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Abstract  

In this study, the best equilibrium among adherence, micro-mechanical properties and 

coating bioactivity of bioactive glasses (45S5 and 1393) on porous titanium substrates 

has been explored and their potential uses for bone tissue implants. Porous titanium 

discs with different porosities (30 and 60 vol. %) and pore size distributions (100-200 

and 355-500 µm) were utilized to rationalize their influence on both properties and 

performance. It was corroborated that porous samples produced a reduction in micro-

hardness (~ 2000-4000 N/mm2) and the elastic modulus (~ 25-50 GPa), obtaining 

values closer to those of human bones, as well as induced a beneficial role to integrate 

the coatings. On one hand, bioglass 1393 presented greater capacity for pore infiltration 

while 45S5 was more bioactive. The results explained the better adherence and 

microhardness for bioglass 1393 and the significant formation of hydroxyapatite and 

calcium phosphates of bioglass 45S5, confirmed by 29Si MAS NMR.  
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1. Introduction  

Titanium (Ti) and its related alloys have been widely used as biomaterials for bone 

tissue implants, but, despite of their high biocompatibility, there are some issues that 

still remains a challenge, such as tailoring their stiffness and/or improving 

osseointegration [1,2]. In order to enhance the biomechanical performance of Ti-based 

implants, related to stress-shielding phenomenon, and to replicate the cortical bone 

tissue structure, porous substrates manufactured of Ti alloys have been considered [3].  

K. Bari et al. [4] proposed several designs, with porosities ranging from ~ 55 up to  

~ 74%, which exhibit Young’s modulus and bearing strength close to the ones of human 

bone, validating their potential use as scaffolds. C. Chen et al. [5] also described a 

porous Ti6Al4V cage inhibiting stress-shielding due to the fact that porosity reduces 

the elastic modulus in comparison with fully-dense implants.  

On the other hand, the use of bioactive coatings have been widely investigated to 

improve osseointegration [6]. Particularly, bioactive glasses (BGs) were developed in 

the 1970s and they are based on silicates coupled with other minerals, which are present 

in the human body [7]. One of the advantages of these materials is their capability to 

bond them to soft and hard tissues, as well as favoring the growth and regeneration of 

bone tissue [8,9]. Among the most common BGs, those denominated 45S5 and 1393 

(BG 45S5 and BG 1393, respectively) are widely employed due to their properties. It 

has been reported that BG 1393 has lower viscosity and tendency to crystallize during 

sintering than BG 45S5, which can be advantageous to retain bioactivity [10]. 

Additionally, the release of ions from bioactive glasses into the human fluids promotes 

stimulation of angiogenesis and wound healing [11,12], which is very suitable if BGs 

are used as coating on metallic implants or fillers in polymeric matrices [13,14].  

Based on the challenges needed to be solved in Ti-based implants, the aim of this work 

was to find the best equilibrium between achieving the best adherence, micro-
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mechanical properties and bioactivity of the BG coatings/porous commercially pure 

titanium systems. The influence of porosity and chemical composition of the bioactive 

glass was investigated using two different BGs. Additionally, to elucidate the influence 

of the pore size distribution of the substrates, two ranges of porosities (30 and 60 vol. 

%) with pore size distributions of 100-200 and 355-500 µm, were investigated.  

  

2. Materials and methods  

  

2.1. Materials  

Commercially pure grade 4 titanium (c.p. Ti) powder was purchased from SEJONG 

Materials Co. Ltd. (Seoul, Korea). The spacer particles used to manufacture the porous 

substrates was NH4HCO3 with a purity of 99% and was acquired from Cymit Química 

S.L (Spain). Two different size distributions of the spacer particles were utilized to 

analyze their influence on the properties, which were 100-200 and 355-500 µm [15]. 

Also, two BGs of different compositions (see Table 1) were used for coating Ti 

substrates. The two bioglasses, BG 45S5 and BG 1393, were obtained from SCHOTT 

Vitrixx®. The d[50] of BG 45S5 and BG 1393 powders was 4.5 and 6.1 μm, respectively, 

and both of them were used as received as the amorphous form.  

