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Mechanical and corrosion properties of highly porous
Ta-Nb-Sn alloy for intervertebral disc in spinal applications

Berk Atay, [lven Mutlu*

Istanbul University-Cerrahpasa, Metallurgical and Materials Engineering Department, 34320, Istanbul, Turkey

In this study, low Young’s modulus, highly porous Ta-Nb-Sn alloy foam was manufactured by using the space holder
method. The aim of this study is development of an alloy with high wear resistance, with Young’s modulus, with good imaging
(MRI, CT) properties, and with high bioactivity. Ta alloy foam can be used in spinal applications (intervertebral disc) or
dental applications. The space holder method enables the manufacturing of open-cell foam with a low elastic modulus. Powder
mixtures were prepared through mechanical alloying. Carbamide was used to form pores. Ta has suitable strength, ductility,
corrosion resistance, and biocompatibility. Ta has high price, however, and a high melting temperature, high activity, and
high density. Nb addition lowered the melting temperature, elastic modulus, and cost of using Ta. The sinterability of Ta was
enhanced by Sn addition. The corrosion behaviour of Ta alloy was examined. Young’s modulus was determined by compression
and ultrasonic tests. Tomography and radiography tests were also used.
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1. Introduction

An open, porous structure is important in hard
tissue implant applications because it mechanically
anchors the implant to the bone. Highly porous
structure can enhance the mechanical stability of
the implant through bone growth inside the pores.
The amount of porosity can reduce the elastic mod-
ulus of the implant [1-5]. Tantalum (Ta) is a refrac-
tory metal with a melting temperature of 2960°C. It
has high strength, ductility, electrochemical corro-
sion resistance, and biocompatibility. In addition,
Ta shows higher bioactivity than titanium (Ti)
alloys. TayOs film on the tantalum is inert to body
fluids, which makes tantalum ideal for biomedi-
cal implant applications. Ta-based implants have
been employed in medical applications without any
problems. As Ta is a radiopaque metal and also a
bioinert metal, it can be employed in marker balls
in coronary stents. Marker balls are used in order
to track the stents inside the body [6—10]. Ta has
high price, however, as well as high density, and
manufacturing Ta-based parts is difficult because
of its high melting temperature and affinity for
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oxygen. Nb and Sn additions to Ta can reduce
the melting temperature, the elastic modulus, and
the cost. In addition, artefacts and medical image
distortions are low in Ta-based implants [9-12].
The human spinal (vertebral) column, known
as the backbone, contains 33 vertebrae that are
joined by intervertebral discs, ligaments, and facet
joint capsules (connective tissue). The vertebral
column is important in movement, protects the
spinal cord, carries the body weight, and forms
the axis of the body. The vertebral column is
curved in several places, a result of human bipedal
evolution. The curves allow the human spine to
better stabilize the body. The intervertebral disc
(intervertebla fibrocartilage) is a complicated bone-
like/cartilage tissue. The main function of the inter-
vertebral disc (IVD) is to show resistance to exter-
nal forces in the spine. The IVD provides impact
absorption properties to the spine and the body.
The spinal column is anatomically defined by the
vertebrae, intervertebral discs, ligaments/muscles,
and nervous system. Interbody fusion is a surgi-
cal operation for spinal diseases. Interbody fusion
includes positioning of a cage/graft in the interver-
tebral space after discectomy. Intervertebral disc
is a cartilage-like material between the adjacent
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vertebrae in the spinal column. IVD consists of an
outer fibrous ring, the anulus fibrosus (AF), which
surrounds an inner gel-like centre, the nucleus pul-
posus (NP). AF and NP made up of collagen, water,
and proteoglycans. AF consists of several layers of
fibrocartilage. NP is a gelatinous tissue. Relatively
stronger, AF acts like a coiled spring, while NP
acts like a ball bearing (resists compression loads).
An intervertebral disc functions to separate the
vertebrae from each other and provides the surface
for the shock-absorbing gel of the NP. In general,
NP distributes the pressure in all directions within
an intervertebral disc under compression. The disc
shows viscoelastic character. Anterior cervical dis-
cectomy and fusion (ACDF) is an operation for
disc diseases. Fusion can be carried out by using an
autograft from the iliac crest. In addition, allografts
(osteoconductive materials) can be used. In the
normal position, body weight produces bending
moments on the vertebra. As the vertebral column
is an S-like curve, weight produces both compres-
sion force and shear force. Rotation of the vertebra
also produces shear forces. Healthy disc distributes
the loads homogeneously. In case of disc degener-
ation, disc distributes the loads unequally and loses
its cushion ability. Highly porous Ta foam can be
an alternative material for intervertebral discs. Ta
foam is more osteoconductive than other metals,
producing few artefacts in imaging. Titanium alloy-
based cages are harder than bone and the cages can
sink into the vertebral endplates. Ti causes MRI
and CT artefacts that make it difficult to visualize
the fusion constrict. In addition, Ta shows higher
bioactivity than Ti and Ti alloys. Polyetherether-
ketone (PEEK) does not display the subsidence
problem, and imaging of PEEK is good. PEEK
is bioinert, however, and therefore does not show
bioactivity [13].

