V
scaffold. SEM micrographs (Figure 10) suggest that strut

deformation and fractures appeared on the outside of the
AM-fabricated trabecular Ta scaffolds with porosities
of 65%, 75%, and 85% under compressive loads. Most
microcracks occurred at conjunctions, and the rest of
them appeared on the struts. The fractured struts were
twisted greatly. Figure 11 displays the SEM micrographs
of the ductile fracture surface of AM-fabricated Ta
sample after tensile fracture failure. The interior collapse
characterizations of AM-fabricated trabecular Ta scaffolds
with porosities of 65%, 75%, and 85% under compressive
loading are shown in Figures 12-14, respectively. Optical
microscope (OM) photographs indicate that both the strut
distribution on the polished cross-section of annealed
and unannealed specimens that underwent compression
are consistent with the uncompressed specimen (control
group), which facilitates the identification of collapse
characterizations of trabecular Ta scaffolds. In comparison
with the control group, only part of the struts inside
porous Ta scaffolds deformed plastically or fractured

Table 2. Compressive mechanical properties of AM-fabricated trabecular Ta scaffolds and human cancellous bone

Testing specimen Porosity (%) Yield strength (MPa) Elastic modulus (GPa)
Ta scaffolds 65 35.7+0.8 3.0+0.2
75 19.5+0.6 2.2+0.3
85 11.9+0.5 1.1+0.1
Human cancellous bone 50 —90 6.6 —-36.2 0.88 — 3.4[231-35]
train
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Figure 8. Geometric morphologies of trabecular Ta scaffolds with porosities of 65%, 75%, and 85% under strains of 0, 20%, and 50%,

respectively.
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due to limited compressive strain. Three representative
collapse characterizations on the polished cross sections
of metallographic specimens for each porosity group
were chosen to collect EBSD micrographs. For trabecular
Ta scaffolds with porosity of 65% (Figure 12), fractures
occurred at positions a and b of unannealed specimens
(a, and b,), whereas no deformation or fracture was
found on annealed specimens at the same position (a,
and b)). Identical fractures were observed at positions
¢ of both annealed and unannealed specimens (c, and
c,). For trabecular Ta scaffolds with porosity of 75%
(Figure 13), a bigger fracture at position d was observed
on the unannealed specimen (d,) than that observed on

50

40
30

20

Stress (MPa)

10

0 L 1 L 1 " 1 L 1 "

0% 10% 20% 30% 40% 50%
Strain

Figure 9. Stress—strain curve and the failed specimen of the
trabecular Ti6Al4V scaffold (from ref.% licensed under Creative
Commons Attribution license).

the annealed specimen (d,). Both fractures occurred at
the joints of struts despite their different fracture sites.
Similarly, a bigger fracture at position e was observed
on the unannealed specimen (e,) than that observed on
the annealed specimen (e,). An obvious fracture at the
joints of struts was found at position f of the unannealed
specimen (f,), whereas no deformation or fracture was
found on the annealed specimen at the same position
(f)). For trabecular Ta scaffolds with porosity of 85%
(Figure 14), fractures occurred at the positions k, m, and
n of either annealed or unannealed specimens (k,, m,,
m,, n,, and n,), except for the position k of the annealed
specimen (k).

3.4. FEA

Figure 15 displays the FEA results of trabecular Ta
scaffolds with porosities of 65%, 75%, and 85% within the
range of linear elastic deformation. The red color indicates
stress concentration in the scaffolds, indicating that more
deformation or fracture has occurred in these areas. From
the stress distribution diagram, the stress of trabecular
Ta scaffolds under uniaxial compressive loading mainly
concentrates at the junctions of struts, which is consistent
with the results of compressive experiments. Stress
distribution inside the trabecular Ta scaffold is illustrated
in the longitudinal section view of the FEA model. Under
uniaxial compressive loading, trabecular Ta scaffolds can

Figure 10. (A) Macroscopic photographs and (B) scanning electron microscopy micrographs of additive manufacturing-fabricated trabecular

Ta scaffolds with porosities of 65%, 75%, and 85% after compression.
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Figure 11. Scanning electron microscopy micrographs of the ductile fracture surface of additive manufacturing-fabricated Ta sample after

tensile fracture failure.

