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• A compaction device was developed to
obtain radial graded porosity Ti cylin-
ders, suitable for biomedical applica-
tions.

• The powder metallurgy space-holder
technique was applied for that purpose,
guaranteeing the structural integrity of
the Ti cylinders.

• The microstructure obtained is a new
bio-inspired/biomimetic approach to
solve the bone resorption due to the
stress-shielding phenomenon.
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Titanium cylinders with radial graded porosity, which are potentially suitable for biomedical applications (re-
placement of cortical and trabecular bones involved in different joint and dental restorations), have been devel-
oped by a novel uniaxial and sequential compaction device, based on powder metallurgy techniques. The
macrostructural, microstructural andmechanical properties of the cylinders were characterized. Themicrostruc-
ture obtained is a new bio-inspired/bio-mimetic approach to solving one of the most important drawbacks of ti-
tanium implants, i.e., bone resorption due to the stress-shielding phenomenon. In addition, the developed device
has proved to have unique advantages in customizing the structural integrity in conventional powdermetallurgy
manufacturing in a simple, economic and reproducible manner.
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1. Introduction

Musculoskeletal diseases are currently recognized as an important
health problem in society, as reported by theWorldHealthOrganization
(WHO) [1]. Within this context, there is a remarkable growth in de-
mand for bone implants and prostheses, due to increased life expectan-
cy, traumatic accidents, aesthetic dental factors, etc. [2]. Additionally, a
high percentage of current bone implants fail during the first 10 years,
and 20% of new implants are used to replace those that have failed [3].
Accordingly, it is desirable to develop new technologies that improve
overall performance of implants and prostheses.
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Table 1
Nominal compositional characteristics of each zone of the Ti cylinder formed with radial
graded porosity.

Core Inner shell Outer shell

NaCl (vol.%) 20 40 60
NaCl (wt.%) 12.7 24.3 41.9
Ti (wt.%) 87.3 75.7 58.1
Relative volume (%) 16.1 33.0 50.9
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The suitability of materials for bone tissue replacement is imposed
by two main parameters: biocompatibility and corrosion resistance in
the presence of biological fluids [4–6]. Based on these criteria, titanium
(Ti) and its alloys are widely applied in biomedical fields such as bone
implantation [7,8]. Both kinds of materials exhibit a suitable in vivo per-
formance acting as bone replacements [9–11], with reasonably good
osseointegration [12,13]. However, they also present an important
drawback associated with the significant difference between their
Young's modulus, E (100–110 GPa for commercially pure Ti and
~114GPa for Ti6Al4V) and the corresponding value of the bone to be re-
placed (20.7–18.6 GPa for cortical bone and 14.8–10.4 GPa for trabecu-
lar bone [14]). This difference implies an inefficient load transfer
between bone and implant, which is known as the stress shielding phe-
nomenon [15]. This elasticity mismatch causes an increase in induced
bone resorption, which diminishes the density of adjacent bone and,
consequently, generates a higher risk of fracture with the undesirable
associated aseptic loosening of bone implants.

Important research and technological efforts have been dedicated to
solving stress shielding problems during the last decade. Specifically,
some previous works have been focused on developing polymer matrix
composites, fully densified metal materials (stainless steel 316 L, Cr\\Co,
Mn and β-Ti metastable alloys), porousmetal materials (b70 vol.% of po-
rosity) and foams (N70 vol.% of porosity), among others [16–22]. These
last two types of materials, with a custom-made porosity, allow the
Young's modulus of the implants to be modulated by the control of pore
size, morphology, distribution and amount of porosity. In this context,
some techniques are usually employed to produce porous biomaterials.
Their study and evaluation have been undertaken by many authors,
with the works of Banhart, Betts, Singh, and Bansiddihi [23–26] being
highlighted. Among thoseworks, sinteringmethods, such as conventional
powder metallurgy [27–29] and pressure-assisted sintering (spark plas-
ma sintering, hot pressing, hot isostatic pressing), by using blowing
agents or space-holder technique [24,30,31], are widely used. The latter
is based on the co-pressing of a metal powder with another powder,
called “space-holder” (carbamides, ammoniumbicarbonate, sodiumchlo-
ride, potassium carbonate, polymethylmethacrylate, etc.), which is easily
removable, either by leaching or evaporation. Similarly, the pressure infil-
tration of a bed of leachable particles by a liquid metal, followed by
leaching to leave a metal-sponge skeleton, is also used [32].

The reduction of the stress shielding phenomena and themimicry of a
highly hierarchical bone structure are factors closely related in the sense
of developing advanced implants. These two factors must be considered
to ensure a balance between biofunctional and biomechanical properties.
However, achieving that goal remains a challenge today, and designing
and developing functionally graded materials (FGM) with an on-demand
porosity, has emerged as a promising alternative [33]. In the context of
this new approach, only a few works can be found in the literature
[34,35]. However, their attempts have several limitations in terms of the
graded porosity design (amount, pore size and distribution), influence
of processing parameters, and evaluations of in-service performance
(Young's modulus, mechanical strength and bone ingrowth).