Papacci et al. [13] studied anterior cervical dis-
cectomy and interbody fusion. Kasliwal et al. [14]
studied failure of porous tantalum cervical inter-
body fusion devices. Mobb et al. [15] studied
the literature and evidence for different lumbar-
interbody fusion techniques. The authors of this
report investigated the interbody fusion options. Xu
et al. [16] studied MoSi, composite coating with a
TaB2 diffusion barrier on tantalum substrate. The

coating showed excellent oxidation resistance due
to the prevention of diffusion of Si atoms. Hao
et al. [17] prepared coatings on Ta-12W alloy in
alkali electrolytes. The effect of electrolyte on the
composition, morphology, and microstructure of
the coating was investigated. The growth of the
coating in phosphate is dominated by the oxida-
tion of the substrate. The coatings prepared in the
dual electrolyte exhibit superior wear resistance.
Ma et al. [18] studied the influence of severe
rolling on the dissolution rate of the Ta-4W sheet
in different directions during immersion testing.
The dissolution rate of the cold-rolled sample
was significantly lower than in the undeformed
sample. Severe rolling promotes grain subdivi-
sion accompanied by long boundaries. Browning
et al. [19] studied the mechanical properties of pure
Ta, Ta-10W, and Ta-10W-1.5TiC. Pure tantalum
was found to display higher ductility. The addition
of W and TiC was found to result in compa-
rable high temperature strength and ductility, as
well as improved hardness. Ma et al. [20] stud-
ied tantalum—tungsten alloys for high-temperature
applications. To evaluate the mechanical properties
of tantalum—tungsten alloys at elevated tempera-
tures, binary Ta-W was chosen, and their mechan-
ical properties were tested. Tensile stress, yield
stress, and elongation gradually decrease, while
the total tensile elongation remains constant as the
temperature increases. Wang et al. [21] studied
tantalum coating on titanium. An in vivo study was
performed on diabetic sheep. Aguilar et al. [22]
investigated the Ti-Ta-Sn alloys for biomedical
applications, with a particular focus on their use
in trabecular bone replacement. This work aims to
analyse the influence that of Sn has on the mechan-
ical properties and antibacterial response of ternary
alloy foams. The alloys were obtained by means
of mechanical alloying. The foams were obtained
using NaCl as space holder and consolidated by
a hot pressing. The foams exhibited homogeneous
pore distribution with a pore size between 100
and 450 um and with a porosity slightly higher
than 50%. None of the foams showed antibacterial
activity nor bacterial adhesion. Kuo et al. [23]
studied vacuum plasma spraying in order to deposit
Ta powder in three layers on Ti6Al4V substrates. In
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the deposition, the melting rate of the Ta powder
was controlled by regulating the spray power in
such a way as to form a coating with a porosity that
increased from the inner to the outer layer. Results
obtained from biocompatibility tests showed that
cells had better attachment and spreading on the Ta
coating than on the Ti6Al4V sample.