 Table 1. Composition of the bioglasses  

 

Bioglass 
SiO2 

(mol%) 

CaO 

(mol%) 

Na2O 

(mol%) 

P2O5 

(mol%) 

K2O 

(mol%) 

MgO 

(mol%) 

45S5 60 20 18 2 -- -- 

1393 54.3 22.2 6.2 1.9 8 7.4 

 

   

2.2. Manufacture of porous titanium substrates coated with BGs  

Porous and fully-dense c.p. Ti substrates were obtained by the space-holder (SH) 

technique and conventional powder metallurgy (PM), respectively. The detailed 
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procedure has been previously reported by the authors of this work [16,17]. Although 

the route to generate porosity was the same, porous substrates were diverse and could 

differently behave. In the present study, two different porosities (30 and 60 vol. %) were 

compared as well as two spacer particles size distributions (100-200 and 355-500 µm), 

er to evaluate their influence in micro-mechanical properties, infiltration capability, 

bioactivity and adherence. Prior to the deposition of the coatings, the surface of the 

substrates was polished, ensuring no modification of the porosity of c.p. Ti samples. 

Both BG coatings were prepared using the dripping-sedimentation deposition technique 

with a suspension of BG/ethanol (10 mg/ml). So, 1 ml of the suspension was deposited 

onto the surface and, after 24 h at room temperature, the ethanol was evaporated. This 

procedure was repeated twice. A thermal treatment at 700 ºC, 1 h and 820 oC, 5 s, both 

at 10-2 mbar, for 1393 and 45S5 bioglasses, respectively, was performed to sinter BG 

coatings in a Vita Vacumat 6000 M furnace. The above mentioned temperatures and 

time of the thermal treatment was fixed according to the recommendations of the 

furnace manufactures for these BGs and considering their phases diagram to avoid the 

compaction of the BG powder.  

  

2.3. Chemical, microstructural and micromechanical characterization  

Microstructural characterization of the samples was carried out by optical microscopy 

and scanning electron microscopy (SEM) by using a Nikon Eclipse MA100N and a FEI 

TENEO microscope, respectively.   

The apparent density of the substrates was obtained by the Archimedes’ method 

following the ASTM C373-14 standard [18] and from the optical micrographs by 

quantitative image analysis. This method has been previously reported by the authors 

corroborating its adequacy to evaluate samples with uniformly distributed pores.  
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Besides, it is scalable to industrial production. Additionally, from quantitative image 

analysis, the mean free path between pores was also calculated to determine position of 

indentations, as it will be explained below.  

The micro-mechanical behavior of the BG coated samples was studied by using 

instrumented micro-indentation to determine how porosity (vol. % and pores size) 

influences the micro-hardness and elastic modulus at the microscale. Static loading-

unloading tests were performed in a Microtest machine (MTR3/50-50/NI) using a 

Vickers indenter. A preload of 0.1 N was used to ensure the contact between the indenter 

and the surface and the maximum load in micro-mechanical tests was 1 N. The 

maximum load was defined based on a previous published work of the authors [19]. 

Also, although results were not included in this work, additional tests were carried out 

at higher loads to verify that 1 N was enough to obtain representative values on the 

stabilized region [20] of hardness and elastic modulus in porous c.p. Ti, avoiding pileup 

and the appearance of chipping of the BGs coatings. This maximum load was applied 

with a rate of 0.5 N/min and a dwell time of 40 s. It is important to point out that, in 

uncoated substrates, indentations were performed on the porous c.p. Ti matrix, at the 

center of an area among pores with dimensions equal to the calculated average mean 

free path. At least, five indentations were performed in each sample to obtain the 

average values.  

 Micro-hardness  and  Young´s  modulus  were  measured  from  the  resulting  

loading-unloading curves by using the Oliver and Pharr method [21]. Following this 

method, micro-hardness (H) was calculated according to equation (1):  

 

   (1)  
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where  is the maximum load and A is the contact area calculated from the depth of 

contact between the indenter and the sample surface. The effective elastic modulus 

(𝐸𝑒𝑓𝑓) was calculated from expression (2):   

 

   (2)  

 

where  is the slope of unloading P-h curve and  is a correction factor dependent on 

the indenter. The elastic modulus was calculated from   considering the elastic 

modulus  ( ) and the Poisson’s ratio of the indenter ( ) and the tested material (c.p. 

Ti) ( ) following equation (3):   

   (3)  

  

2.4. Characterization of the presence of hydroxyapatite  

With the aim of evaluating bioactivity of coated samples, the hydroxyapatite (HA) 

forming ability of the coatings in simulated body fluid (SBF) was assessed following 

the standard ISO 23317-2014 [22]. Tests were performed at a temperature of 36.5 ± 2.0 

°C. The SBF solution was renewed after 7, 14 and 21 days and coated substrates were 

analyzed at 14 and 21 days to evaluate HA formation and deposition.   