.'»:'ﬁ“
P2

i
3

3
:

Figure 12. Optical microscope photographs and electron backscattered diffraction micrographs of the metallographic specimens of trabecular
Ta scaffolds with porosity of 65%: (A) Uncompressed original sample. (B) Annealed compressive. (C) unannealed compressive samples.

gradually transmit load through their interconnecting
struts to the overall structure, rather than bearing the load
in a local area. The longitudinal (parallel to the direction
of compressive load) struts bear more stress than the
transverse struts. Under the same compressive strain, the
stress on the struts of trabecular Ta scaffolds gradually
decreases as the porosity increases. The stress on the
struts of trabecular Ta scaffolds with porosity of 65% is
the largest among the scaffolds with the 3 porosities.

4. Discussion

LPBF-based AM technology is suitable for the
fabrication of porous metallic scaffolds due to its high
precision and processing repeatability*7*%, In this
study, LPBF was employed to manufacture porous Ta
scaffolds consisting of trabecular structures with various
porosities (65%, 75%, and 85%) and an identical strut
diameter (250 wm). Morphological analysis revealed that
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as-fabricated specimens exhibited fully interconnecting
and stochastically distributed porous structures
(Figures 4 and 5) resembling cancellous bone. The
struts had notably dense and smooth appearance after
sandblasting, indicating that the starting Ta powders were
fully fused during LPBF-based AM. The microstructural
examination (Figure 5) revealed dense struts in the AM-
fabricated trabecular Ta scaffolds after sandblasting. No
obvious processing defects or fractures were found on the
struts. However, an uneven secondary morphology with
slight irregularities was observed on the surfaces of Ta
struts. Although these imperfections are unfavorable to
the mechanical properties of trabecular Ta scaffolds, they
may be beneficial to improvement of osteoblast adhesion,
migration, and proliferation. The measurement results of
the gravimetric method indicate that the porosities of AM-
fabricated trabecular Ta scaffolds were approximately
2% smaller than those of the designed models (Table 1),
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Figure 13. Optical microscope photographs and electron backscattered diffraction micrographs of the metallographic specimens of
trabecular Ta scaffolds with porosity of 75%; (A) Uncompressed original. (B) Annealed compressive. (C) Unannealed compressive samples.

A originl sample B 0% ain (after nnalin)_ C 20% strain (non-annealing)

Figure 14. Optical microscope photographs and electron backscattered diffraction micrographs of the metallographic specimens of
trabecular Ta scaffolds with porosity of 85%: (A) Uncompressed original. (B) Annealed compressive. (C) Unannealed compressive sample.

which can be explained by the over-sintering phenomenon compared with those of the designed models. Porosity
presented at the edge of the machining path. Over- and pore size are significant parameters for porous
sintering creates a thicker strut than that of the designed implants. In this study, the porosities and pore sizes of
model, resulting in a smaller porosity and pore size AM-fabricated trabecular Ta scaffolds were in the range
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Figure 15. 3D and longitudinal section views of finite element analysis results of trabecular Ta scaffolds with porosities of (A) 65%, (B)

75%, and (C) 85%.