In the present study, Ta-Nb-Sn alloy foam
was manufactured for spinal implant (interverte-
bral disc) applications. The aim of the study was
development of an alloy with high wear resistance,
Young’s modulus close to that of bone, with good
medical imaging (MRI, CT) properties, and with
high bioactivity and osseointegration properties.
Highly porous open-cell foam-like structure was
obtained by using the pore former—water leach-
ing method. Nb addition to the Ta can reduce
the melting temperature, elastic modulus, and the
price of Ta alone. Sn is a nontoxic, solid solution
strengthening element for the Ta. In addition, the
melting temperature of Ta can be lowered by the
Sn addition. Although there are studies on the
porous materials for implant applications, there
have been no reposrts on the use of porous Ta [6].
Although Ta-Nb alloys have been studied, there is
no published work on the triple Ta-Nb-Sn alloy.
Young’s modulus of Ta-Nb-Sn alloy samples was
determined by both compression and ultrasonic
tests (destructive and nondestructive tests). Tomog-
raphy and radiography tests were also employed.
Wettability of the alloy was also characterized.

2. Experimental

2.1. Specimen production

Ta, Nb, and Sn powders, having a particle size
of 3040 um, were employed as a raw material
for the manufacturing of highly porous, foam-like
Ta-Nb-Sn alloy samples. 5-35 %wt. Nb, 1-5%
wt. Sn powders, and balanced Ta powders were
mixed (Alfa Aesar, USA). Ta, Nb, and Sn powders
and 3-mm ZrO, balls (metal/ball ratio of 10/1)
were ball-milled for 6 hours. Rotation speed was
600 rpm. Carbamide (urea) was used as a pore-
forming material. Some PVA (polyvinylalcohol)
was added to the powder mixture for green strength

and compressibility. Mixtures were pressed at 200
MPa into cylindrical samples (12x20 mm). Sam-
ples were immersed into the water and then the
carbamide (pore former) was removed. Ta-Nb-Sn
alloys were sintered at 1400°C for 240 min in
argon.

2.2. Mechanical properties and
microstructure

Microstructure of the Ta-Nb-Sn alloy sam-
ples were investigated using field emission gun-
scanning electron microscopy (FEG-SEM) (FEI
Quanta). Mechanical properties were studied using
compression tests (Devotrans, Turkey). Young’s
modulus was studied using the ultrasonic method
(General Electric, USM-Go). As the wettability
is important for orthopaedic implants, the contact
angle of the Ta-Nb-Sn alloys was measured using
optical tensiometer-contact angle meter (Attension
Theta) by the sessile drop method.

Computed cone-beam-based tomography (Den-
tal CT) was employed for imaging the pore struc-
ture. Samples were exposed to x-ray at 9 mA,
90 kV. Digital images were evaluated by a soft-
ware (OnDemand3dDental). Tomography device
was captured data by using x-ray beam (cone-beam
based) during a 360° rotation around the Ta alloy.

In addition, digital radiography (DR) was
employed for the investigation of the imaging
properties. Samples were exposed to x-rays at 90
kV, 14.3 mA, for 10 seconds (Balteau). Phosphor
imaging plates were employed (Flex, Carestream).
Scanner was VMI 5100MS. Images were processed
using Starrview software.

2.3. Static immersion tests

Simulated body fluid (SBF) solution was pre-
pared with a composition of 8.00 (g/L) NaCl, 0.30
(g/L) CaCly, 0.20 (g/L) KCl, 0.30 (g/L) MgCl,,
0.20 (g/L) K,HPOy4, 0.35 (g/L) NaHCOs, 0.07
(g/L) NapSQOy, and some tris [24-30]. The pH was
set to 7.40. Alloys were immersed into the SBF
for up to 14 days. ICP-MS (Thermo Scientific) was
employed to measure the metal ion release levels.
Weight change values were determined using dry
weight measurements.
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2.4. Electrochemical corrosion tests

Electrochemical corrosion studies were carried
out in the SBF solution using a potentiostat (Inter-
face 1000, Gamry). Saturated calomel electrode
(SCE) was the reference electrode, graphite was the
counter electrode, and the Ta-Nb-Sn alloy was the
working electrode. Open circuit potential (OCP)
was measured for 7200 seconds. Linear polariza-
tion resistance (LPR) was employed to determine
the polarization resistance and corrosion rate. Tafel
curves were obtained by polarizing the Ta-Nb-Sn
alloys with respect to the OCP.

