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ABSTRACT

Commercial pure titanium is known as good substitute for cortical bone tissue. Nevertheless,
stress-shielding and the lack of osseointegration are still some limitations to solve. In this
study, porous titanium substrates were manufactured by space-holder technique (50 vol% of
NHsHCO3 with particle size between 250 and 355 um). The obtained stiffness and yield
strength of specimens were compatible with cortical bone tissue. The substrates were coated
with three layers of Bioglass® 45S5 (BG) by dripping sedimentation, a new and economic

technique. The porosity and surface characterization were performed by Archimedes' method,
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image analysis, X-ray micro computed tomography and confocal laser microscopy, while the
mechanical behavior was analyzed by ultrasound technique, uniaxial compression and micro-
mechanical testing. Homogeneity, infiltration efficiency and coating integrity were evaluated.
The adhesion of the coating was better on porous titanium substrates than on full dense ones.
Finally, the bioactivity of the BG coating was determined via immersion in Simulated Body
Fluid. The formation and growth of hydroxyapatite on the substrate were studied by scanning
electron microscopy and X-ray diffraction analysis. The results showed hydroxyapatite
formation in both coated full dense and porous samples. These features indicate the

improvement of osseointegration for this sort of load bearing Ti implants.

Keywords: Porous titanium, stress shielding, Bioglass® coating, hydroxyapatite, in vitro

bioactivity.



1. INTRODUCTION

Tissue degradation is considered one of the most important public health problems. Bone
replacement via implants is a common solution to improve the life quality of patients. Its good
functionality depends on intrinsic properties of the employed materials, quality and quantity
of host tissue and the biointerface between implant and bone (surface energy, biochemistry
and topography) [1]. Also, the related mechanical stimulation, the effects of some drugs and
the systemic immunological influence are other important physical factors in implant
behavior. Although titanium and Ti6AIl4V alloy are frequently employed in bone replacement
[2], they still present two problems to be solved: stress-shielding and poor osseointegration
[3]. The fabrication of porous materials can reduce the difference of the Young's modulus
between implant and bone [4]; and the osseointegration can be improved using bioactive
coatings [5,6]. Bioactive glasses present adequate osteoconductivity and promote bone
regeneration, controlling their biodegradability and forming bone mineral-like phases
(hydroxyapatite, HA) [7]. Sol-gel, electrophoretic deposition, enameling, laser cladding,
thermal spraying or thin film technologies are the most common techniques used to prepare
bioactive glass coatings [2]. Nevertheless, their employment implies a high cost and an
accurate control of several process parameters, as well as a detailed study of the coating

bioactivity.

The micromechanical characterization, as well as biocompatibility of porous coatings on full
dense titanium substrates have been studied by the scientific community [8,9]. However, no
studies of porous titanium substrates have been reported. In these terms, the micro-
computational tomography (micro-CT) is a useful tool for the microstructural substrates
characterization [10]. It is a non-destructive method and allows obtaining very reliable
quantitative and qualitative information [7-9]. This technique was proposed to study the

trabecular bone architecture [11,12] and in bone tissue engineering applications [7,9]. In
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addition, it is widely used in bone growth through the porous implant [4,13]. The main
objective of this work is to manufacture BG-coated porous titanium substrates, which

guarantee a better biomechanical and biofunctional balance.
2. MATERIALS AND EXPERIMENTAL PROCEDURE

Commercial pure (c.p.) porous titanium substrates were fabricated by the space-holder
technique. Titanium grade IV powder was mixed with ammonium bicarbonate particles
(NHsHCO3, 50 vol% and particle size of 250-355 pm) in a turbula for 40 min. The blend was
pressed at 800 MPa using an Instron 5505 universal testing machine. The space holder was
removed in a furnace in 2 steps: 12 h (60 °C) and 12 h (110 °C). Both stages were performed
in low vacuum conditions (=102 mbar). Then, the compacts were sintered in a Carbolyte®
STF furnace (1250 °C, 2h at ~10~ mbar) and the substrates (full dense and porous Titanium)
were coated with tri-layers of Bioglass® 45S5 (SCHOTT Vitryxx®) by using a new and
economic deposition technique (sedimentation by dripping). The BG suspension was 10
mg/ml in ethanol [11]. Once the suspension was well stirred, 1 ml was distributed drop by
drop onto the substrates, to be deposited in a homogeneous way. Finally, the samples were
dried to evaporate the ethanol (one day per coating layer) before the final thermal treatment

(TT), performed in a molybdenum furnace (820 °C, during 5 s at ~10~ mbar).