Following the standard recommendations, the SBF composition was determined prior 

and after tests using inductively coupled plasma atomic emission spectrometry (ICP) 

Horiba Jobin Yvon. The characterization techniques proposed in the standard 

methodology used, and additionally reported in other similar studies, to analyze the 

formation of hydroxyapatite were applied in this work to determine and discuss HA 

formation. X-ray diffraction (XRD) and SEM observation of dried samples were 

employed to detect the formation of the different phases, while solid-state nuclear 
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magnetic resonance (NMR) was carried out to study the proportion of non-bridging 

oxygen, since it is directly related to the HA crystallization [23].  

In order to corroborate the formation of HA, the surface of the coated samples was 

characterized by SEM using the same equipment indicated above and their composition 

was determined by energy dispersive X-ray analysis (EDS-SEM) and thin film X-ray 

diffraction (TF-XRD) following the mentioned standard. TF-XRD was conducted in a  

Bruker diffractometer D8 Advance A25 with a Cu Kα radiation of 0.154 nm.  

As it has been mentioned, to predict the bioactivity of both BGs, network connectivity 

(NC) were estimated in each case. Although NC is theoretically described according to 

the chemical composition of the glass (Equation 4), it has also been experimentally 

defined considering the silicon environments (Qn) that establish the chemical structure 

of the corresponding BG [24], characterized by 29Si magic angle-spinning solid-state 

nuclear magnetic resonance (MAS NMR) (Equation 5).   

  

A Bruker Avance III 600 MHz WB spectrophotometer was employed to perform the 29Si 

MAS NMR spectra on the raw pulverized BGs. A single pulse length of 75º and a 

relaxation time of 15 s where used on samples spun at 10 kHz. Tetramethylsilane were 

applied as a reference for chemical shifts. Finally, DMfit software was utilized to 

conduct spectra deconvolution.  

  

3. Results and discussion  

Before coating procedure, all the substrates were characterized to evaluate the 

microstructure and micro-mechanical behavior by P-h curves (section 3.1). Then, the 
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coating (BG 1393 or BG 45S5) were deposited and the samples were analyzed in terms 

of micro-mechanical properties and bioactivity.  

  

3.1. Microstructure and micro-mechanical properties of c.p. Ti porous substrates 

Since porosity can strongly affect the micro-mechanical properties of the c.p. Ti 

substrates and, consequently, coated samples behavior; the microstructure and micro-

mechanical properties of the substrates as a function of porosity and pores size 

distribution were discussed.  

Figure 1 shows representative SEM images of fully-dense and porous c.p. Ti substrates. 

The geometry of the pores, the size distribution and the volume fraction of the porous 

Ti substrates were in accordance with the spacer particles used to generate the porosity 

via SHT [17]. From the SEM micrographs it could be observed that the inner surfaces 

of the pores were rough, which could be advantageous to promote the adherence of 

BGs coatings on the inner walls of the open pores, as well as to increase bioactivity 

because of the higher specific surface area [25].  
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Figure 1. SEM images of surfaces of fully-dense and porous c.p. Ti substrates. Common scale 

bar.  

  

To further characterize the porosity of the substrates, Figure 2 displays some parameters 

related to porosity after sintering, which were calculated from the Archimedes’ and 

geometrical methods: apparent density, total and interconnected porosity. These 

properties were plotted as a function of the volume fraction and spacer particles size 

distribution used in the SHT. It is important to note that the range of porosities and size 

distributions of all the resultant substrates were in the range of those of human bones,  

i.e. a porosity between 30-80 % and a pore size distribution of 100–600 µm [26].   
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From the results, it was observed that there was a slight difference in apparent density 

obtained by geometrical and Archimedes’ method. When the apparent density was 

determined by the Archimedes’ method, it was more evident the interconnected 

porosity, as open porosity can be filled. This is important in implants because open and 

interconnected porosity is advantageous to make possible the nutrient transport, bone 

cell ingrowth and differentiation [27].  

  

Figure 2. Density (geometrical and Archimedes’ method) and porosity (total and 

interconnected) of c.p. Ti substrates. Influence of the measure method and process parameters 

(porosity and space-holder size distribution). Note: Fully-dense (FD); space-holder size 

distribution is in µm.  

  

Once this fact has been clarified, results showed that the relative density of sintered 

substrates was, as expected, dependent on the space-holder content and its size 

distribution. These tendencies could be related to the compaction capability and the 

specific surface area of the c.p. Ti powder, which was fundamental for sintering. As a 
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result, it was confirmed that the used space-holder technique constitutes an effective 

process to obtain tunable porosity in c.p. Ti substrates, which can be selected depending 

on the human bone part to be replaced. In this context, the manufactured substrates with 

micrometric and interconnected pores may not only favor the infiltration and adherence 

of the BG coating but can also compromise the micro-mechanical behavior as the 

mechanical strength can be considerably reduced [28].   