2.5. Cytotoxicity evaluation

In the present study, in vitro evaluation of the
cytotoxicity of the Ta-Nb-Sn alloys were studied
by extraction-based 3T3 neutral red uptake (NRU)
assay. The 3T3 NRU assay is based on the ability
of living cells to uptake supravital neutral red dye,
which can penetrate the cell membrane by nonionic
diffusion. Neutral red (NR) is a weak cationic dye,
with which iving cells can be distinguished from
dead cells. The NRU assay provides a quantitative
estimation of the number of viable cells in a cul-
ture. Positive (sodium laureth sulfate) and negative
(polypropylene) samples were prepared to verify
the test system. Ta-Nb-Sn alloy test substances
were exposed to an immortalised mouse fibroblast
Balb/c 3T3 cell line. Absorbance (optical density)
measurements were performed at 540 nm in order
to determine the viability/survival. Cytotoxicity
can be expressed as a reduction of the uptake
of neutral red. Dulbecco’s modification of Eagle’s
medium (DMEM) cell culture medium, bovine calf
serum (BCS), trypsin/EDTA were the chemicals
used. Serum culture medium (SCM) was used as
the extraction agent because it supports extraction
of polar and nonpolar substances and cell prolifer-
ation. The cell culture was removed from culture
flasks using enzymatic digestion (trypsin/EDTA),
and then the cell suspension was centrifuged. The
cells were then resuspended and seeded at 10* cells
per well in DMEM in a 96-well plate. After incu-
bation, the culture was aspirated. After incubation,
culture medium was removed, and the cells were
washed with phosphate-buffered saline (PBS), The

test system is considered suitable if the viability for
the negative specimen is >70% of the blank.

3. Results and discussion

3.1. Mechanical properties and
microstructure

Highly porous open-cell Ta-Nb-Sn alloy foam-
like samples were manufactured by the press-
sinter-based pore former—water leaching route.
Pore morphology of the sintered structures repli-
cated the starting morphology and diameter of the
urea (carbamide) particles. Figure 1 illustrates the
SEM images of (a) Ta powder, (b) Nb powder, (c)
Sn powder, and (d) carbamide. Figure 2 illustrates
(a)photograph of the sintered Ta-Nb-Sn alloy foam,
(b) SEM image of the macro-pores at the cracked
surface of the sintered foam, (¢) SEM image of the
cell wall of the sample (low magnification), and (d)
SEM image of the cell-wall of the sample (high
magnification). Micropores in the microstructure
due to incomplete sintering are not undesirable.
Some micropores are important in the transporta-
tion of body fluids.

Table 1 shows the average sizes of the pore-
former carbamide (urea) particles and the aver-
age pore diameter of the alloys. Mean pore size
of the sintered specimen was 590 pum, while
mean particle size of the corresponding irregular

Fig. 1. SEM images of (a) Ta powder, (b) Nb powder,
(c) Sn powder, and (d) carbamide powder
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(d)

Fig. 2. (a) Photograph of the foam, (b) SEM image of the macro-pores, (c) SEM image of the cell wall (low
magnification), and (d) SEM image of the cell wall (high magnification)

Table 1. Mean size of carbamide particles and mean
pores size of the sintered foams

Carbamide Carbamide Mean Mean
particle particle size carbamide pore
shape ranges particle size
(1m) size (um)  (um)
Irregular —1400+4-1000 1270 850
Irregular —1000+4-710 860 590
Irregular —710+4-500 580 410
Spherical —1400+-1000 1300 880

carbamide pore former was 860 um. When pore-
former carbamide with a mean particle size of
580 um was used, a mean pore size of 410 um
was obtained in the sintered specimens. The final
pore size value is associated to the pore-former
carbamide size. Pore shape was also similar to
the original pore-former carbamide (urea) mor-
phology. The average diameter of the pore former
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Fig. 3. XRD patterns of the (a) Ta powder, (b) Nb
powder, (c) Sn powder and (d) sintered alloy

carbamide was slightly higher than the pores. The
difference was attributed to crushing of the car-
bamide during pressing [1-5].

