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bstract

n order to allow the ingrowth of the living tissue and increase the mechanical anchorage of the implant, Ta and NiTi foams were obtained with
imilar microstructure to cancellous bone and mechanically characterized. The Ta foams were produced by chemical vapour deposition and the
iTi foams by self-propagating high temperature synthesis (SHS). The mechanical and microestructural characterization was developed using a

ervohydraulic testing machine and microscopy techniques.
In both materials, pores in an appropriate range of sizes and interconnectivity were observed, comparable with the nature bone morphology.

oreover, the foams showed an excellent biomechanical compatibility and compressive fatigue limit. The fatigue endurance limit set at 108 cycles

howed an approximate endurance limit of 7.5 and 13.2 MPa, for the NiTi and Ta foams, respectively. These results indicate that the studied
aterials provide an adequate structural support, showing mechanical properties similar to the cancellous bone, especially for the Ta foam.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

In the biomaterials field, titanium alloys have extreme
mportance due to their excellent corrosion resistance and
iocompatibility.1,2 Moreover, alloys as the TiNi exhibit par-
icular properties of shape memory, which promotes other
nteresting characteristics, such as high damping capacity,
ffered by the thermoelastic martensite phase; excellent wear
ehaviour provided by the �-phase when the martensitic start
artensite, Ms, is near to room temperature and also, a low

lastic modulus.3–7

Nevertheless, there is a controversial discussion about the
i-ions release from the implant to the surrounding tissue,
hich promotes adverse reactions.5,8–10 For that, Ni-free Ti

lloys have been developed such as the Ti–4.4Ta–1.9Nb and
i–29Nb–13Ta–4.6Zr alloys, which present a relative low elastic
odulus and shape memory effects for some cases.11,12
It is important to notice that the low elastic modulus alloys are
equired to decrease the stress-shielding effect in bone-implant
oupling, enhancing bone regeneration and avoiding resorption
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rocess. These alloys could be used in orthopedic, cardiovascu-
ar and dental applications, such as osteosynthesis plates, jaw
lates and orthodontic archwires.6

However, it is in the orthopedic field where the called graft
aterials have a relevant importance in favour of the regen-

ration bone. The primary function of any orthopaedic graft
aterial is to achieve an initial stabilization of the construct,
hile permitting a bone healing or bone ingrowth.13 Many inves-

igators have described the uses of different graft materials; local
r iliac crest autograft or allograft, which sometimes work with
ther osteoconductive or osteinductive materials.14,15

Traditionally, the autograft has been the “gold standard” in
rthopaedic reconstruction, but the ocurrence of donor-site mor-
idity has limited their applications. This, has promoted the use
f some other osteoconductive or osteinductive materials such
s cages, polymethyl-methacrylate or porous metallics grafts,
orous metallic, as an alternative to the biological grafts.13,14

The porous materials have demonstrated their potential to
llow rapid bone ingrowth. Therefore, this finding implies an
mportant decrease in the time required for secondary stabiliza-

ion of the implant by bone ingrowth. The most representative
orous metallic materials are the tantalum and NiTi, which are
sed in a wide and varieties clinical applications including spine
usion. Different authors have reported mechanical properties of

mailto:francesc.xavier.gil@upc.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.184
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hese materials, like Zardiackas et al.,12 Li et al.16 and Itin et al.17

he biological responses have been reported by other authors as
obyn et al.13 and Gibson et al.18 Nevertheless, more studies are

equired in order to improve the porous metals for biomedical
pplications, in fatigue behaviour, specially.

The purpose of the present paper is to produce Ta and
iTi porous materials, using the techniques of chemical vapour
eposition/infiltration (CVD/CVI) and self-propagating high
emperature synthesis (SHS), respectively, in order to obtain low
lastic modulus, and to develop a complete mechanical charac-
erization, to short- and long-term, of the mentioned materials.

Distribution and pore size measurements, compression tests,
hree-point bending test and compression fatigue tests in sev-
ral samples of Ta and NiTi foams have been carried out. The
esults have been compared with the morphology and behaviour
ancellous bone. In an attempt to improve our understanding of
he mechanical behaviour of these porous materials, the fail-
re mechanisms were studied by mean of scanning electron
icroscopy (SEM).

. Material and methods

.1. Sample preparation

The manufacture of the porous tantalum begins with the
yrolysis of a thermosetting polymer foam, precursor to obtain
low-density vitreous carbon skeleton, which has a repeating

odecahedron array of pores interconnected by smaller openings
r portals. Commercially available pure tantalum is deposited
nto and about the carbon skeleton using CVD/CVI to create a
orous metal construct.

