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One of themost important concerns in long-term prostheses is bone resorption as a result of the stress shielding
due to stiffness mismatch between bone and implant. The aim of this study was to obtain porous titanium with
stiffness values similar to that exhibited by cortical bone. Porous samples of commercial pure titanium grade-4
were obtained by following both loose-sintering processing and space-holder technique with NaCl between 40
and 70% in volume fraction. Both mechanical properties and porosity morphology were assessed. Young's mod-
ulus was measured using uniaxial compression testing, as well as ultrasoundmethodology. Complete character-
ization andmechanical testing results allowed us to determine some important findings: (i) optimal parameters
for both processing routes; (ii) better mechanical response was obtained by using space-holder technique; (iii)
pore geometry of loose sintering samples becomes more regular with increasing sintering temperature; in the
case of the space-holder technique that trend was observed for decreasing volume fraction; (iv) most reliable
Young's modulus measurements were achieved by ultrasound technique.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Bone degradation related to trauma and disease, as well as its conse-
quent replacement, is considered a public health problem today, which
affects one in seven North Americans [1]. This tissue degradation is ev-
ident by density reduction above the age of 30 years old,which involves
a strength reduction of up to 40% which could be increased by both the
cyclic loading and surface wear of joints [2]. These facts can be support-
ed through statistics such as those provided by the American Dental As-
sociation [3] indicating that 113 millionNorth American adults have lost
at least one tooth and 19 million are edentulous. It has also been report-
ed that 10–15% of implants fail in the first 10 years, and 20% of the sur-
geries are carried out to replace failed implants [4]. Furthermore, the
demand for implants is still growing as a result of the rise in life expec-
tancy (13% of the population in the USA are aged 65 years or older; an
increase of 8% more has been forecasted for 2050 [5]). Moreover, in
younger patients the need for prostheses is also rising, which implies
that implants will be subjected to higher levels of mechanical loading
for longer periods of time. In this context, further research is needed
to develop methodologies that can improve in vivo performance of all
implantable devices.

Among all biomaterials employed for bone replacement, it is
recognized that titanium and its alloys are those with the best

in vivo behavior. Despite this, implant fixation to the bone remains
an aspect to be improved through alternatives for reducing the
stress-shielding phenomenon, which is a consequence of the mis-
match between Young's modulus values (Titanium is 110 GPa and
cortical bone around 20–30 GPa); this difference has been identi-
fied as one of the major reasons for implant loosening [6–8] and
bone resorption. Furthermore, it has been suggested that when
bone loss is excessive, it can compromise the long-term clinical
performance of the prosthesis [9]. This may also be responsible
for implant migration, aseptic loosening, fractures around the
prosthesis, and can imply technical problems during revision sur-
gery [9].

Although titanium and its alloy (Ti-6Al-4 V) are themetallic bioma-
terials with the lowest elastic modulus value (50% lower than Co–Cr),
themismatchwith respect to bone stiffness remains a challenging prob-
lem that still needs to be addressed. Manufacturing of implants with
lower stiffnessmaterials could be a solution for the stress shielding phe-
nomenon [10]. In that sense, development of porous materials is an al-
ternative approach to achieve a stiffness reduction. However, an
important issue with the use of porous implants for load bearing appli-
cations is the risk of reduction of both mechanical strength and fatigue
resistance because the material must be able to withstand the loads
without failure. Therefore, to get a desired balance between strength
and stiffness is the most important challenge of this approach and has
to be accomplished.

There is someongoingwork anddevelopments about biocomposites
and porous titanium implants that still do not fulfill the suitable

Materials Science and Engineering C 37 (2014) 148–155

⁎ Corresponding author at: Departmen of tMechanical Engineering Universidad del
Norte Barranquilla - Colombia.

E-mail address: ytorres@us.es (Y. Torres).

0928-4931/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.msec.2013.11.036

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2013.11.036&domain=pdf
http://dx.doi.org/10.1016/j.msec.2013.11.036
mailto:ytorres@us.es
http://dx.doi.org/10.1016/j.msec.2013.11.036
http://www.sciencedirect.com/science/journal/09284931


equilibrium between mechanical and biofunctional properties [11–14].
Several workers have previously shown that it is possible to match the
stiffness of cortical bone by using different techniques to produce po-
rous titanium samples [15–25], however, there is a lack of studies
about relationships between processing parameters, microstructure
and the effect of porosity on themechanical properties of porous titani-
um samples.