The aim of this work is to develop and characterize samples of
commercially pure titanium (c.p. Ti) with a functionally radial graded
porosity (as occurs in the bone tissues), according to bio-inspired and
bio-mimetic approaches, for potential bone implant applications. The
samples were designed with a radial graded porosity of 20, 40 and
60 vol.% in three layers, i.e., the core, the inner shell and the outer
shell, respectively, using space-holder technique and a novel compac-
tion device developed by the authors.

2. Experimental

2.1. Materials and graded porosity design

Commercially pure titanium grade 4 (c.p. Ti. Grade IV, according to
ASTM F67–13, SE-JONG Materials Co. Ltd., Korea) and sodium chloride
(NaCl, Panreac Química, S.A.U., Spain, purity N99.5%) were used as the
starting powders. The Ti powder exhibited an irregular morphology
and particle sizes of 9.7, 23.3 and 48.4 μm, corresponding to the P10,
P50 and P90 percentiles. The NaCl powders, employed as space-holder,
were ground for 30min in a Turbula® T2C Shaker-Mixerwith tempered
Cr-Steel balls (67HRC) of 4.65mmdiameter, and a powder-to-ballmass
ratio (PBR) equal to 1/2. Afterwards, they were sieved to obtain NaCl
particles of between 100 μm and 200 μm, which showed regular cubic
morphology and an average particle size of 154 ± 30 μm. NaCl particles
were used as space-holder due to their low cost, easy dissolution, and
non-residual toxicity. Both materials were selected according to some
specific criteria: firstly, the low particle size of Ti powder was selected
to improve the sintering due to a greater contact between particles; sec-
ondly, the distribution and average size of NaCl space-holder particles,
between 100 and 200 μm, should contribute to achieving an important
interconnected porosity and open cell surface, ensuring bone ingrowth
into the implant [36]. Also, the average NaCl particle size was chosen to
increase the reliability of the implants, by avoiding the high porosity as-
sociated with large particle size, which would be detrimental for me-
chanical strength.

2.2. Preparation of specimens

The mixtures of c.p. Ti and the 20, 40 and 60 vol.% of NaCl were ob-
tained by using the same Turbula® T2C Shaker-Mixer, without any
grinding media. In order to ensure optimal homogenization, each mix-
ture was homogenized for 40 min. Subsequently, the mixtures were
cold compacted uniaxially by using a U30 (Malicet & Blin M.A.B.) hy-
draulic press at the optimum pressure of 800 MPa applied at 98.1 N/s
for 2 min, according to previous work [37]. The specimens of green Ti
cylinders with radial graded porosity (henceforth Ti cylinders), were
obtained with a diameter of 20 mm and a height of 18 mm, approxi-
mately. The nominal composition characteristics (porosity, percentage
of NaCl and Ti and the relative volume) of each zone that formed the
Ti cylinders are depicted in Table 1.

The compacting process of the Ti cylinders was carried out in three
steps, using a novel compacting device (Fig. 1). This device is composed
of the following set of elements: a) an external die and the base of the
device; b) a compression system, with three punches and sleeves used
for the core, inner and outer shell compaction processes; and, c) an ejec-
tion system that consists of another set of punches for each of the core,
inner and outer shell zones.

Thus, the process of shaping the Ti cylinders consisted of the follow-
ing sequential steps (a–c):

a) Core compaction: the external die, the lower base and the external
and internal sleeves are positioned. The remaining empty internal
zone (core) is filled with the corresponding powder mixture
(80 vol.% c.p. Ti + 20 vol.% NaCl). Then, the core is compacted
using the internal punch. The green body of the core is subsequently
removed with an ejection system.

b) Inner shell compaction: the external die, the lower base, the external
sleeve and the green body of the core, under its corresponding
punch, are now positioned; the punch must be centered with the
slot made in the lower base. Again, the remaining empty intermedi-
ate zone is filled with the corresponding powder mixture (60 vol.%



Fig. 1. New sequential compaction device showing, as examples, the arrangement for: a) the core compaction step; b) the inner shell compaction step, and c) the core–inner shell
extraction step. Also shown are the parts for both compaction and extraction systems: (1) external die; (2) lower base; (3) intermediate sleeve; (4) internal sleeve; (5) mixture of c.p.
Ti and the 20 vol.% NaCl space-holder to form the core; (6) punch for core compaction; (7) centering device; (8) centering punch; (9) extractor base; (10) extractor base supplement;
(11) extractor punch.
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c.p. Ti + 40 vol.% NaCl). Then, the inner shell is compacted with the
intermediate punch. Once compacted, the compression system is re-
placed by that for extraction, and the new green body formed by the
core and the inner shell is extracted.

c) Outer shell compaction: all external dies, the lower base and the
green body piece are positioned in the geometrical center of the
lower base, together with their corresponding punches. The remain-
ing empty external shell is filled with the last powder mixture
(40 vol.% c.p. Ti + 60 vol.% NaCl). The external punch is then used
to compact the outer shell. The extraction process is repeated, as in
steps a) and b). Subsequently, the green body-piece formed by a
core, an inner shell and an outer shell is obtained.