The cylinders of porous NiTi were produced by SHS. This
ethod is also called ignition synthesis and is based on the uti-

ization of the exothermic heat of formation upon interaction
f nickel and titanium. The increase of the temperature in the
hole volume of the reacting system leads to a self-ignition that

s similar to an explosion. In the reacting zones the maximum
emperature values can be lower, equal or slightly higher than the

elting point of NiTi. This method presents a good control of the
orosity range, providing appropriately sized and interconnected
ores, in order to create morphology close to that of the bone.19

he chemical composition of the NiTi foams was equiatomic.

.2. Pore size and distribution

Metallographic examination was developed by optical micro-
cope (Olympus, 300 Japan) and scanning electron microscope
SEM, JEOL, 6400, Japan) equipped with Image Analysis Tech-
ique (Lynk, USA) on five of the cylinders studying different
ections. From these observations, the pore size, the total poros-
ty and isotropy were characterized.
.3. Transformation temperatures of NiTi foam

The transformation temperatures were determined by means
f differential scanning calorimetry (DSC, 2920 modulated
Ceramic Society 27 (2007) 3391–3398

SC, TA Instruments) with heating and cooling ramps of 10 and
◦C/min, respectively. Ms (martensite start) and Mf (martensite
nish) are correspondingly, the starting and finishing tempera-

ures of martensite formation upon cooling from the austenite
hase. Similarly, As (austenite start) and Af (austenite finish) are
he starting and finishing temperatures of austenite formation
pon heating from martensitic phase.

The calibration has been carried out with indium, and did
ot vary with the heating rate. After optimization in prelimi-
ary tests, a smaller rate upon cooling was used to ensure a
at baseline and consequently avoid inaccurate calculation of

emperatures transformation and enthalpies.

.4. Compression tests

Compression tests were performed according to ASTM 451
tandard.20,21 The test samples were cylinders with diameter of
0 mm and height 35 mm. Five specimens of each material were
ested in compression at a cross-head speed of 10 mm/min. Load
ersus deflection was continuously monitored and recorded.
hese mechanical tests were performed using a servo-hydraulic

esting machine (MTS-Bionix, USA). The tests were performed
t 37 ◦C.

.5. Three-point bending tests

Rectangular prismatic specimens of average size 3 mm ×
mm × 30 mm were cut from as-prepared samples and pol-

shed with a #2000 grid blast. Three-point bending tests were
erformed using an Adamel Lhomargy® DY34 mechanical test
achine fitted with a 100 N load cell. The assays were performed

t 22 ◦C at a crosshead speed of 1 mm/min. The scheme of the
est is shown in Fig. 1.

The elastic modulus, E, and the maximum bending strength
maximum stress at fracture), σmax, were calculated by using
qs. (1) and (2):

=
(

48IE

L3

)
d ⇒ E = PL3

48Id
(1)
Fig. 1. Schematic diagram of the three-point bending test.
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Table 1
Ion concentrations of simulated body fluid (SBF) and human blood plasma

Concentration (mM)

Na+ K+ Mg2+ Ca2+ Cl− HCO3− HPO4
2− SO4

2−

S 2.5
H 2.5
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The compressive stress–strain curves of tantalum and NiTi
foams are shown in Fig. 4. These curves are typical of cel-
lular solid with open cells showing the three regimes of
behaviour.22–25

Fig. 2. SEM micrograph showing the structure of the tantalum foam.
BF 142.0 5.0 1.5
uman blood plasma 142.0 5.0 1.5

here P represent the load and I is the inertial moment with
egard to the bh section calculated from Eq. (3):

= bh3

12
(3)

here L, d, b and h are the distances depicted in Fig. 1.
Eq. (1) was applied for the elastic region of the load versus

isplacement curves. To avoid changes in the slope of the linear
art of the curves (elastic region), due to different values of
nertial moment as a consequence of variations in the b and

dimensions of the pieces, the experimental load values were
ormalized considering a constant I = 16 mm4 for all the cases.

.6. Compression fatigue

Cylindrical samples (diameter of 10 mm and height 35 mm)
ere cycled in compression to failure in simulated body fluid

t 37 ◦C. The chemical composition of the simulated body fluid
SBF) is shown in Table 1.