With the aim of elucidating this influence in micro-mechanical properties, 

representative P-h curves from tests performed on the c.p. Ti substrates are shown in 

Figure 3a. Additionally, the values of the micro-mechanical properties and parameters 

are depicted in Table 2. The obtained results allowed affirming that the maximum 

penetration depth and the elastic recovery were lower in the fully-dense substrate, 

which means a higher stiffness and micro-hardness. In addition, the calculated micro-

hardness and elastic modulus (Figure 3b) slightly decreased with a higher porosity, but 

increased with the pores size distribution, being more similar to fully-dense c.p. Ti, in 

contrast with the elastic recovery. The observed tendency was due to the higher mean 

free path obtained for both lower porosity (30 vol. %) and bigger pore size (355‒500 

µm) as the c.p. Ti matrix was more continuous and, consequently, the c.p. Ti area 

between pores was larger. This fact has been already reported by X. Ma et al. [26] in 

porous NiTi alloys, which were tested under uniaxial compression. 
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 (a)  (b)  

 

 Penetration depth (mm)   

  

Figure 3. Micro-mechanical properties of c.p.-Ti substrates: (a) representative P-h curves 

and (b) micro-hardness (H) and elastic modulus (E). Note: Fully-dense (FD); space-holder 

size distribution is in µm. 

  

Table 2. Characteristic parameters calculated from P-h curves for c.p. Ti substrates.  

Substrates  

Mean free 

path  

(μm)  

Penetration depth (μm)  Elastic recovery  

Maximum  
Permanent 

(unloaded)  
Absolut  

(μm)  

Relative 

(%)  

Fully-dense  -  3.0  2.0  0.9  31.9  

30 vol. %  

100-200  µm  238 ± 20  3.5  2.1  1.4  39.4  

355-500 µm  520 ± 41  3.6  1.6  2.0  55.1  

60 vol. %  

100-200 µm  203 ± 13  4.7  2.2  2.5  52.4  

355-500 µm  320 ± 27  3.6  1.7  1.9  52.7  

  

To clarify the influence of the mean free path in porous c.p. Ti substrates, Figure 4 

shows the maximum penetration as a function of the mean free path. When the mean 

free path of the c.p. Ti matrix among pores decreased, micro-hardness also did it and 

the maximum penetration depth increased. Therefore, it could be concluded that there 

was a higher influence of the pores in the vicinities. As the area of c.p. Ti free of pores 

enlarged, the mechanical curve looked more like the one of the fully-dense c.p. Ti. 
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Mean free path (mm) 

  

Figure 4. Penetration depth calculated from P-h curves (once unloaded) as a function of the 

mean free path between pores of c.p. Ti substrates.  

  

3.2. Chemical characterization, microstructure and micro-mechanical properties. 

The chemical structure of the different silicon environments in a bioglass is directly 

related to its potential bioactivity [29]. To predict differences in the bioactivity of the 

raw BG 45S5 and BG 1393, the network connectivity of each bioglass was determined 

both theoretical and experimentally. At atomic level, the network connectivity is closely 

correlated to the different silicon environments, that are noted as Qn (where n = 4,3,2,1), 

depending on the number of non-bridging oxygen (NBO) bound to the silicon atom 

under study (Si*) [30]. Thus, a Q4 environment corresponds to a silicon atom with no 

NBO bound to it [Si*(OSi)4]. A Q3 environment implies a Si* atom bound to (OSi)3 

and a NBO [(NBO)Si*(OSi)3] while Q2 and Q1 represent (NBO)2Si*(OSi)2 and 

(NBO)3Si*(OSi)1, respectively. According to their chemical composition, NCT of both  
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BGs and therefore their bioactivities are similar, showing values of 3.2 and 3.4 (Table 

3) for BGs 45S5 and 1393, respectively. However, while theoretical NC only considers 

the proportions of the ternary system SiO2/P2O5/CaO present in the BG, 29Si MAS 

NMR studies can elucidate the real chemical structure of the glass network, resulting 

in an experimental value of NC. Thus, Figure 5a shows both chemical shifts appeared 

for the different silicon environments of BG 45S5. In particular, commercially available 

BG 45S5 displayed a clear strong influence of Q2 and Q3 environments, with chemical 

shifts appearing at approximately -80 and -87 ppm, respectively, that was supported by 

data previously described in the literature [31]. Spectra deconvolution resulted in a 

contribution of a 36% of the Q3 environment and a 64% attributed to the Q2 

environment (Table 3). However, BG 1393 (Figure 5b) displayed a chemical shift 

displacement corresponding to a higher polymerized silicon network, with a signal with 

major contribution of a Q4 environment, appearing at -110 ppm, and a Q3 environment 

at -100 ppm. Deconvolution of BG 1393 signal revealed a contribution of a 48% 

assigned to the Q4 environment while the 52% represents to the Q3 environment. These 

contributions correspond to a NCNMR of 2.4 and 3.5 (Table 3) for BGs 45S5 and 1393, 

respectively, demonstrating that the chemical network adopted by BG 45S5 favors its 

bioactivity when compared to BG 1393 [32,33].  
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Figure 5: MAS NMR spectra of (a) 45S5 and (b) 1393 BGs with their corresponding  

deconvolution.  