To lubricate both the die and the sleeve walls, Ethlyne-Bis-
Stearamide (EBS) wax is used during the compaction steps. After each
of the three compaction stages, the wax is removed by a two-step
degasification process: at 300 °C and 500 °C, with a heating rate of
5 °C/min for 2 h each step, and under high vacuum (~10−5 mbar) in
order to avoid a probable delamination between layers during the
sintering process [35].

In the next step, the space-holder, NaCl, must be suitably removed
from the green body. During this process, the structural integrity of
the green bodies must be preserved. This process uses a protocol
which was optimized in previous works [37–39]. The protocol consists
of several immersions of the Ti/NaCl green bodies in static distilled
water over 24 h, at temperatures between 45 °C and 55 °C. To avoid
NaCl saturation, and to facilitate NaCl removal, the distilled water was
replaced every 2 h,without handling the specimens to reduce undesired
separation of thepowders. DuringNaCl removal, themass losswas eval-
uated every four hours, once the samples were dried for 2 h in an oven
at 110 °C.

Finally, the Ti cylinders were sintered in a ceramic furnace tube
(Carbolyte ® STF 15/75/450) at 1250 °C for 2 h under high vacuum
(~10−5 mbar) with a heating rate of 10 °C/min, 5 °C/min and
1 °C/min up to 1200 °C, 1245 °C and 1250 °C, respectively, to avoid
temperature jumps close to the sintering temperature. Moreover,
intermediate dwell times were applied at 500 °C (60 min), 800 °C
(30 min) and 1000 °C (30 min) to facilitate interface bonding, removal
of remaining wax and achieving the high vacuum.

It is important to emphasize that four specimens of Ti cylinders with
the same design in terms of microstructure, size and radial graded po-
rosity were produced to ensure the reproducibility of the full process,
i.e., mixing of powders, compaction and space-holder removal steps.
Also, this allowed the standard deviation for all determinedmicrostruc-
tural parameters and mechanical properties to be obtained.
2.3. Physical and microstructural characterization

Measurements of Ti cylinder density were performed using Archi-
medes' method by immersions in distilled water (ASTM C373–14 Stan-
dard). The method was selected mainly for the feasibility of the
protocol. Total and interconnected porosities were calculated from
those density values [40].

In addition, the porosity and the equivalent pore diameter (Deq)
values of each layer (core, inner shell and outer shell) were estimated
by Image Analysis (IA). The IA technique was performed through a pro-
tocol (Panorama Maker® and Adobe Photoshop®) of 10 images for each
zone (5×). The images were captured by using a Nikon Epiphot optical
microscope (Nikon, Tokio, Japan) coupled with a Jenoptik ProgRes® C3
camera (Jenoptik, Jena, Germany). In order to obtain optimal images, a
conventional metallographic preparation of the specimen was neces-
sary, including resin mounting, grinding and mechano-chemical
polishing with magnesium oxide (MgO) and hydrogen peroxide
(H2O2).

Also, X-ray diffraction (XRD)patterns of the sintered Ti cylinderwith
radial graded porosity were obtained on the same specimen with the
metallographic preparation and using a PANalytical X'Pert Pro instru-
ment equipped with a θ/θ goniometer, a Cu Kα radiation source
(40 kV, 40 mA), a secondary Kβ filter and an X'Celerator detector. The
diffraction patterns were collected from 20° to 70° (2θ) in a step-scan
mode at a step of 0.02° and a counting timeof 275 s/step, andwere com-
paredwith those in the PDF-4+ database from the International Centre
for Diffraction Data (ICDD).

Furthermore, the morphology and macrostructure were character-
ized using X-ray micro computed tomography (CT). For this purpose a
custom-made X-ray scanner was used, composed mainly of a
microfocus X-ray source L8121–01 (with a W-target ) from Hamama-
tsu, Japan, operated at 100 kV and 100 mA, and a flat panel detector
C7943 (120mm× 120 mm, 2400 × 2400 pixel), also from Hamamatsu.
A 3D volume of the specimen can be obtained by acquiring a certain
number of X-ray projections during sample rotation over 360°, followed
by software reconstruction of these projections. This method allows the
qualitative and quantitative exploration and analysis of the interior
structure of the porous Ti samples, with a spatial resolution down to
6.4 μm pixel size, in terms of pore size distributions, porosity, etc. For
that purpose, a quarter of the cylinder was cut and imaged. The recon-
structed volume was subjected to image analysis, including a series of
filtering, separation and segmentation steps to obtain a quantitative
analysis of porosity and equivalent diameter. Pores at the interface be-
tween core, inner and outer shell were removed virtually for the analy-
sis to avoid border effects. A volume of 2mm×2mm×1mmfrom each
region was analyzed.