Porous titanium can be produced by several methods such as loose
powder sintering [26,27], slurry foaming [28], reactive sintering [29],
hollow sphere sintering [16] and entrapped gas techniques [30]. How-
ever, the production of porous materials via the conventional powder
metallurgy (PM) route can be cost effective, flexible and lead to the de-
sired design foams [20]. In addition, most of the above-mentioned
methods provide limited porosity. Recently, a new powder metallurgy
technique using space holder materials (such as carbamide [20,31],
NaCl [32,33], K2CO3 [34], PMMA [35,36]) has been developed, which
has the advantages of great uniformity, adjustable porosity amount,
controlled pore shape, andmore uniform pore size distribution [37–43].

In this work, loose-sintering and space-holder techniqueswere used
to manufacture porous cpTi samples and the influence of processing on
both their microstructural and mechanical properties was investigated.
The relationships between morphological features and mechanical
properties are also rationalized.

2. Experimental

2.1. Materials

Commercially Pure titanium powder (cp Ti) produced by a hydroge-
nation/dehydrogenation process was used as the starting powder. The
particle size distribution, according to the supplier SE-JONG Materials
Co. Ltd., Korea, exhibited particles with irregular morphology and
sizes, corresponding to 10%, 50% and 90% passing percentages, of 9.7,
23.3 and 48.4 μm, respectively. The chemical composition is equivalent
to commercially pure titaniumASTM F67-00 Grade IV. The space holder
used was NaCl (Panreac, purity N 99.5%) due its undemanding decom-
position. The concentration of NaCl was within a range of 40–70vol.%,
which was similar to that used in previous papers [14,20,44]. The NaCl
granules employed as space-holder presented particle sizes corre-
sponding to 10%, 50% and 90% passing percentages, of 183, 384 and
701 μm, respectively. The authors chose a space holder (NaCl) with a
large particle size, and cpTi with a fine particle size; there are several
reasons for this: (i) A wider NaCl particle distribution (which promotes
a higher degree of interconnectivity of the pores), and a high average
size of space-holder (N100 μm)would fulfill the requirements to ensure
the growth of bone into the implant (ingrowth); (ii) On the other hand,
the choice of a titanium powder of irregular shape and small average
size would improve the sinterability of the compact (quality of the
neck and lower grain size); this will also help to offset the loss of me-
chanical strength inherent in increased porosity.

2.2. Processing of porous titanium

Two different PM techniques were used: loose-powder sintering
and space-holder technique. A sketch illustrating the processing stages
for both methods is shown in Fig. 1.

Loose-powder sintering is a method in which the metal powder is
poured or vibrated into a mold which is then heated to the sintering
temperature in an appropriate atmosphere [27]. Fig. 1a represents the
loose-sintering process applied to porous cpTi powder blended for
40 min in a TURBULA T2Cmixer. Subsequently, the powder was vibrat-
ed into a cylindrical mold of alumina for 2 min. This was a measure of
densification of the powder. Finally, the sample was heated to 1000 °C
and 1100 °C for 2 h, in a CARBOLYTE STF 15/75/450 ceramic furnace
with a horizontal tube under high vacuum (~5 × 10−5 mbar). The
above processing conditions were chosen in order to obtain mechanical

properties (Young modulus and yield strength) similar to the cortical
bone [45].

The space-holder technique is a recently developed PMmethod that
allows porous structures to be obtained with controlled porosity and an
enhanced homogeneity. A sketch of the aforementioned process is
shown in Fig. 1b. The powder metallurgy technique used to manufac-
ture these samples consisted of a conventional process: 1) mixing of
the titanium powder and NaCl particles for 40 min in order to ensure
a good homogenization, 2) compaction of the mixture (pressure of
800 MPa, defined according to compressibility curves of materials and
the results of a previous work [2,46]), 3) subsequently, the salt was dis-
solved with distilled water (50–60 °C), in cycles of 240 min (see details
in previous work [2,46]), and 5) finally, the sintering temperature was
fixed at 1250 ºC for 2 h under high vacuum [2,46].