Table 3. Network connectivity and different silicon environments contributions for 

each  

BG.  

BG  

NC   Qn environments (%)  

Theoretical  NMR  Q1  Q2  Q3  Q4  

45S5  3.2  2.4  -  64  36  -  

1393  3.4  3.5  -  -  52  48  
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After analyzing the chemical structure of BGs, macro- and microstructural features of 

coatings were discussed. Figure 6 shows macrographs of the BGs coated samples 

before and after the vitrification process. The coatings covered all the surface of the c.p. 

Ti substrates and penetrated in open porosity. Additionally, the adherence of the BG 

1393 improved respect to BG 45S5, being poor in the case of fully-dense c.p. Ti. The 

lack of adherence of the coating on fully-dense substrates detected at macroscopic scale 

may be related to the infiltration of BGs inside the pores where they were anchored. 

Therefore, coated fully-dense samples were not included.  

Besides, due to the lower coefficient of thermal expansion (CTE) of BG 1393, which is 

more similar to the one of the c.p. Ti (8.9 ∙ 10-6 oC-1) [34,35], samples coated with this 

type of BG showed improved adhesion. In contrast, BG 45S5 coatings presented lower 

adherence, which could be attributed to the larger difference in thermal expansion 

coefficient respect to the substrate, being 15.1 ∙ 10-6 oC-1 in the case of the BG 45S5 

[36], and the possible crystallization of the BG 45S5 [37], which will be analyzed below 

by XRD. Furthermore, the adhesion of the BGs coatings was enhanced in porous 

substrates due to the mechanical anchoring because of the interconnected porosity, 

already discussed, and roughness of the inner surface of the pores.   

Although a better adherence was achieved in porous substrates, the homogeneity of the 

BGs coatings was improved in the case of lower porosity (30 vol. %) and smaller size 

distributions (100-200 µm). Additionally, a crucial issue to point out was the fact that 

the surface roughness of the sintered coatings diminished when a second layer was 

added to the system, probably due to a complete filling of the pores.   

In c.p. Ti substrates with a bigger pore size distribution and higher interconnectivity, 

the infiltration of the BG into the metallic substrate was favored. This resulted in a 

rougher surface, as BG can further penetrate the substrate due to the mentioned 

interconnectivity between pores (section 3.1).  
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Figure 6. Macrographs of the BG coated c.p. Ti substrates once deposited and before and after 

thermal treatment. (Fully-dense c.p. Ti coated samples are not included due to the low 

adherence). Diameter of the samples ~ 11 mm.  

  

Once macroscopic features have been discussed, microstructure and morphology of 

BGs coatings was studied. Figure 7 shows representative micrographs of the different 

coatings after vitrification. Signs of fusion, i.e., micro-cavities due to shrinkage and 

smooth surfaces characteristic of a vitreous phase, could be observed for BG 1393 

coatings. In Figure 7b, micro-cracks due to shrinkage could be appreciated in BG 1393 

coatings, which seemed to be initiated in the pores of the BG coating [38]. In contrast, 

BG 45S5 coatings presented a rough surface with micro-pores uniformly distributed 

creating a coral-like structure.   
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Figure 7. SEM images of BG analyzed coatings. Influence of the substrate (percentage of 

porosity, 30 vol. % and 60 vol. %, and pore size distribution, 100-200 and 355-500 µm) and 

the composition of the coating. Inset: details of the surface at higher magnification. Common 

scale bars.  

  

The thickness and penetration of the BGs into the porous structure were also analyzed 

by SEM. Representative SEM micrographs of the cross-section of BG-coated c.p. Ti 

are shown in Figure 8. The thickness of BG 45S5 was ~70 µm thick (Figure 8a and 8b) 

and for BG 1393 coatings it was less than 40 µm (Figure 8c), being more difficult to 

observe since it has penetrated into the substrates. Even in this case, it presented a 

uniform dense morphology and smooth surface (Figure 8c). In contrast, as it was 

mentioned above, BG 45S5 coatings showed higher micro-porous and roughness, with 

homogeneous thickness along the surface of the substrates. These micrographs also 

evidenced differences of the coatings inside pores. Interestingly, BG 1393 melted 

quicker and better and it always filled the pores, independently of the pore size range, 

while BG 45S5 was be able to infiltrate the larger pores.   
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Figure 8. SEM images of the cross-section of the two BGs coatings on the c.p. Ti substrates 

with 30 vol. % of porosity and pore range size 355-500 µm. (a, b) BG 45S5 and (c) BG 1393.   