Figure 3 illustrates the x-ray diffraction (XRD)
results of the powders (a) Ta, (b) Nb, (c) Sn powder
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and (d) the sintered Ta-Nb-Sn alloy. As seen from
the Figure 3(a), as-received Ta powder consists of
Ta phase. As seen from Figure 3(d), the sintered
sample consisted of Ta phase. Some oxides (Ta;Os
and Nb,Os) were also observed on the surfaces.
Figure 4 illustrates the effect of (a) Nb content and
(b) Sn content of the alloy on the elastic modulus
of the about 70% porous samples.

Figure 5 illustrates the effect of the porosity
level of the alloy on the (a) elastic modulus and (b)
compressive stress-compressive strain curve. There
are three regions in the curves: an elastic region,
a plateau region, and a densification region. The
plateau region is important for the energy/impact
absorption properties. Yield strength values of the
Ta-Nb-Sn alloys increased and the long plateau
region get shortened with increasing Nb content.

Porosity content of the sintered specimens increas-
ing from 46% to 74% caused the Young’s modulus
to decrease from 4.3 GPa to 1.3 GPa.

3.2. Corrosion tests

Figure 6 illustrates the change of OCP level
with (a) Nb addition and (b) Sn addition. Raising
the Nb content of the sample raised the OCP
level, whereas raising Sn content slightly lowered
the OCP. Tafel curves were employed to evalu-
ate the corrosion performance. Figure 7 illustrates
the effect of (a) Nb content of the Ta-Nb-Sn
alloy and (b) Sn content of the Ta-Nb-Sn alloy
on the Tafel curves. Increasing the Nb content
of the samples increased their corrosion poten-
tial and decreased their corrosion current density.
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Increasing Sn content of the specimens decreased
the corrosion resistance.

Figure 8 illustrates the effect of (a) Nb con-
tent of the alloy, (b) Sn content of the alloy, and
(c) porosity of the specimen on the polarization
resistance and corrosion rates. Polarization resis-
tance of the samples increased with incorporation
of Nb, and corrosion rate of the decreased with
Nb addition. Sn addition lowered the polarization
resistance of samples. Increasing Nb content of the
alloy samples from 5% to 35%, decreased the elec-
trochemical corrosion rate of the specimen from
3.2 mm/year to 2.0 mm/year. While increasing Sn
content of the alloy from 1% to 5%, the electro-
chemical corrosion rate of the specimen increased

from 2.5 mm/year to 3.0 mm/year. In general, Ta is
very inert and resists corrosion in acidic solutions.
Only highly acidic solutions containing fluoride
ions can corrode the Ta. The inert nature of Ta is
ideal for biomedical implant purposes. The inert
nature and biocompatibility of Ta is a consequence
of the surface oxides. Ta has two types of oxide,
TapO5 (more stable) and TaO,.

3.3. Static immersion test

Figure 9 illustrates the effect of the immersion
time on (a) the weight change and (b) metal (Ta)
ion release by Ta-35Nb-5Sn alloy in the simu-
lated body fluid. As seen from Figure 9, weight
change (loss) and metal (Ta) ion release values of
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the samples increased with time. Figure 10 illus-
trates the effect of the Nb addition on (a) weight
change (loss) and (b) Ta ion release. As seen from
Figure 10, weight loss and Ta ion release values

of the samples decreased with incorporation of Nb.
Figure 11 illustrates the effect of Sn content of the
alloy on the (a) weight change (loss) and (b) Ta ion
release in the simulated body fluid. Weight loss and
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solution

Ta release levels increased with the Sn addition.
Figure 12 shows the effect of the porosity content
of the Ta-35Nb-5Sn alloy on the (a) weight loss and
(b) Ta ion release in simulated body fluid solution
for 14 days. Increasing porosity content increased
the weight loss and Ta ion release values of the
specimens.

Wettability (contact angle) of the Ta-Nb-Sn
alloys was studied by using optical tensiometer.
The mean droplet (water) contact angle for the Ta-
Nb-Sn alloys was about 80°. Figure 13 displays

a photograph of the droplet at the surface. As the
contact angle is below 90°, the wettability of the
Ta-Nb-Sn alloy is suitable.