In both methodologies, the powder mass used to obtain specimens
with dimensions suitable for testing compression (height/
diameter = 0.8) was overestimated and varied between 2.0 and 2.1 g
in order to ensure the desired ratio for compression testing, as well as
to avoid the effect of some losses during handling and cutting of the
samples. The compaction step was carried out by using an INSTRON
5505 universal machine to apply the pressure needed for the desired
porosity, followed by a MALICET ET BLIN U-30 universal machine in
order to remove the samples from the matrix. The compaction loading
rate was 600 kgf/s, the dwell time was 2 min and the unloading time
was 15 s for decreasing loads up to 15 kgf.

2.3. Microstructural and mechanical characterization

The density measurement was carried out by using the Archime-
des method with distilled water impregnation, due to its experimen-
tal simplicity and reasonable reliability (ASTM C373-88). The total
porosity P(Arch) and interconnected porosity (Pi) were calculated
from the density measurements by using well known mathematical
expressions [47].

For the image analysis, the sectioned parts were prepared by a se-
quence of conventional metallographic steps (resin mounting, grinding
and polishing) followed by amechano-chemical polishingwithmagne-
sium oxide and hydrogen peroxide. Conventional optical microscopy
(OM)was also used for the basic observation of themicrostructural fea-
tures of the samples. The porosity evaluation by image analysis was per-
formed by using an optical microscope NIKON EPIPHOT coupled with a
JENOPTIK PROGRES C3 camera, and suitable analysis software (IMAGE-
PRO PLUS 6.2). The followingmorphological pore parameterswere esti-
mated by this method: the total porosity (PIA), equivalent diameter
(Deq) [48] defined as the average diametermeasured from thepore cen-
troid, and aspect ratio (Ff = 4πA/(PE)2) [48], where Awas the pore area
and PEwas the experimental perimeter of the pore representing amea-
sure of roundness of the pores. Zero values correspond to maximum ir-
regularity and values closer to 1 match with more spherical pores. The
mean free path between the pores was defined as the average size of
the necks between the pores (λ) [49], and the pore interconnectivity
(Cpore) defined as the fraction of connected pores of the total reference
line length [50].

For mechanical compression testing, the specimen dimensionswere
fixed according to those recommended (height/diameter = 0.8) in
Standard ASTM E9-89A [51]. The yield strength, relative strength (de-
fined as the ratio between the strength of porous material and the
solid material) and the Young's Modulus were also obtained. Further-
more, the dynamic Young's modulus measurements using the ultra-
sound technique were performed with KRAUTKRAMER USM 35
equipment which was used to estimate both longitudinal and trans-
verse propagation velocity of acoustic waves (ASTM E494-10). For
each case the PANAMETRICS probe and a suitable ultrasonic couplant
fluid was used. Once the acoustic wave velocities were measured, the
dynamic Young's modulus was calculated using a knownmathematical
expression [52].
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3. Results and discussion

In order to identify the most important parameters and their work-
ing range, the first step of the experiment was the data screening. Vari-
ables influencing the space-holder technique are associated with NaCl
content, mixing time, compaction pressure, sintering temperature and
time, mould features and cooling and dissolution procedures; each
one of these factors affects the quality of the obtained porous samples.
A large number of samples were tested in this initial screening step,
by changing those parameters in a wide range, as is shown in Table 1.
In a previous study, the influence of water temperature, agitation and
time of dissolution were evaluated [2,46]. As a result, it was found that
although many controlling factors affect the process, the output quality
was mainly influenced by five parameters: NaCl volume fraction (NaCl
vol.%), temperature of water, time of dissolution, compaction pressure
and sintering time (t).

In the present study, the influence of NaCl fraction, compact pressure
and sintering temperature were further evaluated. The pressures and
temperatures were 0 MPa and 800 MPa and 1000 °C, 1100 °C and

1250 °C, respectively. At least three compacts were manufactured for
each combination, and Table 2 summarizes the conditions evaluated.

3.1. Microstructural characterization

According to features observed in Fig. 2, thehigher porosity achieved
with space-holder technique is the first finding that can be highlighted
from comparing the evaluated processing routes.