  

Micro-mechanical properties were tested after the deposition of the coatings to study 

the effect of the BGs on the micro-mechanical properties of the surface. Although 

mechanical properties measured by compression tests have been already published 

[39], a micro-mechanical analysis of the coated c.p. Ti surface with the corresponding 

BGinduced modifications needs to be assessed. Figures 9a and 9b, and Table 4 show 

the micro-mechanical (P-h) curves and the main parameters obtained from the 

mentioned curves, respectively. These results confirmed the fact that, independently on 

the characteristics of the porous substrates, the micro-hardness and the elastic recovery 

in  

BG 45S5 coatings were lower (less penetration depth) than BG 1393. This could be 

attributed to the noticeable presence of micro-porosity and the poor adherence of the 
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coatings due to the higher discrepancy between the thermal expansion coefficients 

already discussed. It is important to highlight that the existence of cavities and 

microcracks due to shrinkage as well as the absence of pores and smooth surface 

explained the micro-mechanical behavior of BG 1393 coatings and the values of the 

elastic recovery.   

To study the influence of porosity and pores size distribution in the micro-mechanical 

properties of coated samples, Figures 9c and 9d show the calculated H and E for all the 

coated substrates. It can be elucidated that both, H and E, were superior in the case of 

using BG 1393 coatings. This fact could be attributed to the chemistry, structure and 

morphology of the BGs coatings [16,40], though BG 1393 coatings presented a dense 

layer (Figures 8a and 8b), 45S5 coatings resulted in a coral-like structure similar to a 

cellular morphology, which results in the stated relatively low micro-mechanical 

properties. Additionally, BG 45S5 coatings in substrates with bigger pores size 

distributions and higher porosities showed lower mechanical properties since pores 

were filled with the corresponding BG and the probability of indenting in these regions 

was higher. On the contrary, BG 1393 coatings, because of their high micro-mechanical 

performance, induced an increase of the micro-hardness and elastic modulus due to the 

better interfacial strength.  
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 Penetration depth (mm)   

  

 (c)  (d)  

 

  

   

Figure 9. Micro-mechanical properties of BG coated c.p. Ti substrates: (a, b) representative 

P-h curves and (c, d) micro-hardness (H) and elastic modulus (E) of (a, c) BG 1393 and (b, d) 

BG 45S5 coatings.  

  

Table 4. Characteristic parameters calculated from P-h curves for BGs coated c.p. Ti substrates 

(space-holder size distribution in µm).  

 

BG  Substrates  

Penetration depth (μm)  Elastic recovery  

Maximum  
Permanent 

(unloaded)  
Absolut  

(μm)  
Relative 

(%)  

 30%  
100-200  6.9  3.3  3.6  52.2  

355-500  12.9  3.6  9.3  72.1  

0 

5 

10 

15 
BG 1393 

0 

5 

10 

355-500 100-200 
60  vol. % 30  vol. % 

100-200 355-500 

0 

5 

10 

15 BG 45S5 

0 

5 

10 

355-500 100-200 
 vol. % 60 30  vol. % 

  %~75% 25 
  Range within 1.5IQR 
  Median Line 
  Mean 

100-200 355-500 
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60%  

100-200  6.9  1.6  5.3  76.8  

355-500  2.5  0.9  1.6  64.0  

 

30% 
100-200  62.2  61.3  0.9  1.4  

355-500  79.7  77.5  2.2  2.8  

60% 
100-200  90.5  88.5  2  2.2  

355-500  77.1  75.5  1.6  2.1  

  

3.3. Hydroxyapatite formation of BGs coated c.p. Ti porous substrates  

With the aim of analyzing the enhancement in HA formation promotion, SBF tests were 

performed and results were evaluated in terms of the composition of the coatings and 

the SBF solution after 14 and 21 immersion days. These studies were performed for all 

the porous substrates coated with BG 1393 or BG 45S5 and the fully-dense sample, 

which was taken as a reference.   