0 4 8 12 16 20 24
60

65

70

75

80

85

90

95

100
a)

 30 monolithic

 20/40/60 radial gradient

 50 monolithic

R
el

at
iv

e 
m

as
s,

 T
i+

N
aC

l (
%

)

t (h)

b) c) d) 

Fig. 2. a) Evaluation of mass loss corresponding to the NaCl removal process in function of
immersion time (4 h per cycle) in distilled water for Ti cylinders with radial graded
porosity developed in this work (circle symbols), homogeneous Ti cylinders with 30%
and 50% of volumetric porosity (square and triangle symbols, respectively). b–d) the
corresponding images of Ti cylinder with porosity of 30% (b), 20/40/60 radial graded
porosity (c) and 50% (d).
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2.4. Mechanical behavior

Themechanical characterization of the Ti cylinders involved the uni-
axial compression tests and the estimation of the dynamic Young's
modulus (Ed). The uniaxial compression tests were carried out with a
universal Instron machine. The dimension of the Ti cylinder (16 mm.
height and 20 mm. diameter) was fixed according to the Standard for
Mechanical testing of metals— ductility testing — compression test for po-
rous and cellular metals (ISO 13314:2011), with a height/diameter as-
pect ratio of 0.8 [41]. The strain rate used was 0.005 min−1 and all
tests were stopped when a strain level of 50% was reached. The yield
strength (σy) and the Young's modulus were obtained from them.

The estimation of the dynamic Young's modulus (Ed) was carried
out using the experimental values obtained for cylinders with homoge-
neous porosity of 20, 40 and 60%, corresponding to the porosity of each
zone (core, inner shell and outer shell) in the Ti cylinder with radial
graded porosity.

These experimental values were determined by the ultrasonic tech-
nique [37] and carried out using a Krautkramer USM 35(R) flaw detec-
tor. This method allows the transverse and longitudinal propagation
velocities to be determined. To evaluate transversewaves, a Panametric
S-V153(R) 1.5 MHz shear wave transducer with a wear shear couplant
(Panametric-NTD(TM)) is used. For longitudinal waves, a Panametric
S-NTD(R) 4 MHz ultrasonic transducer with an ultrasonic couplant
(Sonotrace grade 30(R)) is employed. TheMüller's mathematical equa-
tion [42] is used to determine the dynamic Young's modulus, once the
acoustic wave velocities are measured.

The above experimental steps (design of the Ti cylinders with radial
graded porosity and their microstructural andmechanical characteriza-
tions) allow the confirmation of the efficiency of both the uniaxial se-
quential compaction device and the NaCl removal, as well as the
optimization of the sintering parameters. In addition, the proper choice
of porosity (radial design, distribution of percentage porosity and size of
pores) was tested in terms of the structural integrity of the core and
inner shell required for cortical bone biomechanical compatibility and
increased osseointegration.

3. Results and discussions

3.1. Space-holder removal

The space-holder (NaCl) was removed from the Ti cylinders using
the above mentioned protocol. The mass loss kinetics corresponding
to NaCl removal, in terms of number of cycles (4 h per cycle), are pre-
sented in Fig. 2a. Moreover, the NaCl removal process for Ti cylinders
with homogeneous porosities of 30 vol.% and 50 vol.% is also shown in
the same Figure, to compare the effectiveness of the process. A steady
state in the NaCl removal, which was reached after 4 cycles (16 h),
was clearly observed. Even when the temperature of distilled water
was increased by 10 °C, from 45 °C to 55 °C, for the fourth cycle, the
NaCl loss did not increase. Themass loss of NaClwas 5.03±0.09 g,mea-
sured by the mass difference between the initial and the final weight,
after NaCl elimination. This latter value corresponds to a NaCl removal
of ~93 wt.% (initially NaCl was 5.43 g ± 0.12). The remaining NaCl per-
centage is removed during the later sintering process, and is then not an
important concern for further applications. It must be pointed out that,
during the NaCl removal process, some Ti particles were detached from
the surface of the cylinders. However, that slight amount of Ti is negligi-
ble, as has been previously determined [37].