In loose-powder sintering, the higher porosity was associated with
the lowest sintering temperature of 1000 °C, as observed in Fig. 2 (a).
For the highest sintering temperature the porosity was reduced and
the pores becamemore isolated. The influence of sintering temperature
on pore morphology is shown in Fig. 3a and b. Moreover, quantitative
results for 1000 °C and 1100 °C obtained by the Archimedes method
and Image Analysis support the qualitative aspects assessed previously
(Fig. 3(c) and (d)). In that sense, several parameters were evaluated:
equivalent diameter (Deq), total porosity obtained by Archimedes
(PArch.) and image analysis (PIA), the aspect ratio (Ff), distance between
the pores (λ), and the pore interconnectivity (Cpore). The statistical dis-
tribution depicted in Figs. 2 and 3, where the columns are of equivalent
diameter (Deq), shows a quantitative representation of the pore size.
The height of the bell decreases with increasing temperature; the

NaCl (40-70 vol%)
Sizes: d[10] 183 µm, d[50] 
384.6 µm, d[90] 701.8 µm

Mixing: 40 min.

Uniaxial compaction (800MPa)

Space holder removal
Distilled water in quiet,  50-60°C, 4 or 5 

immersion cycles, each cycle 4 h in duration

Ti pure commercial grade-4
Particle sizes: d[10] 9.7 µm, 

d[50] 23.3 µm, d[90] 48.4 µm.

Mixing: 40 min.

Vibration
(tap density: 1.767 g/cm3)

Ti pure commercial grade-4
Particle sizes: d[10] 9.7 µm, 

d[50] 23.3 µm, d[90] 48.4 µm.

Characterization

Dynamic Younǵ s Module

Ultrasound Technique

ASTM E494-10

Mechanical properties

Uniaxial Compression Test

ASTM E9-89a 
(height/diameter=0.8)

a) LOOSE SINTERING b) SPACE HOLDER TECHNIQUE

Sintering,
High vacuum (≈10-5mbar)

1000°C, 1100°C, 2h

Sintering,
High vacuum (≈10-5mbar)

1250°C, 2h

Total and interconected 
porosity

Archimedes Analysis in distilled 
water (ASTM C373-88)

Microstructural 
Parameters

Image Analysis: Total Porosity 

(PIA), Aspect ratio (Ff), 
Equivalent diameter (Deq), 

distance between the pores (λ ) 
and pore contiguity (Cpore )

Fig. 1. The processing stages in the powder-metallurgy technique: (a) loose-powder sintering method, and (b) space-holder technique using NaCl.

Table 1
Analyzed parameters for the screening.

Factors Tested range

NaCl fraction (%) 40–70
Mixing time (min) 1–60
Temperature of water (°C) 20–26 and 50–60
water condition Steady and agitated
Time of dissolution (min) 30, 120, 240
Pressure (MPa) 0, 13.8, 38.5 and 200–800
Temperature (°C) 1000–1300

Table 2
Experimental factors and levels.

Factors Level 1 Level 2 Level 4 Level 5 Level 6 Level 7

NaCl fraction (vol. %) 0 40 50 60 70
Pressure (MPa) Vibrated 800
Sintering temperature (°C) 1000 1100 1250
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pores also appear smaller and even more homogeneous. On the other
hand, the highest frequency value of Deq was 10 μm. However, the as-
pect ratio, Ff, keeps constant for highest sintering temperature; i.e.
pores exhibit basically the same inner roughness and spherical con-
tours. In addition, the pore interconnectivity (Cpore) was smaller when
the temperature was increased, which also indicates that pores are
more isolated (distance between the pores, λ, is larger). Higher values
of Cpore were found at 1000 °C, implying that samples processed at
sintering temperatures of 1000 °C exhibited more spherical and inter-
connected pores with an equivalent diameter of 10 μm. Despite all
these porosity features being unexpected, they can certainly be ex-
plained as follows: the porosity and the pore size are usually high in
those samples obtained by loose-powder sintering. For the higher
sintering temperature, the lower porosity is obtained (41.5% vs. 34.6%,
for 1000 ºC and 1100 ºC, respectively). However, the pore size has an
opposite trend (16 μm vs. 18 μm, for 1000 ºC and 1100 ºC, respective-
ly); as a consequence of this, pores are larger and even more irregular
(less spherical contours).