Table 5 shows the composition of the SBF for the initial state and after 14 and 21 days 

of immersion. A reduction of Ca and P was observed due to the precipitation of calcium 

phosphates on the studied surfaces. Additionally, the Si content significantly increased 

after 14 days in BG 45S5 coated samples, which could be attributed to a partial solution 

of this BG while calcium phosphates were formed [41]. It is important to note that the 

Si content after 21 days seemed to be lower in both BGs, as the SBF was renewed and 

the quantity of remaining bioglass decreased, as well as the Si content. Therefore, after  

21 days, the dissolution of the bioglass stabilized, reaching an equilibrium.   
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Table 5. Chemical composition of SBF by ICP. Influence of the porosity and BG coating in HA 

formation (space-holder size distribution is in µm).  

  

     BG 45S5    BG 1393  

  
mg/L  

0  days 

in SBF  

 14 days in SBF    21 days in SBF  

FD  
30 vol. %  60  vol. %  

FD  
30  vol. %  60  vol. %  

FD  
30  vol. %  60  vol. %  

100- 
200  

355- 
500  

100- 
200  

355- 
500  

100- 
200  

355- 
500  

100- 
200  

355- 
500  

100- 
200  

355- 
500  

100- 
200  

355- 
500  

Ca  74.3  59.6  56.7  57.8  62.1  62.2  52.6  53.4  51.6  59.0  60.8  66.6  63.8  65.4  73.0  72.7  

P  39.2  12.0  11.9  10.2  12.2  14.5  22.8  23.5  22.2  28.1  29.3  32.5  32.2  32.4  38.8  39.2  

Si  ≤ 0.04  43.0  39.7  44.9  46.3  37.9  1.29  1.9  2.4  16.8  0.6  2.2  1.0  2.4  0.7  1.0  

Ti     ≤ 0.004   

Note: Fully-dense (FD)  

Comparing the results after 21 days for a same pore size distribution, the diminution of 

Ca and P in SBF was more pronounced for lower porosities (30 vol. %). Additionally, 

for the same porosity, the difference in Ca and P content was less significant, showing 

that the range of porosity had higher influence than the pores size distribution. Related 

to the composition of the BGs coating, samples coated with BG 45S5 seemed to 

promote the reduction of Ca and P in SBF.  

Structural and compositional modifications on the surface after 21 days in SBF were 

analyzed by SEM (Figure 10). All the SEM images showed changes of the surface 

topography, caused by the presence of HA, as it was detected by EDS-SEM (Table 6) 

and XRD (Figure 11). It is worth to mention that BG 45S5 coatings showed a crystalline 

structure, sodium calcium silicate crystals (i.e., Na2CaSi2O6), due to its higher tendency 

to crystallize compare to BG 1393, which were amorphous, [36]. It is important to note 

that, although BG 45S5 crystallized after the thermal treatment, it did not cause the loss 

of bioactivity [42].   

Although the roughness of the surface made difficult quantifying atom contents by 

EDS-SEM, the presence of regions rich in Ca and P could predict the formation of 

calcium phosphates with different Ca/P ratios [12,43]. The values for the studied 

samples are included in Table 6. The substrate with 60 vol. % porosity and smaller pores 
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size) coated by BG 45S5 presented a Ca/P of 1.64 very close to 1.67, which is associated 

to the natural HA [44]. Higher porosities induced a reduction of the Ca/P ratio. In 

contrast, the influence of the pores size distribution did not follow the same tendency 

for both BGs and porosities, which can be attributed to the different morphology 

adopted on the surface.  
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Figure 10. SEM images of the coated c.p. Ti substrates after 21 days of immersion in SBF: 

BG 1393 and BG 45S5. Inset: higher magnification images. Common scale bars.  

Table 6. Chemical composition of BGs coated c.p. Ti obtained by EDS-SEM for the studied 

samples after 21 days immersed in SBF. Influence of the porosity of the substrate and BG 

coating in HA formation (Ca/P = 1.67). Note: fully-dense (FD) and space-holder size 

distribution is in µm.  

% At. 

 BG 45S5  BG 1393 

  21 days in SBF 

FD 

30 % 60 % 

FD 

30 % 60 % 

100- 
200 

355- 
500 

100- 
200 

355- 
500 

100- 
200 

355- 
500 

100- 
200 

355- 
500 

Ca 4.9 32.0 60.9 61.3 58.0 1.2 16.3 2.8 55.2 0.45 

P 2.5 16.8 39.1 37.3 41.0 0.6 2.9 2.7 39.3 0.3 

Si 1.9 0.03 ≤ 0.00 1.24 0.78 4.1 12.5 25.0 3.8 0.4 

Ca/P 1.98 1.91 1.56 1.64 1.41 1.76 2.16 1.02 1.40 1.56 

% Discrepancy 

HA 
stoichiometry 

19 14 7 2 16 5 29 39 16 7 

  