The process reached a stationary state for the Ti cylinders, in concor-
dance with the Ti cylinders with 30 vol.% and 50 vol.% of porosity. How-
ever, this stationary state for the NaCl removal process was reached
earlier for the Ti cylinders, which indicates a positive effect of the inter-
faces (core–inner shell and inner shell–outer shell interfaces) on the
NaCl removal process, due to the discontinuity generated in them.
Thus, the higher porosity of these interfaces in comparison with the
bulk zones caused a preferential path for the penetration of the water
and exit for the dissolved NaCl. Also, in this context, the higher the
total porosity, the higher was the detected initial NaCl removal rate
due to higher interconnectivity between NaCl particles.

Fig. 2b–d, at the final moment of the last removal cycle, demon-
strates that structural integrity of all three samples (size, morphology,
layers) was not sensitive to conditions of the removal process. This
fact can be assumed as proof of the success and repeatability of the
protocol.

This NaCl removal method allowed important features to be
attained, such as reproducibility, removal effectiveness, simplicity,
and, for keeping the samples morphologically intact. It has also proved
to be both clearly reliable and cheap to apply for Ti designing with lon-
gitudinal [39], as well as with radial gradient porosity.
3.2. The sintering process of samples, and their physical/microstructural
characterization

After NaCl removal, the Ti cylinders (Fig. 3a)were sintered under the
previously described conditions. Fig. 3b illustrates themacro-aspect of a
representative sintered specimen. This figure shows the three layers ob-
tained with different porosities, i.e., the core, the inner shell and the
outer shell. It should be noted that different heights are observed at
the cylinder base between the layers (Fig. 3a-b); these samples were
initially designed with this structure to differentiate the three layers,
and as away to help center them in the compaction device. The compar-
ison between Fig. 3a and b also shows a slight shrinkage in the outer
shell, which is most likely a consequence of a porosity reduction during
sintering.



Fig. 3. Visual appearance of the Ti cylinder (diameter of ~20 mm) with the radial graded porosity before (a) and after sintering (b), longitudinal (c) and radial (d) cross sectional views,
after polishing.
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In order to have an overview for complete characterization, both
longitudinal and cross-sectional cuts were performed across themiddle
axes of the sintered specimens. After those samples were polished
(Fig. 3c and d), a good structural integrity was observed, without any
cracks or other kind of flaws associated with poor wax removal. In
the same context, a different porosity percentage within the three
layers was observed, with flawless interfaces between them. Optimal
alignment and centering of the layers were also noticeable, which are
important factors in promoting uniform mechanical properties across
the layers. The observed high interface quality and alignment of layers
have served to corroborate the proper optimization of sintering condi-
tions, as well as the NaCl removal protocol and the sequential compac-
tion steps.

The density estimation by Archimedes' method is shown in Table 2.
These valueswere comparedwith density calculated by the rule of mix-
tures. Themismatch between both values, around 10% higher for exper-
imental values, depends on the effect of the following factors.
Experimental values could be increased by: a) the possible remaining
small amount of undissolved NaCl, producing an increase of weight in
the position where it was expected to develop pores after sintering. It
Table 2
Density, total and interconnected porosity of the sintered Ti cylinder with radial graded
porosity, determined by the Archimedes' method and the rule of mixtures.

Density (g/cm3) Porosity (vol.%)

Total Interconnected

Archimedes' method 2.58 ± 0.02 42.7 ± 1.8 39.6 ± 2.1
Rule of mixtures 2.36 46.3 *

⁎ Not determined.
is important to note that the remaining undissolved NaCl is not expect-
ed to provoke detrimental effects on the implant, as this NaCl could be
dissolved in contactwith bodyfluids; and, b) the volumeofmacropores,
associated with the space-holder, could diminish slightly during
sintering. The experimental results could also be reduced by: a) differ-
ent porosity in the interface between layers; and b) additional micropo-
rosity associated with the sintering process.

Table 2 shows that the interconnected porosity is ~93% of the total
value, which is most likely a consequence of the high space-holder con-
tent, normally associated with the NaCl removal process and the
sintering step. The comparison between the total porosity determined
by the Archimedes' method and the rule of mixtures (Table 2) showed
the mismatch between them (around 8% lower in the experimental
values), and corroborates these discussed effects regarding density
estimations. The interconnected porosity has the important beneficial
effect of allowing bone ingrowth into the implant, with consequent
osseointegration improvement. The higher interconnected porosity is
moremarked in the outer shell layer because of its higher NaCl content,
which is an additional positive effect, taking into account that this layer
is in direct contact with the bone.