From general inspection of processed samples, it was observed that
porous titanium with porosities in the range of 40–70 vol.% was suc-
cessfully made by using NaCl as space holder. The effect of NaCl content
is shown in Fig. 4. Two types of pores have been observed in these same
samples: interconnected macropores mostly left by the space holder,
and isolatedmicropores obtained during the partial sintering of the tita-
nium powders on the pore walls. With respect to those isolated pores,
Fig. 4 also illustrates that they are also of two kinds, frommorphological
point of view: some of them have a rounded shape, whilst some others
are more of cubic shape; these latter are the consequence of the initial
shape of the space holder powder. This observation implies that any ap-
proach made here about assumptions of mostly rounded pores will ob-
viously have some limitations due to actual existence of some cube
shape pores.

1000 1100
30

35

40

P
or

os
it

y 
(%

)
P

or
os

it
y 

(%
)

Temperature (°C)

Loose Sintering

40 50 60 70

30

40

50

60

70

NaCl (vol. %)

Total Porosity
Interconnected Porosity

Space holder
800 MPa

a

b

Fig. 2. Effect of the processing parameters on the total and interconnected porosity: (a) in-
fluence of the temperature for loose-sintering process; (b) influence of NaCl content in
space-holder technique at 1250 °C.
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Regarding the porosity parameters for the lowest values of NaCl con-
tent, the samples appeared with smaller, and mostly isolated and more
spherical pores,with some cube shape pores as itwasmentioned above:
i). Around 50% of the powder particles for 40 vol.% NaCl vs. 30% of the
powder particles for 70 vol.% NaCl, had a particle size b10 μm, ii) Pa-
rameters like λ = 144.7 μm for 40 vol.% NaCl vs. 76.1 μm for 70 vol.%
NaCl, and iii) Some other values such as Ff = 0.77 for 40 vol.% NaCl vs.
Ff = 0.60 for 60 vol.% NaCl, were produced. These characteristics were
confirmed by image analysis results. The statistical distribution of the

pores is also shown in Fig. 4. A large amount of pores with a diameter
up to 100 μm, available to possible bone ingrowth, were found. At the
same time, the porosity obtained after sintering was proportional to
the initial NaCl content (e.g. 68.3% vs. 70 vol.% NaCl initially).

The above results show that the space-holder technique allows
higher porosity values by comparison with Fig. 2. Themaximum poros-
ity and diameter of the pores that were achieved through the loose-
sintering technique were 41.5% and 16 μm for 1000 °C, respectively,
compared to 68.3% and 84 μm respectively, obtained with the space-
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holder technique. More interconnected porosity was achieved by the
space-holder technique (see Figs. 3 and 4). The results of the image
analysis for specimens obtained by both loose-powder sintering and
space-holder technique are summarized in Table 3.

3.2. Mechanical characterization

Fig. 5 shows the curves of compression stress vs. strain obtained
from cpTi porous samples. The first feature from this figure is that
curve behavior is correlated with the total porosity of the samples. As
expected, both compression strength and Young's modulus decrease
as the porosity increases. The compression strength is higher as the
temperature increases in loose-powder sintering; this trend is related
to the increasing Ti remaining in the matrix (λ), as well as to softer
pore contours (greater Ff), and also with the better quality of the
sintering necks; these three factor are the predominant ones, despite
the slight increase in the pore sizewhich is inherent to enhanced coales-
cence with the sintering temperature. This result has been compared
with previous studies reported by the authors [45,53], in which they
evaluated the porosity limits (associated Young's modulus) that can
be achieved by conventional powder metallurgy routes. On the other
hand, it can also be noticed from Fig. 5 that the yield strength of
space-holder samples also increases when both the NaCl content and
pore size decrease (least amount of NaCl particles interconnected).
This technique allows higher porosities to be obtained and better me-
chanical performances to be achieved due to a higher quality of
sintering necks, which is a consequence of a higher sintering tempera-
ture (the porosity was preserved due to the space-holder material
used). Interestingly, Fig. 5 also highlights the lowermechanical strength
exhibited from the space holder sample with lowest porosity (37.2%),
compared with the loose sintered sample with the highest porosity
(41.5%). This apparently unexpected difference can be explained in
terms of porosity factors that influencemechanical strength in these po-
rous solids: despite the total and interconnected porosities of that space
holder sample being smaller (see Fig. 2), values of Deq and λ are higher,
and Cpore is also smaller (see Figs. 3 and 4); therefore, it can be assumed
that these three parameters are mechanically dominant and, therefore,
they can explain the different responses between these samples.