The load was applied as a sinus wave function with a maxi-
um load of −10 N. To generate S–N curves, the maximum load

or successive tests was decreased at 5% intervals until samples
urvived 108 cycles. The testing machine used was a servohy-
rauilic MTS Bionix with a sensibility of 1 gf. The frequency
as 2 Hz. Based upon initial data, at least four upper load values
ere chosen with at least three samples evaluated at each load

evel to establish the fatigue curve.
Failure was judged as having occurred when a final permanent

ertical displacement of 5% from the maximum displacement
t the onset of cyclical loading. The deformed and fractured
pecimens were observed by means of SEM.

All data were statistically analyzed using t-Student tests
nd one-way ANOVA tables, with Turkey’s multiple compar-
son tests in order to evaluate statistically significant differences
etween sample groups. All statistical analyses were performed
ith MinitabTM software (Minitab release 13.0).

. Results

The tantalum and NiTi foams exhibited an open porosity
etween 65–70% for the tantalum samples and 63–68% for
he nickel–titanium ones. The pore sizes were 370–440 �m
nd 350–370 �m for tantalum and nickel–titanium, respectively.

esides, homogeneous pore distributions and isotropic struc-

ures were observed. These characteristics promote the capillary
henomena, and enhance the bone tissue ingrowth and good
xation of the implant. F
148.8 4.2 1.0 0.5
103.0 27.0 1.0 0.5

As shown in Figs. 2 and 3, tantalum and NiTi foams possessed
haracteristics of three-dimensionally intercommunicated, per-
eable and open structure. Three orthogonal dimensions were

bserved with similar results indicating the isotropic pore growth
tructure. This is confirmed by micrographs of cross-sections
howing no preferred direction for pore growth or coalescence
results not shown). The pore size parameters met the pore
emand of porous biomaterial used for cancellous bone implant.
ig. 3. SEM micrograph showing the structure of the nickel–titanium foam.
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Table 2
Mechanical properties of the Ta and NiTi foams tested in compression, being E
the Young’s modulus, σ0 the yield stress, σmax the maximum strength and ε the
strain to fracture

Material E (GPa) σ0 (MPa) σmax (MPa) ε (%)

Ta foam 1.15 ± 0.86 35.2 ± 0.8 71.2 ± 0.86 8.1 ± 1.8
NiTi foam 1.21 ± 0.31 101.3 ± 14.3 142.5 ± 29.3 23.0 ± 4.1
C
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ig. 4. Stress–strain curves of Ta and NiTi foams submitted at compression test.

. Linear elasticity: At low relative densities, open-cell foams
deform primarily by cell-wall bending.

. Non-linear elasticity and densification: The deformation is
still recoverable but it is non-linear. Elastic collapse in foams
is caused by the elastic buckling of cell walls.

. Plastic collapse and densification: Plastic collapse gives a
long horizontal plateau to the stress–strain curve, through
the strain is no longer recoverable. The failure is localized in
a band transverse to the loading direction which propagates
throughout the foam with increasing strain. The long stress
plateau is exploited in foams for crash protection and energy
absorbing systems. Plastic collapse in open-cell foam occurs
when the moment exerted on the cell walls exceeds the fully
plastic moment creating plastic hinges.

Progressive compressive collapse gives the long, horizontal
lateau of the stress–strain curve which continues until opposing

ell walls meet and touch, causing the stress to rise steeply. The
ollapse of the structure can be observed in Fig. 5 for NiTi foam
fter compression test.

ig. 5. SEM micrograph of the NiTi foam after a compression test, showing the
ollapse of the structure.
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ancellous bone 1.08 ± 0.86 15.2 ± 8.0 25.0 ± 8.1 7.1 ± 3.0

esults corresponding to cancellous bone are included for comparison.21

The results of the mechanical properties can be observed in
able 2. The results are very similar for the studied metallic
oams and cancellous bone, especially for the tantalum foam.
his fact is very interesting to the load transfer from implant to
one in order to minimize the stress shielding effect. The values
f strength are higher for the NiTi foam than for the tantalum
ne and especially the results of strain to fracture are remarkably
igher for the former, 23%, than for the latter, 8%.

