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Silicon nitride based ceramics are promising candidates for biomedical applications due to their chemical 
and dimensional stability associated to suitable mechanical strength and relatively high fracture toughness. 
However, the bioinert characteristics of these ceramics limit their application to situations where the formation 
of chemical bonds between the material and the tissue are not essential. A way to broaden the application field 
of these ceramics in medicine is promoting their bioactivity by means of a hydroxyapatite coating. Therefore, 
in this paper, samples of silicon nitride were coated with apatite using the biomimetic method. The treated 
silicon nitride surface was characterized by diffuse reflectance infrared Fourier transformed, X ray diffraction 
and scanning electron microscopy. The results showed that a layer of hydroxyapatite could be deposited by this 
method on silicon nitride samples surface.
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1. Introduction

Alumina and zirconia have been widely used as bioinert materials 
for clinical applications for several years, mainly owing their excellent 
biocompatibility. However, frequent fractures in implants produced by 
these ceramics have been resulted from the low fracture toughness of 
alumina and high degradation of zirconia in biological medium1,2.

Many ceramic materials have been researched to overcome the 
limitations of alumina and zirconia. Silicon nitride is a promising 
candidate due to its non-cytotoxicity5, high wear resistance, high 
thermal shock resistance and relatively high mechanical strength 
and fracture toughness3,4.

Once the bioinert ceramics do not form chemical bonds with the 
living tissues, their disadvantage is the bad fixation in the old bone1. 
An alternative would be to associate the excellent mechanical prop-
erties of the bioinert ceramics to the great superficial characteristics 
of those bioactive.

The biomaterials classified as bioactive have the important abil-
ity to form chemical bonds with the living host tissues, decreasing 
the possibility of rejection processes and fixation problems of the 
prostheses1. However, the bioactive materials present low mechani-
cal strength, limiting their use in situations where mechanical stress 
is present1.

Different methods have been studied and proposed to produce 
biomaterials with high mechanical properties and bioactivity, such as 
the production of glass-ceramic5, biocomposite6 and substrate coat-
ings with a bioactive layer of calcium phosphate7-12. It is related that 
this properties combination can really enhance the clinical success 
of a metal implant13. 

Among the available methods of substrates coating with calcium 
phosphate, the plasma spraying is the most common, although it can-
not provide coatings on porous surfaces5 and the applied coatings have 

a poor quality because of the difficult to control their composition, 
crystal phase and cristallinity8,9.

Other coating techniques which have been investigated include 
electrodeposition10, sputter deposition11 and sol-gel12. An ideal method 
to produce hydroxyapatite Ca

10
(PO

4
)(OH)

2
 (HA) coatings on materi-

als for biomedical applications is the biomimetic coating14-16. By this 
method, a bone-like apatite surface layer can be produced in an acel-
lular simulated body fluid (SBF) with ions composition similar to that 
of inorganic part of human blood plasma17. Two steps are involved 
in the process: i) nucleation and ii) precipitation and growth of the 
apatite layer. The first step occurs during the immersion of the ceramic 
surface into a synthetic solution simulating the blood plasma, i.e., 
into the simulated body fluid (SBF), containing a nucleant agent. The 
second step is consequence of a subsequent immersion of the ceramic 
surface into a concentrated simulated body fluid (1.5 SBF)15.

 The nucleant in the conventional biomimetic method agent is 
a bioglass, but there is another biomimetic method in which the 
nucleant agent is a sodium silicate solution11. By using a sodium 
silicate solution, the second step of the method (precipitation and 
growth) is promoted by the immersion of the ceramic surface into 
the 1.5 SBF. This procedure is adopted so that the reactions could 
happen as follows: i) adsorption of silicates ions of the solution 
on the ceramic surface; ii) nucleation of hydroxyapatite on the 
adsorbed ions and iii) growth of the hydroxyapatite nuclei and 
growth of the thickness of the layer14. Previous works performed 
with different substrates showed the used concentration of sodium 
silicate is adequate to promote a hydroxyapatite layer at the end of 
the coating process14,16.
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Hence, the aim of this work is to obtain a silicon nitride with 
bioactive surface characteristic, using the biomimetic method with 
a sodium silicate solution as nucleant agent.