None of the conditions evaluated in this research matches with cor-
tical bone requirements (mechanical strength), except the compacts
made with a 40 vol.% of NaCl. Also, in these samples pore sizes of be-
tween 50 and 100 μm (see Fig. 4) and some roughness characteristics
within the pores were observed [46]. These latter findings suggest
some potential bone ingrowth capability of the porous samples (with
the consequent increase in mechanical strength), which can also im-
prove Ti implant osteointegration.

Some authors have developed models in order to address explana-
tions about relationships between porosity and mechanical strength in
sintered materials. One of those approaches [54] is based on the geo-
metric relationship between the porosity and the effective area, by con-
sidering pores with a perfectly spherical geometry. On the other hand,
Hyun et al. [55] validated theirmodel with results obtained fromporous

copper by assuming cylindrical-shaped pores with a perpendicular ori-
entationwith respect to thedirection of applied load. On the other hand,
the “simple brick” model [56] assumes cubic pores and determines the
relative strength according to the probability of finding a solid fraction
of volume. Finally, the model of Griffiths et al. [57] considers porosity
as a distribution of spheres and oval ellipsoids including a λ parameter
that represents porous shape factor. The relationship between the rela-
tive strength and the density is represented in Fig. 6, where a lack of cor-
relation can be observed. None of them is a real model of the behavior
obtained in this study. A newmodel with a better correlation is current-
ly being developed by the authors andwill be published soon. However,
some expected resultswere observed: the strength decay produced by a
porosity increment is evenmore pronounced; this relationship actually
confirms that pores act like notcheswhich produce stress concentration
(“notch strengthening”), besides reducing strength effective area.With-
in this context, it is expected that some change from a close to open po-
rosity regime will generate a triaxial effect that can partially
compensate for strength loss associated with any increasing of porous
fraction. Therefore, under interconnected porosity conditions, yield
strength will not be drastically reduced due to porosity increments,
which is the case when isolated porosity is increased. Fig. 6 illustrates
a slope change similar to that reported in other PMmaterials, for a den-
sity value around 2.2–2.3 g/cm3 (45% of interconnected porosity).

Estimations of Young's Modulus by both conventional compression
testing and the dynamic method in terms of porosity samples are pre-
sented in Fig. 7. These results were comparedwith conventional PM ex-
perimental values [24,45,53], as well as with the models proposed by

Table 3
Summary of the pore's structural features.

Parameters Temperature
(°C)

NaCl vol. %

1000 1100 40 50 60 70

Total porosity by Archimedes
method—P (Arch.) (%)

41.5 34.6 37.2 47.2 57.1 68.3

Total porosity by image
analysis—P (IA) (%)

43.0 36.9 38.3 47.9 58.2 65.9

Aspect ratio—Ff 0.7 0.7 0.8 0.7 0.6 0.8
Equivalent Diameter—Deq (μm) 16 18 67 92 85 84
Distance between pores—λ (μm) 33 44 145 127 90 76
Pore interconnectivity—Cpore 0.4 0.3 0.3 0.3 0.4 0.4
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Fig. 5. Compression stress–strain curves of samples having various amounts of porosity
and obtained by the loose-sintering and space-holder technique.
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Knudsen [58] and Spriggs [59], Pabst and Gregorová [60], Gibson and
Ashby [61] and Nielsen [62] (see Fig. 7), and with the experimental
Young's modulus value of cortical bone (20 GPa). Afterwards, in order
to check the similarities between the experimental modulus and Niel-
sen approach, the fixing was analyzed between the points represented
in Fig. 8 with a 45° straight line. From Fig. 8 it is clear that Young's mod-
ulusmeasurements fromultrasound technique present the bestfixwith
respect to calculations from the Nielsen model (Eq. (1)). On the other
hand, measurements obtained from compression tests show an impor-
tant deviation for highest Young's modulus values. Therefore, the ultra-
sonic testing technique is a more reliable way to measure the Young's
modulus.