Bending strength and bending rigidity were calculated and
he results can be observed in Table 3. The bending rigidity, R,
as defined as offset yield strength divided by elongation at off-

et yield. The R values are not significantly different; however,
he NiTi foam shows a significantly higher strength value. If the
btained R values are compared with the R value of bone showed
n Table 3, which corresponds to the trabecular bone, both stud-
ed materials present a remarkable difference. But if they are
ompared with the cortical bone, which is reported aprox. of
5 MPa/mm2 the difference is less pronounced.26–32 This mean
hat both materials present a higher stability for bending, which
ould generate pain in service due to their reduced elonga-
ion capacity; hence, further studies are required to improve the

echanical behaviour to serve in joint prosthesis.
Microscopy observation of the surfaces after bending

evealed plastic deformation of the structure by elongation at
he tensile side of the sample, but only very limited cracking of
truts. A fracture of a strut of the tantalum foam is observed in
ig. 6.

The results of the DSC measurements for the untreated NiTi
evealed an austenitic transformation with a broad peak of 30 ◦C
idth (As = 73 ◦C) and an enthalpy of �H = 2.28 J/g (see Fig. 7).
he martensitic phase limits are found, respectively, at the tem-
eratures of 69 ◦C (Ms) and 49.6 ◦C (Mf) with a �H = 2.26 J/g.
he samples are in the martensite phase at body temperature. A

ingle peak appeared during cooling cycle indicating that phase
ransformation from austenite to martensite occurred without
he interposition of an R-phase.

able 3
echanical properties of the Ta and NiTi foams tested in bending, being R the

igidity, σ0 the yield stress and σmax the maximum strength

aterial R (MPa/mm) σ0 (MPa) σmax (MPa)

a foam 46.7 ± 8.2 106.2 ± 25.3 125.4 ± 6.2
iTi foam 42.2 ± 5.3 171.3 ± 32.1 192.3 ± 30.1
ancellous bone 6.8 ± 3.1 5.1 ± 2.0 10.4 ± 4.8

esults corresponding to cancellous bone are included for comparison.
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Fig. 6. SEM micrograph showing the fracture of the strut of tantalum foam.
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ig. 7. DSC graph of the NiTi foam after heat treatment, which presents an Ms

emperature of 69 ◦C.
The results of compressive fatigue were plotted as an S/N
urve (see Fig. 8 for NiTi foam). SEM evaluation of fatigued
amples showed cracking of the cylinders along the plane of
aximum shear stress (45◦ from axis of applied load). Cracking

ig. 8. S–N curves of the Ta and NiTi foams tested at compression fatigue.
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ig. 9. SEM micrograph showing the fatigue cracks nucleated in the struts
ropagating by the structure of the Ta foam.

f the struts was concentrated along the crack path with fracture
ccurring at the strut junctions.

The fatigue endurance limit set at 108 cycles showed an
pproximate endurance limit of 7.5 MPa for the NiTi foam and
3.2 MPa for the tantalum one. Samples that failed in fatigue,
egardless of load and number of cycles to failure, showed crack-
ng as well as complete fracture of the struts. The fatigue cracks
re nucleated in the struts and propagate through the structure,
s can be observed in Fig. 9. Finally, the collapse of the structure
y compressive fatigue is promoted when the cell walls get in
ontact and are compressed.

. Discussion

.1. Mechanical properties

For the cancellous bone, at a strain of about 1% the
tress–strain curve becomes non-linear as the trabeculae start to
eform irreversibly and crack. Beyond the peak, the stress–strain
urve falls gradually as the trabeculae progressively fail by tear-
ng and fracturing. As one would expect for a cellular solid, the
ensity has a rofound influence in determining the stiffness and
tress for cancellous bone. Others factors are important, as how
he stress-induced orientation of the trabeculae gives large ani-
iotropies in properties: the longitudinal to transverse stiffness
f cancellous bone in the human tibia, for instance, can differ
y a factor of as much as 10.

Scaffold modulus data were comparable to trabecular bone.
pecifically, the tantalum scaffolds closely matched the modulus
nd porosity of trabecular bone from the human vertebral bone.
hese data are similar to results for porous NiTi and appear

o match bonelike characteristics better than other investigated
one replacement materials as coralline hydroxyapatite, calcium
arbonate, and others.
When a bone replacement material is too stiff, this can result
n an implant site that suffers from stress shielding, a condition
n which the implant carries a disproportionate amount of load
ompared to the surrounding tissues. Stress shielding has been
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the direction of load application as well as cracking of individ-
ual struts. These observations attest to ductility of the structure
as a whole during deformation. The surface fracture revealed a
396 M. Arciniegas et al. / Journal of the Euro

mplicated in bone resorption in tissues adjacent implants and
ubsequent implant loosening, which ultimately leads to fail-
re of the implant. The lower modulus of the tantalum scaffold
hould prevent stress shielding in the area of the implant, and
ith time, bony ingrowth from the surrounding tissue should

ncrease the structural stiffness and modulus of the implant
uch that it matches the mechanical properties of the bone it
s intended to replace.