2. Materials and Methods

2.1. Sample preparation and characterization

As starting materials, powders of Si
3
N

4
 (M11, Hermann C. Starck; 

with 92.7% α-Si
3
N

4
 and 1.14% wt oxygen), Y

2
O

3
 (Hermann C. Starck; 

purity > 99.9%); Yb
2
O

3
 (Sigma Aldrich Chemical; purity > 99.9%) 

and α-Al
2
O

3
 (16 SG Alcoa, purity > 99.9%) were used. Powders 

corresponding to the composition 91Si
3
N

4
-3Y

2
O

3
-3Yb

2
O

3
-3Al

2
O

3
 

(in wt. (%)) were ground in an atrittor mill with isopropanol as the 
liquid vehicle. The ground and homogenized powder mixture was 
dried at 90 °C, pressed uniaxially at 50 MPa followed by cold isostatic 
pressing at 200 MPa. 

The samples were fired at 1750 °C for 60 minutes in a carbon 
resistance furnace using a nitrogen atmosphere and then analysed by 
X ray powder diffraction (Siemens D5000) to verify the crystalline 
phases. In order to observe the shape and grain size and their distribu-
tion by scanning electron microscopy (Jeol, JXA 6400), the surface 
samples were polished and plasma etched using CF

4
 and O

2
.

2.2. Coating by the biomimetic method

2.2.1. Preparation of the solutions

The solutions employed to promote the biomimetic coating were 
a sodium silicate solution (SS) and a 1.5 SBF (Table 1). The prepara-
tion of the solutions involved the dissolution of the reagents NaCl, 
KCl, K

2
HPO

4
, CaCl

2
.2H

2
O, MgCl

2
.6H

2
O, NaHCO

3
, Na

2
SO

4
 and 

(Na
2
O).SiO

2
 into distilled and deionized water. The pH of the solu-

tions was controlled with HCl (0.1 mol.dm–3) and tris-hydroxymethyl 
aminomethane (0.05 mol.dm–3) to get a value of 7.25 at 37 °C. After 
the preparation, the SS and 1.5 SBF solutions were kept in polypro-
pylene flasks.

2.2.2 Coating of the silicon nitride surfaces

Rectified samples of silicon nitride were exposed to sodium sili-
cate solution (SS) at 37 °C for seven days. After the incubation period, 
the samples were washed in distilled and deionized water and dried at 
room temperature, so that they could be immersed into 1.5 SBF. 

The samples were soaked in 1.5 SBF for six days at 37 °C and the 
solution was changed every two days. At the end of this period, the 
procedure of washing and drying of the samples was carried out.

The coating was characterized by diffuse reflectance infrared 
Fourier transformed (DRIFT) (Perkin Elmer Spectrum GX FT-IR 
System), X ray diffraction (Siemens D5000) and scanning electron 
microscopy (Philips, XL30-FEG) with energy dispersion spectros-
copy (EDS).

3. Results and Discussion

The microstructure of the silicon nitride surface, without the 
coating, is shown in Figure 1. It is possible to notice the elongated 
shape of the β-Si

3
N

4
 grains which increases the mechanical properties 

of such materials18. Elongated grains as those of β-Si
3
N

4
 induce to 

different toughness mechanisms, inhibiting the propagation of cracks 
that can be created by an initial failure19. More elongated grains, i.e., 
grains with high aspect ratio, increase the crack deflection amplitude, 
resulting in high values of fracture toughness18, as those obtained by 
us in earlier studies3.

Based on the infrared spectra of the silicon nitride sample surface 
without coating (Figure 2), we can observe the presence of bands 
in the regions of 454, 590, 1025, 1202 cm–1 related to the possible 
vibrations of the bonds Si-O and Si-N in Si

3
N

4
20,21. Besides, there 

is a band in the region of about 2300 cm–1 owing to the equipment 
background.

Table 1. Ionic content of the used solutions (mmol.dm–3).

Na+ K+ Ca2+ Mg2+ SiO
3
2– HCO

3
– Cl– HPO

4
2– SO

4
2–

1.5 SBF 213.0 7.5 3.8 2.3 - 6.3 223.0 1.5 0.75

SS 2.0 - - - 3.6 - 1.0 - -
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Figure 1. Scanning electron micrograph (SEM) of polished and etched sample 
surface of silicon nitride.
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Figure 2. Diffuse reflectance infrared Fourier transformed (DRIFT) spectra 
of a silicon nitride sample without hydroxyapatite coating.
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After the immersion of the substrate into the sodium silicate solu-
tion (SS) with subsequent immersion into 1.5 SBF, broad and defined 
bands in the regions of 585, 1010 and 1100 cm–1 were identified on 
the silicon nitride surface (Figure 3) which are typical of the PO

4
3– 

vibrations. Besides, weak bands in the regions of 868 and 1485 cm–1 
can be verified and are associated with the CO

3
2– vibrations. Typical 

bands of H
2
O and OH– can also be noted in the regions of 1647 cm–1 

and between 3000 and 3600 cm–1, respectively with are in good 
agreement with other studies22-26.