65 — 85% and 580 — 980 um, respectively. The porosity
of human cancellous bone lies in the range 50 — 90%%'41,
If the porosity of the implant is too small, the ingrowth of
new bone and blood vessels will be hindered, which is not
conducive to the functional reconstruction of the defective
bone tissue and the structural stability of the implant.
However, excessive porosity will reduce the mechanical
strength of the implant®”, Studies have shown that porous
Ta scaffolds with porosity in the range 60—85% are not
only conducive to cell adhesion, migration, proliferation,
differentiation, and mineralization but also promote new
bone ingrowth and vascularization*>?l. The pore size
of <1000 um facilitates oxygen exchange and nutrient
transportation and enhances the osteoconductivity and
osseointegration of porous implants™-41. Moreover,
pore diameters of >300 um have been shown to promote
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implant vascularization*#!. Therefore, AM-fabricated
trabecular Ta scaffolds in this work have suitable porous
structure characteristics for orthopedic implants.
Sufficient yield strength and relatively low elastic
modulus, matched with those ofthe hostbone, are favorable
for enhancing the long-term stability of the implants,
especially in the load-bearing area. An excessive elastic
modulus leads to a disproportionate stress distribution
on the implant-bone interface, ultimately resulting in
peri-prosthetic osteolysis and implant failure™. As
listed in Table 2, the yield strength and elastic modulus
of trabecular Ta scaffolds that underwent annealing
were in the range 11.9 — 35.7 MPa and 1.1 — 3.0 GPa,
respectively, and negatively correlated with porosity. The
yield strength and elastic modulus of human cancellous
bone are in the range 6.6 — 36.2 MPa and 0.88 — 3.4
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GPa, respectively!>?!**331 The mechanical properties of
AM-fabricated trabecular Ta scaffolds matched well with
those of the human cancellous bone. Compared with the
compressive stress—strain curves of LPBF-fabricated
porous Ti6Al4V scaffolds published previously®**], the
stress—strain curves of trabecular Ta scaffolds (Figure 7)
exhibited a longer plastic deformation, indicating the
high ductility of AM-fabricated porous Ta scaffolds.
The compressive stress—strain curves in this study are
similar to those in other porous Ta-related studiest™>"3%,
Therefore, AM-fabricated trabecular Ta scaffolds exhibit
ideal mechanical properties making them a promising
bone reconstruction candidate in tissue engineering.
Investigating mechanical reliability of implants
under compressive loads is an essential mechanical
behavior evaluation prior to animal studies and clinical
trials. The previous studies have reported different
deformation behaviors and failure mechanisms of porous
scaffolds, which not only depend on the geometrical
morphology, size, porous architecture, and fabrication
technique, but also are affected by material property.
Li et al® fabricated diamond-lattice AISilOMg
scaffolds using LPBF, which exhibited a macroscopic
fracture band along the inclination of 45° with respect
to the loading direction during compression testing.
Cracks initially occurred in the lower struts. Petit
et al®" reported that CoCrMo cubic lattice structures
fabricated by electron beam melting (EBM) presented
a progressive buckling of the vertical struts, leading to
final collapse during compression testing. The initiation
ofthe deformation is affected by fabrication defects. Yang
et al ™ investigated the mechanical behaviors of open-
cell magnesium alloy foams with cubic and diamond
unit cells under compression. The cubic-cell foams
were subjected to a buckling—bending—collapse failure
mode, which propagated layer by layer until the whole
structure failed, whereas the failure mode of diamond-
cell foams was mainly plastic failure determined by
the bending deformation in the whole structure. Li
et al.™ reported a brittle fracture behavior occurred on
the upper struts of EBM-fabricated Ti6Al4V scaffolds
with rhombic dodecahedron cells under compression
testing. Zhang et al.5% observed a 45° shear behavior in
the LPBF-fabricated CuSn bcc-lattice structures with a
porosity of 87% during compression testing. However,
when the porosity decreased to 66%, the mechanical
behavior of the CuSn porous structure turned into a
uniform compression deformation. Similarly, Cosma
et al.B1and Ghouse ef al.P® observed a shear deformation
failure at an angle of approximately 45° on the LPBF-
fabricated Ti6Al7Nb lattice structures and trabecular
Ti6Al4V scaffolds (Figure 9) during compression
testing. The macroscopic shear fracture band represents
a brittle deformation behavior, indicating that Ti alloys

possess poor ductility and mechanical reliability. In
this work, the AM-fabricated trabecular Ta scaffolds
exhibited plastic failure during compression testing. No
obvious macroscopic shear fracture band was observed
on the overall structures, demonstrating the excellent
ductility and mechanical reliability of the porous Ta
scaffolds. Considering that excessive compressive strain
greatly affects the strut distribution inside the porous
specimens, a relatively small compressive strain was set
to study the failure mechanism of trabecular Ta scaffolds
to maintain the initial state after fractures occurred.
Although part of the struts was twisted and fractured
under compressive loading based on the macroscopic
photographs of compressed samples (Figure 10A), the
overall structure has not changed greatly, indicating
that AM-fabricated trabecular Ta scaffolds have good
toughness and structural stability. From the SEM images
in Figure 10B, we deduce that material failure results
from the deformation and fracture of Ta struts. Most
microcracks occurred at conjunctions, and the rest appears
on the struts. During the compression tests, the transverse
struts (perpendicular to the loading direction) mainly bear
tensile stress. Therefore, it is significantly important to
study the tensile deformation behavior of AM-fabricated
Ta parts. Figure 11 displays the SEM micrographs of the
ductile fracture surface of AM-fabricated Ta specimens
after tensile fracture failure. Numerous typical ductile
dimples were clearly observed on the fracture surface,
exhibiting the plastic fracture characteristics of AM-
fabricated Ta specimens. In this study, VPIR was used
for the 1* time to study the collapse behaviors inside the
porous Ta scaffolds. The EBSD micrographs of trabecular
Ta scaffolds with various porosities (Figures 12-14)
show that most fractures occurred at the conjunctions
of struts, which is consistent with the SEM images of
external collapse characterization (Figure 10B). From the
comparison results of Figure 12 (a2) and (a3), Figure 12
(b2) and (b3), Figure 13 (f2) and (f3), and Figure 14
(k2) and (k3), the fracture characteristics of unannealed
samples were more obvious than those of the annealed
samples, indicating that annealing can significantly
improve the fracture resistance and structural stability of
porous Ta. However, fractures also occurred at positions
¢ (Figure 12(c2)), e (Figure 13(e2)), m (Figure 14(m2)),
and n (Figure 14(n2)) of annealed samples, which is
comparable to those of the unannealed samples. It can be
explained by the fact that the struts at these positions bear
more load under uniaxial compressive loading than the
surrounding struts.