.2. DSC measurements for the untreated NiTi

The cause of the high strain to fracture in this material is due to
he thermoelastic martensitic transformation. Martensite phase
ppears as plates. The number of possible martensite plate ori-
ntations within one grain depends on the habit planes. For the
hermoelastic martensitic transformation, several habit planes
re possible and consequently many martensitic plate variants
an occur, giving rise to a multivariant formation. The orien-
ation taken by a growing martensite plate with respect to the
rientation of its neighbour is the most energetically stable in
hat particular strain field. The strain associated with one vari-
nt compensates the strain in other variants. This phenomenon
s called “self accommodation”. In the absence of an exter-
al applied stress and when the volume change is negligible,
he thermally induced martensitic transformation is character-
zed by random martensite plate variants. If a constant external
pplied uniaxial stress assists the thermally induced marten-
itic transformation, only a limited number of thermoelastic
artensite variants are expected to grow, or in the case of

elf-accommodating formations, certain martensite plate vari-
nts will become dominant in the different groups, as it can be
bserved in Fig. 10. This will lead to an external macroscopic
hape change.

“Rubber-like behaviour” is a name given to a type of
ehaviour that takes place at temperatures clearly below Mf.
amples composed completely of martensitic phase may be
oaded until they reach a large strain, and when unloaded their
nitial shape is completely recovered. It seems that the process
an be explained by the reorientation of the variants into the
ost stable direction and the coalescence between them. This

ig. 10. Martensitic plates produced by quenching (a) from TiNi foam and the
ame martensitic plates oriented by the load applied (b).

t

F
m

ig. 11. SEM micrograph showing the fracture surface of the Ta foam tested at
ompression.

s due to the low interfacial energy of the plates which makes
he growth process totally reversible, and where some variants

ay grow at the expense of others. In fact, in the loading pro-
ess, the growth of those variants that promote a better relaxation
f the internal stress distribution caused by the external load is
avoured. On unloading, with the consequent variation in the
oundary conditions, the process is reversed and a reduction in
he variants that have been developed is produced, until the initial
elf-accommodating structure is found. This behaviour is par-
icularly sensitive to the thermomechanical treatment undergone
y the sample.

The mechanism of fracture was the same in both porous
aterials. SEM examination of the structure as a whole and of

ndividual struts showed collapse of the structure orthogonal to
ypical cup/cone ductile fracture mode due to microvoid coales-

ig. 12. SEM micrograph showing ductile fracture (detail of the Fig. 9 at higher
agnification) from the Ta foam.
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ence rather than a brittle fracture mode, as can be observed in
ig. 11 and with more detail in Fig. 12, for the tantalum foam.

Finally, it is important to notice that both studied materials
resent an adequate porous size and interconnectivity of them, if
re compared with the nature bone. Despite of the high strength,
xcellent properties generated by shape memory effect and high
train to fracture exhibited by the studied NiTi foam, the Ta foam
resent a better elastic modulus and more comparable mechan-
cal properties with the bone. For that, the Ta foam could be a
etter material for being used as joint prosthesis. Also this mate-
ial is a Ni-free Ti alloy, which avoids the Ni-ion release to the
urrounding tissue and then, the possibility of adverse reaction.

. Conclusions

Tantalum and nickel–titanium porous materials have been
btained and studied with respect to its mechanical behaviour,
y extensive microestructural analysis, using conventional tech-
iques, in order to allow the ingrowth of the living tissue
ncreasing the mechanical anchorage of the implant. The most
elevant results of this study are:

a) Both foams exhibited an open porosity between 65–70% for
the tantalum samples and 63–68% for the nickel–titanium
ones.

b) The mechanical properties obtained from the studied metal-
lic foams, were very similar to the cancellous bone,
especially those obtained from the tantalum foam.

c) The NiTi foam presented strength values higher than the
Ta one, and the results of strain to fracture are remarkably
higher for the former, 23%, than for the latter, 8%.

d) The fatigue endurance limit set at 108 cycles showed an
approximate endurance limit of 7.5 and 13.2 MPa for the
NiTi and Ta foams, respectively.

e) The failure mechanisms, studied by SEM, showed a collapse
of the structure orthogonal to the direction of load applica-
tion as well as cracking of individual struts showing in both
materials.
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