3.4. Radiographic characterization

Computed tomography (CT) and digital radiog-
raphy (DR) methods were employed for structure
imaging. The tomography method was used for
determination of pore structure and pore distribu-
tion, while the radiography method was used in
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of the sample

order to determine the radiopacity of the alloy.
Figure 14 shows the images of the foams with
70% porosity in both (a) radiographic view and
(b) tomography images. The Ta-Nb-Sn samples
show suitable radiopaque behaviour. Radiopaque
materials have a bright, white appearance on the
radiographs, compared with the relatively darker
appearance of the radiolucent materials. For exam-
ple, bones or metals look white or light grey (vis-
ible or radiopaque), whereas polymers, tissue, and
skin look black or dark gray (invisible or radiolu-
cent). Implant materials must have radiopacity for

surgical operations. Macro or micro-cracks were
not detected according to radiography. Figure 14(b)
shows the 3D image of the 70% porous foam.
The Ta-Nb-Sn foam consisted of homogeneously
distributed open pores according to the tomography
results.

In this study, evaluation of the cytotoxicity of
the Ta-Nb-Sn alloy was performed with the 3T3
NRU assay. The assay is based on the ability of liv-
ing cells to uptake neutral red dye, which can pen-
etrate the cell membrane. Positive (sodium laureth
sulphate) and negative (polypropylene) samples
were prepared to verify the test system. Ta-Nb-Sn
alloy test substances were exposed to immortalised
mouse fibroblast Balb/c 3T3 cells. Ta alloy does not
have cytotoxic potential. The viability value of Ta
alloy was about 88%, which is not lower than the
limit value (70%). This means that the Ta alloy has
no cytotoxic potential.

4. Conclusions

This study presented a method for produc-
tion of highly porous Ta alloy foam for spinal
implant applications. In this work, the manufac-
turing of highly porous Ta-Nb-Sn alloy foam was
carried out by using the press-sinter-based, space-
holder method. Low elastic modulus open-cell Ta-
Nb-Sn alloy foam can be used as material for
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spinal implant. The space-holder sintering tech-
nique makes it possible to obtain an open-cell Ta
foam-like structure with low elastic modulus close
to cancellous bone. In addition, Ta shows higher
bioactivity than Ti and Ti alloys. The powder
mixtures were mechanically alloyed. Carbamide
was employed as a pore-forming material. The
pore sizes of the foams were similar to the initial
size of the pore former. The mean pore size of
the sintered specimen was 590 pum, whereas the
mean particle size of the corresponding irregular
carbamide pore former was 860 yum. When pore
former carbamide with a mean particle size of 580
um was used, a mean pore size of 410 um was
obtained in the sintered specimens. Increasing the
porosity content of the sintered specimens from
48% to 74% decreased the Young’s modulus from
4.3 GPa to 1.3 GPa. Corrosion behaviour of the
alloys was evaluated in simulated body fluid. Cor-
rosion resistance was enhanced with incorporation
of the Nb. The corrosion rate of the samples was
lowered with Nb addition. Increasing Nb content
of the alloy from 5% to 35% decreased the elec-
trochemical corrosion rate of the specimen from
3.2 mm/year to 2.0 mm/year, while increasing Sn
content of the alloy from 1% to 5%, increased
the electrochemical corrosion rate of the specimen
from 2.5 mm/year to 3.0 mm/year. Weight loss and
Ta ion release values of the samples were raised
with immersion time. Meanwhile, weight change
and Ta ion release values were lowered by raising

Nb. The contact angle of the Ta-Nb-Sn alloys was
about 80°, which is suitable for spinal implant
(intervertebral disc) applications. Radiography and
tomography methods were used for 3-dimensional
defect and structure characterization. The tomog-
raphy method was used for determination of pore
structure and pore distribution, while the radiog-
raphy method was used in order to determine the
radiopacity of the alloy. Ta-Nb-Sn samples show
suitable radiopaque behaviour. Radiopaque materi-
als have a bright, white appearance, compared with
the darker appearance of the radiolucent materials.
Bones or metals look white or light grey (visible
or radiopaque), whereas polymers, and skin look
dark grey (radiolucent). Implant materials must
have radiopacity. The Ta-Nb-Sn foam consisted of
homogeneously distributed open pores according
to the tomography results. As a result, low elastic
modulus open-cell Ta-Nb-Sn alloy foam-like struc-
ture can be used in the spinal implant applications.
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