To  further theoretically investigate the
collapse mechanism of trabecular Ta scaffolds under
compressive loading, FEA simulations were conducted
to predict and understand the stress distribution
and deformation behavior on the same model as the
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experimental specimens. The compressive strain during
FEA simulation was set within the range of elastic
deformation, comparable to the FEA of porous structures
in other studiesP*%1. The results (Figure 15) revealed
that the stress on the struts of trabecular Ta scaffolds
gradually decreases with the increase in porosity under
the same compressive strain since the length of the struts
of trabecular Ta scaffolds is positively correlated with
porosity. Stress on the struts gradually decreases from
the conjunction to the middle*®!. The stress on the struts
of the trabecular Ta scaffold with porosity of 65% is the
largest as a result of the shortest struts. Correspondingly,
the trabecular Ta scaffold with porosity of 85% exhibits
the minimum stress distribution on the struts owing to
the longest struts. The stress of trabecular Ta scaffolds
primarily concentrates on the conjunctions of struts
and vertical struts, where fractures occurred during
uniaxial static compression testing. Similar FEA results
can be found in other studies?**. Consequently, FEA-
generated compressive stress distribution and material
deformation are in good agreement with those found
experimentally. However, it should be noted that the
stiffness and strength obtained by FEA simulation are
higher than those obtained in the compression tests.
Some of the reasons for this fact could be the surface
roughness or irregularities in the strut area randomly
produced during laser fusion process. The process
imperfections on the struts can reduce the mechanical
properties of porous Ta scaffolds and result in the stress
concentrations which provides opportunities for the
collapse of the structures under compressive loads. In
addition, the sharp angles at the conjunctions of struts
easily result in stress concentration during compression
testing. An effective solution for this problem is to
introduce the optimized radius at the nodes. Li et al.l*%)
studied the influence of different optimized radius at the
nodes on the mechanical behavior and failure modes of
the diamond lattice structure. They concluded that the
introduction of an optimized radius releases the stress
concentration at the nodes and improves the mechanical
reliability of porous structures. Moreover, the stress
distribution gradually shifts from the node to the middle
of'the struts as the optimized radius increases. Therefore,
based on the results of FEA, model optimization of
trabecular Ta scaffolds can be performed to strengthen
the vertical struts and make the connection of struts
smoother, resulting in a more uniform stress distribution
over the whole structure.

5. Conclusions

Trabecular Ta scaffolds with porosities of 65%, 75%, and
85% were designed and fabricated by LPBF-based AM,
and their porous architectures and microstructures were
characterized. The compressive mechanical behavior and

failure mechanism of the scaffolds were investigated by

compression testing and FEA. The main conclusions are

summarized as follows:

1) The fabricated Ta scaffolds exhibited favorable pore
structure characteristics for bone tissue ingrowth,
which match well with those of the designed models.
Porosity has a significant effect on compressive
mechanical properties. As the porosity decreased
from 85% to 65%, the compressive yield strength
and elastic modulus increased from 11.9 MPa to
35.7 MPa and from 1.1 GPa to 3.0 GPa, respectively,
which lie in the range of those of the cancellous

bone.
2) AM-fabricated trabecular Ta scaffolds showed
excellent ductility and mechanical reliability.

They exhibited plastic failure resulting from
the deformation and fracture of Ta struts during
compression testing. No macroscopic cracks were
found when the scaffolds were subjected to strain up
to 50%. Most microcracks occurred at conjunctions,
and the remaining ones appeared on the struts.

3) FEA simulations revealed that the stress on the struts
of trabecular Ta scaffolds gradually decreased with
the increase in porosity under the same compressive
strain. The stress concentration primarily appeared
on the conjunctions of struts and vertical struts
under compressive loading. The FEA results are in
good agreement with the experimental compressive
results. Model optimization can be performed by
introducing an optimized radius at the nodes to
release the stress concentration and strengthen the
deformation resistance of trabecular Ta scaffolds.
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