ENielsen ¼ ETi
1− P

100

� �2
1þ 1

F f
−1

 !
� P
100

2
66664

3
77775 ð1Þ

The evaluation of Young's modulus in porousmaterials is controver-
sial. Young's modulus measurements from uniaxial compression tests
are significantly lower than dynamic measurements. Greiner et al. [63]
associated this discrepancy with super-elastic deformation within the
linear–elastic range of NiTi materials; stiffness measured by ultrasonic
technique decreases with increasing porosity, in agreementwith elastic

Eshelby-based theory for closed, spherical porosity [64,65]. Torres et al.
[45] reported a similar trend for C. P. Ti obtained by a conventional
powder-metallurgy process, as well as in recent work developed with
space-holder (NH4HCO3) [66]. These authors related this difference to
a stiffness testing machine effect in which the mechanical system and
sample were considered as two springs in series. Moreover, it must be
remembered that the Ti matrix is different at each cross-section of the
cylindrical sample during a compression test; the material collapse
starts at the section with the lowest Ti content. However, in the ultra-
sonic technique, the Young's modulus is estimated as a function of the
wave velocity, which goes through all of the sections of the sample.
Therefore, a change in one of four parameters (time of transfer, attenu-
ation, reflection and frequency) associated with the high frequency
waves transition from side to side of the material, could be linked
with variations of physical properties such as Young's modulus, density
or homogeneity in the microstructure.

Fig. 7 shows a wide spectrum of possible porosities and Young's
moduli corresponding to a wide range of processing conditions. From
this graph, it is evident that the higher porosity, the lower is the Young's
modulus obtained. However, it ismore interesting to note the confirma-
tion of the inverse relationship betweenYoung'smodulus andNaCl con-
tent and the direct trend with sintering temperature. Regarding the
Young's modulus sought for cortical bone replacement (~20 GPa), it
can be noted that the corresponding porositywas ~45% and the suitable
processing conditions were 50 vol.% of NaCl (space-holder technique)
and 1000 ºC (loose-powder sintering processing). The use of the
space-holder technique allows the possibility of obtaining the mechan-
ical requirements of the cortical bone: yield strength (N150 MPa), an
appropriate Young'smodulus (solving the stress shielding phenomena)
and an equivalent diameter Deq superior to 50–100 μm (to promote the
bone in-growth). Although in some samples a Young's modulus similar
to the bone was reached, their mechanical strength was poor (Fig. 6).
However, it is expected that even in these cases themechanical strength
of integrated implant will be suitable due to the bone in-growth during
the patient recovery time; this intimate contact with the bone will re-
duce any stress concentration effect associated with surface porosity.

4. Conclusions

According to the results achieved in assessing the influence of loose-
powder sintering and space-holder technique conditions in bothmicro-
structural andmechanical properties of porous Ti for bone replacement,
the following findings can be drawn:

• Porous samples of commercially pure titanium (grade 4)were obtain-
ed using loose-powder sintering technique. The better stiffness results
(20 GPa to 25 GPa against 20–30 GPa of cortical bone) were achieved
for the lowest values of sintering temperature (1000 °C), with poros-
ity around 41.5%.

• The most suitable stiffness value of the porous cpTi samples obtained
by space-holder techniquewas achievedwith a porosity of about 47%,
with interconnected pores and also with an appropriate size and even
with a better aspect ratio. These resultswere better than those obtain-
ed through loose-powder sintering. Therefore, the mechanical prop-
erties were improved because of the enhanced quality of the
sintering necks.

• Regarding the pore geometry obtained in this work, it becomes more
regular with decreasing sintering temperature for the case of loose-
powder sintering. With respect to space-holder technique, that effect
was observed for a decreasing volume fraction of space-holder com-
ponent.

• Ultrasound technique used for dynamic Youngmodulus estimation of
porous titanium samples has shown to be a suitable tool for the study
of this kind of material. This was reasonably verified by comparison of
the measurements obtained by this technique with the values

10 20 30 40 50 60 70
0

20

40

60

80

100

UltrasoundUniaxial

1000 ° C (LS)
1100 °C (LS)
40 % NaCl
50 % NaCl
60 % NaCl
70 % NaCl
Torres et al (2011)

Technique

 Knudsen (1959) & Spriggs (1961)
 Pabst & Gregorova (2004)
 Gibson & Ashby (1997)

.........  Cortical bone

Y
ou

ng
's

 m
od

ul
us

 (
G

P
a)

Total porosity (%)

Minimum porosity to
obtain E= 20 GPa

Compression Test

Fig. 7. Young's modulus vs. total porosity. Reference line: 20 GPa (Young's modulus of
human cortical bone). Influence of the porosity in the dynamic Young's modulus com-
pared with other authors.
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calculated from the Nielsen theoretical model, which includes exper-
imentally determined porosity parameters.
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