An XRD pattern of the sintered specimen was obtained (Fig. 4). The
set of peaks observed could be clearly assigned to a Ti phase with hex-
agonal structure and space group symmetry P63/mmc, by comparison
with the reference no. 044–1294 (PDF-4+ database from the ICDD). A
simulated XRD scan pattern of this reference is also shown in Fig. 4. In
addition, it is important to comment that no peaks corresponding to
the space-holder (NaCl), oxygen or carbon were detected. Therefore, a
negligible amount of this element or related compounds is expected.
Regarding this last aspect, routine studies by Energy-dispersive X-ray
Spectroscopy (EDS) in a Scanning Electron Microscope (SEM) showed
insignificant amounts of carbon and oxygen (0.5 ± 0.4 wt.% and



Table 3
Porosity percentage of each layer of the Ti cylinder,with radial graded porosity (core, inner
shell and outer shell), determined by Image Analysis (IA) and X-Ray micro computed to-
mography (CT). The pore size is shown as equivalent diameter of a sphere.

Layer Porosity Equivalent diameter, Deq

(μm)

IA (vol.%) CT (vol.%) IA CT

Core 14.5 ± 1.5 10.5 ± 3.2 142 ± 69 163 ± 71
Inner shell 38.3 ± 1.2 26.9 ± 5.8 120 ± 49 134 ± 53
Outer shell 57.5 ± 2.1 41.2 ± 8.1 94 ± 29 117 ± 49

30 35 40 45 50 55 60 65 70 75

Simulated Ti pattern 

Ref. no. 044-1294

Sintered Ti cylinder

2  (º)

I 
(a

.u
.)

Θ

Fig. 4.XRD patterns of: a) Sintered Ti cylinderwith radial graded porosity; b) Simulated Ti
pattern for reference no. 044–1294 (PDF4+ database from ICDD).
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0.8 ± 0.3 wt.%, respectively), corroborating the high purity of the Ti
cylinders.

The assembly of images allowed the three different zones to be
depicted in Fig. 5. This is the result of joining 120 micrographs obtained
by optical microscopy. Once the micrographs were properly joined, IA
was implemented to estimate the porosity of different zones, i.e., the
core, the inner shell and the outer shell (Table 3). The porosity percent-
ages were lower than expected, corresponding to the theoretical values,
i.e., 20%, 40%, and 60% of NaCl initially introduced as space-holder. This
finding helped to corroborate the shrinkage phenomenon due to a re-
duction of porosity during sintering. This lower than expected porosity
is a direct consequence of two previously mentioned factors related to
the sintering step, i.e., the reduction of the inherent microporosity of
the PM process in the Ti cylinder, and the collapse and size reduction
of themacropores formed after NaCl removal. In addition, thehigher de-
viation of the core with respect to theoretical values can be attributable
to some obstacles to the removal of the space-holder (NaCl). This can be
explained by thewater having to follow some tortuous paths to success-
fully access and dissolve NaCl inside all parts of the samples, through the
inner and outer shells.

The optimal homogeneous distribution of porosity in each zone can
also be appreciated in Fig. 5. This feature is reflected in the radial in-
crease of porosity from the core to the outer shell, which is indicative
of the effectiveness of the bio-inspired design. It must also be highlight-
ed that interconnected porosity is basically located in the inner and
outer shells, whilst the porosity in the denser core is mainly isolated.
Fig. 5. Assembly of 120 optical microscope images showing a top view of a radial cross-
section, and after polishing of a sintered Ti cylinder, showing the three different zones
(core, inner shell and outer shell).
Thismorphological feature of higher interconnected porosity at the sur-
face, is not only important from the biofunctional point of view, but
could also be correlated with a poor structural integrity: it matches
with both a bio-inspired graded porosity, with an associated lower
Young's modulus, and an improvement of bone ingrowth [36]. The iso-
lated and low porosity percentage in the core of the cylinders will help
to improve mechanical properties, as will be discussed later.

It is important to point out that the above estimation of total porosity
for Ti cylinders, from the relative volume and the porosity of each layer
(Tables 1 and 3, respectively), allowed a value of 44.2% to be obtained.
This calculation is close to that determined by Archimedes' method
(42.7%), which helped to corroborate the correct estimation of porosity.

The mean equivalent diameter of the pores, assuming spherical ge-
ometry, was determined by IA from Fig. 5, and is shown in Table 3. It
is clearly observed how the pore size decreases from the core to the
outer shell. Additionally, the pore size of the core (142 ± 69 μm) per-
fectly fits the initial NaCl space-holder particle size (154 ± 30 μm).
These special features would indicate that sintering effectiveness is
higher in the outer shell of graded samples due to a high surface energy,
which is most likely a consequence of increased porosity from outer
shell to the core.

The equivalent pore diameters obtained for the core, inner and outer
shells had values close to 100–150 μm. These pore sizes were demon-
strated to be optimal for ensuring a high degree of interconnectivity
and, therefore, the improvement of bone ingrowth into the porous im-
plants, which will reduce the risk of fatigue failure [36,43–45].