Due to the roughness of the surfaces and the limitations of EDS-SEM, to further 

investigate and identify phases formed on the surface, XRD were performed (Figure 

10). These results also corroborated the calcium phosphates formation on the surfaces 

of the samples and the dissolution of the BGs. As it was expected, calcium phosphates 

with different stoichiometries were found, Ca5(PO4)3(OH), which corresponded to HA, 

and Ca3(PO4)2, among others. Despite of the crystallinity, the formation of HA was 

significantly higher in BG 45S5-coated c.p. Ti, particularly when using 30 vol. % of 

porosity and near independently on the pores size distribution, which was justified by 

the chemical composition of the BG. In the case of BG 1393 coated samples, substrates 

with 60 vol. % porosity and a pores size distribution of 100-200 μm showed the highest 

concentration of HA. These differences were due to the higher specific surface area, 

which favored the formation of HA and other calcium phosphates.  
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The formation of TiO2, usual in c.p. Ti [34], and Ti6O on the Ti surface were also 

remarkable. This phenomenon was previously reported, confirming that Ti6O 

substoichiometry phase could be formed due to interstitial oxygen diffusion in the c.p.  

Ti [45].  

    

 

  

Figure 11. XRD patterns of BG powder and BG coated c.p. Ti substrates before and after 21 

days of immersion in SBF: (a) BG and fully-dense c.p. Ti, (b) BG 1393/porous c.p. Ti and (c) 

BG 45S5/porous c.p. Ti (◊ crystalized-45S5, Na2CaSi2O6; * TiO2-monoclinic; ● TiO2-rutile; 

□ Ti6O; ○ Ca5(PO4)3( H); ♦ Ca3(PO4)2). 

  

The behavior observed in the present work allow us to verify that BG 1393 adheres 

better to the substrate, while BG 45S5 is more bioactive. The authors have recently used 

these preliminary assumptions to design a two-layer BG coating. The results presented 

here allow us not only to know the individual behavior of each type of coatings, but 

also to compare them in detail with the proposed BG 45S5 – BG 1393 bilayer coating 

[32,33].  
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4. Conclusions  

The micro-mechanical behavior and bioactivity of BG coated porous c.p. Ti were 

analyzed. Porosity percentage, pore range size and interconnectivity among them in the 

c.p. Ti substrates allowed to solve the stress-shielding phenomenon (achieving 

manufacturing of implants with optimal rigidity properties close to those of cortical 

bone tissue), as well as favoring the transport of nutrients, bone in-growth inward 

and/or infiltration of coatings. To enhance the osseointegration capability of the c.p. Ti 

porous structures, two different BG coatings were deposited. 29Si MAS NMR studies 

carried out with both glasses demonstrated a higher bioactivity for BG 45S5 respect to 

BG 1393. However, BG 1393 coating showed higher micro-mechanical properties in 

comparison with BG 45S5. Additionally, larger and interconnected pores made the BGs 

infiltration easier, although the nature of the BG and temperature during thermal 

treatment also influence, since it provides to the BGs the right viscosity to flow and 

penetrate inside the pores. Also, the adhesion of the BGs to the pores would depend on 

the CTE better for BG 1393 due to its similar CTE to the c.p. Ti.   

The micromechanical behavior also depended on the differences of the stiffness and 

hardness values of the coating - substrate system in each zone where the indentation 

was performed (BGs coating on c.p. Ti substrate flat area or on a porous area of the 

substrate). In the case of BGs coatings, results were expected, considering their nature 

and density. In this sense, BG 1393 is denser with a glassy appearance, while BG 45S5 

coatings showed a coral and sponge-like morphologies.  

The tests performed with SBF confirmed the formation of HA and calcium phosphates 

in both coated samples, which were favored in porous samples as the BG specific 

surface area exposed to SBF was higher. Additionally, despite of the crystallinity of BG  

45S5 coatings, the formation of HA and calcium phosphates was more significant than 

in samples coated with BG 1393. Particularly, this HA formation was remarkable when 
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using a porosity of 30 vol. %, near independently on the pores size distribution, which 

was attributed to the coral-like structure that increases the specific surface area. In this 

sense, for the same pore size distribution, after 21 days in SBF, the amount of Ca and P 

in substrates coated by BG 1393 were very similar to the initial values (~ 74 and 39 

mg/L, respectively), independently of the porosity percentage and pore range size. 

However, in the case of coating with BG 45S5, an influence of these parameters was 

observed, showing that the porosity percentage had higher effects than the pore size.  
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