The microstructural characterization (total and interconnected porosity, Pt and P; respectively)
of substrates was performed by Archimedes’ method [14], measuring five values of
Archimedes”density in titanium subtrates. Optical microscope (from Nikon Epiphot, Japan)
coupled with a Jenoptik Progres C3 camera and analysis software Image-Pro Plus 6.2 was
employed [15]. The tomography study was carried out by a custom-made X-ray scanner
composed by micro focus X-ray source L8121-01 (with a W-target) operated at 100 kV and

100 pA, 5 um, and a flat panel detector C7943 (120 mm x 120 mm, 2240 x 2368 pixel) (both



equipment from Hamamatsu, Japan). 3D volume of the specimen can be obtained acquiring a
certain number of X-ray projections during sample rotation over 360°. Then, software
reconstruction of these projections was used. This method allows the qualitative and
quantitative evaluation of the inner structure of the porous Ti specimens. It has a spatial
resolution down to 6.4 pum pixel size at a 7.8-fold magnification, in terms of pore size

distributions, porosity, pore surface roughness, etc. [16].

The mechanical behavior was evaluated via: uniaxial compression test (stiffness and yield
strength, E¢ and oy respectively) according to ASTM E9-09 using a Instron 5505 universal
testing machine [17,18]; ultrasound technique (dynamic Young’s modulus, Eq), performed
with a KRAUTKRAMER USM 35 equipment [19,20]; and Vickers micro-indentation

(HV0.3and HV1), ten measures per load and substrate.

Furthermore, surface roughness, structural integrity, homogeneity, infiltration grade and
bioactivity of the coatings were studied. For that purpose, confocal laser microscopy,
scanning electron microscopy (SEM) [21] and instrumented micro-indentation (P-h curves at
1 N load; Oliver and Pharr analysis) were used [22-24]. Two P-h curves were obtained for
each BG-titanium system. Finally, the coated substrates were immersed in 50 ml of Simulated
Body Fluid (SBF) at 37 °C in an incubator for 21 days, refreshing the solution every 14 days.
The samples were rinsed (distilled water and absolute ethanol) and dried at 45 °C during 10
min. The bioactivity (formation and growth of HA) of the coated titanium substrates was
analyzed by X-ray diffraction (XRD - Cu Ko radiation to evaluate the crystalline phases
formed), SEM (morphological features [9]) and energy dispersive X-ray spectroscopy (EDX -

chemical composition). Five measures of Ca/P relation were carried out.

3. RESULTS AND DISCUSSION



The microstructural parameters and the micro-mechanical behavior of dense and porous
titanium substrates are shown in Table I. Two different porosities are evaluated: the micro-
porosity inherent to the sintering process (dense titanium) and the macro-porosity associated
to the space holder. In terms of total porosity, the values obtained by all the analysis are lower
than expected. The reasons could be: a) a small spacer amount could remain into the
substrates, and/or b) a contraction of pores during the sintering process. The equivalent
diameter (Deq) of pores obtained via Image Analysis (IA) and micro-CT, agrees with the
range of the particle sizes of NH4HCOs. Comparing values, micro-CT total porosity and
equivalent diameter are slightly smaller than the values measured by IA and Archimedes’
method. The mechanical behavior in porous substrates depends on the obtained macro-
porosity (greater size and pore fraction). Manufactured porous titanium substrates reduce the
mismatch between the properties of cortical bone (E= 20-25 GPa and oy = 150-180 MPa) and
the implant (see in Table I). The results of the micro-hardness depend on the applied
indentation load. Otherwise, micro-hardness values for full dense substrate show higher
values for HV0.3 (377+39) than for HV1 (342+16). This fact could be related to localized
plasticity phenomena and the indentation size effects. The micro-hardness of porous substrate
decreases due to the influence of the pores compared to full dense specimens. However, in
both substrates (dense and porous) the values are similar for HV0.3, due to matrix remaining

between the pores is "sufficiently large" to have a similar behavior to full dense substrate.

Figure 1 shows the pores size and morphology by different analysis techniques. Figure 1a)
presents the different types of porosities explained above. The image of the micro-CT, Figure
1b), reveals the homogeneity of the pores distribution and different colours show the
segmented and separated pores, being the Ti matrix transparent [25]. Moreover, the SEM
images display, Figures 1c) and d), exhibit the roughness inside the pores. This topography
enhances the osseointegration, promoting the cells adhesion according to previous works of
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the authors [4,13]. The distribution of equivalent pore diameters and the corresponding Gauss
fit is observed in Figure 2a) [26]. The mean equivalent pore diameter is 240 um, which is in
agreement with the range of the spacer particle size (250-355 um). The Full Width at Half
Maximum (FWHM) is 97.7 um. A narrow distribution is observed. Figure 2b) depicts the
distribution of the roughness volume percentage based on the relation of the pore volume to
the eroded, smoothed volume of the same pore analyzed quantitatively from the tomographies
as reported by Yin et al. [25]. It is observed that the relative roughness of the specimens
decreases with increasing equivalent radius.