In order to compare all the above microstructural characteristics of
Ti cylinders, a 3D rendering of samples, obtained by CT, is shown in
Fig. 6, where the interfaces between core, inner and outer shells were
properly removed for the analysis. The porosity values thus estimated
(core: 10.5 ± 3.2 vol.%; inner shell: 26.9 ± 5.8 vol.% and outer shell:
Fig. 6. 3D volume rendering of an X-ray tomography of a quarter of a cylinder of the radial
graded sample showing the pores detected on each section (red) and the matrix
(transparent grey). The three sections (core, inner shell and outer shell) were separated
for analysis to avoid border effects at the interfaces.
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41.2 ± 8.1 vol.%) were slightly lower than those obtained by IA. On the
other hand, the equivalent pore diameters (core: 163 ± 71 μm, inner
shell: 134 ± 53 μm and outer shell: 117 ± 49 μm) were higher than
those found by using IA. Despite these differences, the general trend be-
tween those three sections is very similar, as can be seen in Table 3. The
reason for the slight mismatch between IA and tomography may be
found in the fundamental differences between 2D and 3D estimation
methods. However, it could be due to certain factors, such as sample
preparation, segmentation and separation problems, etc.

Fig. 7 shows the mean value of a log-normal distribution fit of the
equivalent pore diameters for a volume-weighted distribution (core:
175 ± 10 μm; inner shell: 187 ± 4 μm and outer shell: 237 ± 5 μm).
In this case, the trend for the equivalent pore diameter is opposite to
those found by IA and CT direct determination (Table 3), increasing
from the core to the outer shell. This is a feature that showed some in-
terconnected pores from the outer core represent a larger volume and,
therefore, they have a dominant role, instead of non-interconnected
pores. This porosity characteristic cannot be properly separated by the
method and it also corroborates the necessity of different analyses de-
pending on the purposes.

3.3. Mechanical behavior

The yield strength of Ti cylinders was determined by a uniaxial com-
pression test (Table 4). The typical stress-strain curve is presented in
Fig. 8. It is important to note that the estimated value of this mechanical
property is clearly higher than for cortical bone (279 MPa versus 150–
180MPa [38]), irrespective of the high porosity obtained in the Ti cylin-
der. This higher yield strength can be explained in terms of the lower
porosity in the core, which is consistent with the observation of struc-
tural integrity of the same core after uniaxial compression testing (see
inset in Fig. 8). In contrast, the outer shell was severely damaged after
Table 4
Yield strength (σy) and Young's modulus (Ed) of the sintered Ti cylinders with radial graded po
also obtained from Ti cylinders with the porosity of each zone [40,43]. Experimental Ed was ob

Compression test

Ec (GPa) σy (MPa)

Homogenous porosity 20%vol. NaCl 18.0 ± 1.0 458 ± 5
40%vol. NaCl 14.2 ± 1.2 186 ± 8
60%vol. NaCl 12.3 ± 1.4 81 ± 13

Gradient Core 8.3 ± 1.9 278 ± 18
Inner shell
Outer shell

⁎ Not determined.
testing, as can be observed in the same inset in Fig. 8. This clear differ-
ence in response could be related to the easy collapsing of the outermost
interface between the inner and outer shells due to the higher intercon-
nected porosity (see Fig. 5); in the same sense, the innermost interface,
with lower porosity, between core and inner shell, allowed good struc-
tural integrity.

The yield strengths of Ti cylinders with homogeneous porosity de-
veloped with the same composition and microstructure of core, inner
and outer shells, exhibited an opposite trend: 420, 235 and 110MPa, re-
spectively (Table 4) [40,43]. These values appear in good agreement
with the experimental values for each zone in the Ti cylinders. Specifi-
cally, the yield strength of these same samples (279 MPa) is actually
close to the value of Ti cylinders with a porosity of 40 vol.%
(235MPa), close to the total porosity determined by Archimedes'meth-
od and IA (42.7 vol.% and 44.2 vol.%, respectively).

The dynamic Young's modulus (Ed) for the Ti cylinders was estimat-
ed by the interpolation of the total porosity on the Young's modulus
measurements. These results were obtained by ultrasonic technique in
the corresponding specimens with the nominal porosity expected on
each layer (core, inner shell, and outer shell), i.e., 20 vol.%, 40 vol.%
and 60 vol.% (Ed from 61.3 GPa to 14.5 GPa) [43]. All these values are
shown in Table 4. The stiffness, measured by ultrasonic technique, de-
creases with increasing porosity in agreement with Eshelby's elastici-
ty-based theory for closed, spherical porosity.

The estimated value (26 GPa) was similar to the Young's modulus
reported for cortical bone (around 20.7–18.6 GPa [14]). This good agree-
ment between both values is an important advance in the search of the
optimal biomechanical compatibility between implants and bone tissue
and, therefore, contributing to reduce the usual and undesirable stress-
shielding phenomenon. It is important to point out that although the Ti
cylinders with radial graded porosity and reduction of Young's modulus
rosity, and the corresponding values for cortical bone (Ec). Values of both properties were
tained from the ultrasonic technique.