The related results indicate the apatite formation on silicon 
nitride surfaces after treatment with the biomimetic method. The 
apatite nucleation on silicon nitride surface can be attributed to two 
factors. The first of them is associated with Si-OH bonds, formed by 
the adsorption of the SS solution ions, on the silicon nitride surface. 
The second factor is the hydration of the present silica layer on the 
surface of silicon nitride. After the formation of apatite nuclei, they 
could grow by the immersion into 1.5 SBF.

Also, the apatite coating on silicon nitride substrate by using 
a silicate sodium solution as nucleant agent demonstrates that the 
presence of P

2
O

5
 is not really essential as researchers thought to be 

in earlier studies15. This results is in good agreement with Kokubo15 
that showed an apatite layer on P

2
O

5
-free glasses, as those of the 

system Na
2
O-CaO-SiO

2
, can be formed by the contact with SBF. 

According to Kokubo15 Na+ and Ca2+ ions of glasses as Na
2
O-SiO

2
 

or CaO-SiO
2
 tend to be changed by H

3
O+ ions that are within the 

solution, forming Si-OH groups on their surfaces. These Si-OH 
groups induce the apatite nucleation15,28. After the formation of 
apatite nuclei, its growth is spontaneous as consequence of subse-
quent depositions of calcium and phosphates ions that are present 
in the solution.

The morphology of the apatite layer formed on silicon nitride 
surfaces after the immersion into 1.5 SBF was analyzed by scanning 
electron microscopy and energy dispersion spectroscopy (EDS). Cal-
cium, phosphorous, magnesium, sodium, chlorine, silicon, oxygen 
and carbon ions were identified (Figure 4), confirming the presence 
of PO

4
3– and CO

3
2– groups identified by DRIFT (Figure 3) and leading 

the formation of hydroxycarbonate apatite (HCA)17. 
The X ray diffraction patterns of both uncovered and covered 

substrates are shown in Figure 5. By Figure 5a, only β-Si
3
N

4
 was 

identified as crystalline phase. It was also observed that the peaks 
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Figure 3. Diffuse reflectance infrared Fourier transformed (DRIFT) spectra 
of a silicon nitride sample with hydroxyapatite coating.
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Figure 4. Chemical analysis obtained by energy dispersion spectroscopy 
(EDS) of the layer formed on the silicon nitride surface.
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Figure 5. X ray diffraction (XRD) spectra taken from a) silicon nitride sub-
strate and b) silicon nitride sample covered by a hydroxyapatite layer (HA), 
using SS as nucleant agent (b is β-Si

3
N

4
).

of coated silicon nitride (Figure 5b) had their intensity decreased 
as compared with uncoated one (Figure 5a). Besides, the presence 
of broad peaks of hydroxyapatite were identified, confirming that 
the layer obtained on the silicon nitride surfaces, after the treatment 
with the biomimetic method, is predominantly formed by HCA. 
These results are in good agreement with those obtained by diffuse 
reflectance infrared Fourier transformed and energy dispersion 
spectroscopy.

The micrograph illustrated in the Figure 6 shows the coating is 
characterized by a dense layer with dispersed globules. The cracks 
in the covering are associated with the drying process, conducted at 
room temperature, in air. The morphology of the layer formed on 
silicon nitride surfaces is very similar to that of the coatings obtained 
on titanium and titanium-alloys surfaces when the biomimetic method 
is used19,22. These results indicated the affinity of the precipitates 
with silicon nitride based ceramic, suggesting that this material has 
adequate superficial features to become bioactive. 
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4. Conclusions

The obtained results showed that the biomimetic method promot-
ed the deposition of a dense layer of hydroxyapatite on silicon nitride 
surfaces. Also, the propitious microstructure and the relatively high 
value of fracture toughness observed for the silicon nitride substrate 
in earlier studies, associated to the bioactive surface promoted by the 
biomimetic coating, may lead to the development of a biomaterial 
with excellent interaction with the living tissues, as well as great 
mechanical properties.
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Figure 6. Scanning electron micrograph (SEM) of the silicon nitride surface 
coated by a hydroxyapatite layer, using SS as nucleant agent. 