Figure 3 presents the macroscopic aspect of the substrates surfaces, before and after thermal
treatment of the coating. The adhesion of the BG is clearly better for porous titanium than for
dense substrate, since the anchoring effect is more effective due to interconnected pores and
roughness in their walls [13]. The presence of chipping (poor adhesion) in some areas of
dense substrate explains the increase of its surface roughness comparing to porous one. The

presence of BG in the pores could promote the growth of HA inside them.

Figure 4 shows the 3D topography of un-coated and coated substrates. The images confirm
the integrity of the coating and the infiltration of the BG into the pores (Figure 4 d)), as well

as the morphology (porous) and the roughness on the coating.

The P-h curves are presented in Figure 5 [22-24], comparing the different coating-substrate
systems with the pressed BG pellet. Coated porous titanium substrate presents a greater
penetration depth (40 pum) than coated dense titanium substrate (37 um) and sintered BG
sample (12 um). The presence of microporosity in the coating with BG, as well as the effect
of the interface and the porosity of the substrate, could explain the lower rigidity and the
hardness of the coating/substrate system. Regarding coated dense titanium substrate curve, a
small fall or saw tooth is observed, that can be attributed to a lower adhesion of the coating to

the substrate. In addition, a pseudo-creep behavior is observed. The presence of micro pores
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in the BG may be the cause. XRD patterns confirmed that 45S5 Bioglass® powder is
amorphous (state of supply), but once the powders were heat treated at 820 °C (for 5 s),
Na.CaySisOg crystalline phase appeared (see Figure 6). Both angular location and peak
intensities match the standard PDF 22.1455. Previous studies on sintered bioactive glasses
have confirmed the apparition of the same crystalline phase [27, 28]. Clupper and Hench [29]
studied the crystallinity effect in the apatite formation for bioactive glasses surfaces and they
revealed that the kinetic for apatite formation decreased slightly with crystal phase of
Na.CaySisOg, but there was apatite formation in any case [30]. In vitro bioactivity was
investigated by BG-coated titanium substrates by immersion in SBF for 21 days. SEM
micrographs and XRD results are shown in Figure 6. After the SBF test, Na,Ca,SizOgy phase
disappeared, forming HA particles on both coating-substrate systems. The morphological
characteristics, diffraction pattern peaks and Ca/P atomic ratio obtained, confirmed the HA
formation, similar to Ca/P atomic ratio of HA in bone (1.66). Three measurements of Ca/P

ratio were carried out (relative error were between 1 and 3%).

4. CONCLUSIONS

Porous c.p. Ti substrates obtained by space holder technique solves the stress shielding and
ensure the mechanical requirements of cortical bone tissue. The micro-CT is an appropriate
technique for evaluating the content, size and roughness of the pores. The size of the pores
allows the BG infiltration and the roughness in pores walls enhances the possible osteoblast
attachment. Otherwise, a new bioactive glass deposition technique has been implemented to
improve the osseointegration on titanium substrates. After in vitro studies, HA formation is
confirmed despite the BG coating crystallization. In summary, the coated titanium samples
show a biomechanical (stiffness and vyield strength) and biofunctional (ingrowth and
osseointegration) equilibrium, as well as a potential use in biomedical applications (partial

substitution of bone tissue).
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Table I. Microstructural and mechanical characterization of titanium substrates.

Ultras
Archimedes Image Uniaxial
Micro-CT ound Micro-hardness
> Method Analysis Compression
Test
Substrate
Yield
Pr Pi Pr Deq Pr Deq Eq Ec
Strength HVO0.3 HV1
(%) | (%) | (%) | (um) | (%) | (um) | (GPa) | (GPa)
(MPa)
23 | 21 1.2 55 101.2 95 628 377 342
Dense )
+0.1 | £0.1 | £0.2 | +0.2 +0.3 +1 5 +39 +16
459 | 41.0 | 48.7 | 2615 | 40.8 | 240.3 | 22.8 23.1 118 356 152
Porous
+0.2 | £0.1 | £1.9 | 9.0 | £114 | 16.4 0.2 1.0 114 125 +28
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Figure 1. Porous substrate microstructural images: a) OM of the porous substrate, b) micro-
CT, ¢) SEM image of the specimen’s surface and d) High resolution SEM image inside the

pore.

Figure 2. Morphology of the porous: a) volumetric fraction (%) vs equivalent pore diameter
(um), b) Roughness volume percentage (%), c) Roughness volume percentage (%) vs

equivalent pore diameter (um).

Figure 3. 3D macrographs of the substrates surfaces: a) full dense before TT, b) porous

titanium before TT, c¢) full dense after TT and d) porous titanium after TT.

Figure 4. 3D topography of the substrates surfaces: a) full dense before coating, b) porous

titanium before coating, ¢) full dense after coating and d) porous titanium after coating.
Figure 5. P-h curves for a dense BG pellet and BG-coated titanium substrates.

Figure 6. BG-coated titanium substrates: SEM and XRD analyses after 21 days in SBF.
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