Ultrasonic technique Cortical bone

Ed (Exp.) Ed (Est.) Ec (GPa) σy (MPa)

61.3 ± 0.5 * 20–25 150–180
29.0 ± 0.7
14.1 ± 1.0
* 26 ± 1.4 77.5 ± 1.2

31.5 ± 1.4
11.5 ± 1.4
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have been successfully obtained, the next step on the investigation
would be the development of studies of real implants with the corre-
sponding geometry. In this context, to optimize the design of the im-
plant, a complete numerical analysis of the mechanical behavior for a
radial graded porous implant interactingwith the bonewould be essen-
tial. Until now, Hedia et al. [46,47] have developed by FEA simulated im-
plants with the geometric design (minimizing harmful effects such as
stress shielding of the bone or high shear stress in the interface bone-
implant), obtaining promising results. In addition, the authors have per-
formed also FEA studies published [48] on cylindrical samples under
tensile stress, which is an indirect validation of the stress-shielding re-
duction effectiveness of these samples.

By other hand, the same interpolation process as above mentioned
was carried out in each layer (core, inner shell and outer shell) by taking
into account their porosity determined by IA (Table 3). The slightly
higher Young's modulus obtained, in comparison with the Ti cylinder
with homogenous porosity (both series of values are presented in
Table 4), can only be explained in terms of the lower porosity percent-
age of each layer due to decreasing micro and macroporosity (from
voids formed after NaCl removal) during the sintering process.

Itmust be noted that the Young'smodulus determined fromuniaxial
compression tests that appears in Table 4 (8.3 GPa), is considerably
lower than that estimated from the Ti cylinders with homogeneous po-
rosities (~26 GPa). This lower value is closer to trabecular bone
(~10 GPa), with a clear new mismatch with respect to cortical bone.
This difference was already reported by the authors in some recent
works [37,40], and it was attributed to deficient joined interfaces, espe-
cially at the joint of the inner-outer shells, reflected in the presence of
pores, some residual stress, flaws, etc. Within this context, it must be
pointed out that Ti cylinders start to collapse at the layerwith higher po-
rosity and/or lower Ti percentage (outer shell). However, the overall
structural integrity is mostly dependent on both the inner shell and
core strengths.

It must be remembered that the correct evaluation of Young's mod-
ulus in porous materials is still a controversial technical and scientific
issue. It is typically found that Young's modulus measurements from
uniaxial compression tests are lower than dynamic measurements.
Greiner et al. [49] associated this discrepancy with super-elastic defor-
mation within the linear elastic range of NiTi materials. These authors
related this difference to the testingmachine stiffness in which the me-
chanical system and sample were considered as two springs in series.
Moreover, it must be remembered that the Ti matrix is different at
each layer of the cylindrical sample; during a compression test the ma-
terial collapse starts at the section with the lowest Ti content or higher
porosity, i.e., the outer shell. The Young's modulus estimations reported
here, from the compression stress–strain curves, were already corrected
for the stiffness of the testingmachine (87.9 kN/mm).Wehave reported
a similar trend for c.p. Ti obtained by a conventional powder-metallurgy
process [40], as well as in recent work [37,39] developed with space-
holder (NaCl). In these earlier works, the reliability and certainty of ul-
trasound measurements were validated by comparison with a well-
known and accepted pore-elasticity model, such as that of Nielsen [50].

4. Conclusions

1. A new sequential compaction device was successfully employed to
reproduce the initial design of the Ti cylindrical samples with radial
graded porosity through space-holder technique, guaranteeing
their structural integrity.

2. The compaction device and the designed sequence of space-holder
percentages allowed structurally stable cylindrical samples to be ob-
tained with a radial graded porosity design, representing a new bio-
inspired/bio-mimetic approach to solving one of themost important
drawbacks of Ti implants, i.e., bone resorption due to the stress-
shielding phenomenonwhile ensuring amechanical strength similar
to that of cortical bone.
3. The green bodies of cylindrical Ti samples showed great structural in-
tegrity after NaCl removal, aswell as after sintering (high quality and
mechanically stable interfaces with absence of delamination and
cracks,

4. The porosity obtained (homogeneous distribution and pore size in
each layer) by using a particle size distribution of the NaCl space-
holder of between 100 and 200 μm, was suitable for improving the
mechanical strength, achieving the desirable reduction of Young's
modulus and ensuring bone growth into the implant (ingrowth).

5. Obtaining E and σy values close to cortical bone also corroborates the
optimal design applied for the development of the Ti cylinder with
radial graded porosity.
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