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Due to the incidence of osteoarthritis and osteoporosis, the 
replacement of bones with implants is very common surgery.1,2 
Most of the implants (~80%) are made of metals due to their perfect 
mechanical properties, resistance to corrosion and acceptable 
biocompatibility; however, only a limited number of them are 
suitable for long-term applications.3,4 Stainless steel, titanium, 
and cobalt–chromium and titanium alloys are most popular for 
implants.5–7 In particular, 316L stainless steel is a preferred 
material for medical and dental applications.8–11

Because an implant is a foreign material for the human body, 
its surface properties have a huge impact on the behavior of bone 
cells that come into contact with implants.12–14 The use of calcium 
hydroxyapatite [Ca10(PO4)6(OH)2, CHAp] supported on a metallic 
implant can reduce patient recovery times from 100 days with an 
uncoated implant to only 20 days with a CHAp-coated implant 
after implantation.10 CHAp is suitable for bone substitution due to 
similar chemical composition and crystal structure.15,16 However, 
the brittleness and poor mechanical properties of CHAp ceramics 
limit their application to the replacement of small non-load-bearing 
bone parts.17 In order to overcome this disadvantage, CHAp is 
used as a thin coating on metallic implants.18–20

The surfaces of substrates should be modified to improve the 
properties of CHAp films, such as poor adhesion, high dissolution, 
and poor wear resistance, and to enhance the biocompatibility of 
metal implants.21–26 The sol–gel preparation of thin films has the 
following advantages: simplicity, synthesis at low temperatures, 
effectiveness, suitability for complex-shaped implants, chemical 
homogeneity, fine grain structure of the end product and cost 
efficiency.27–30 The aim of this study was to develop CHAp coatings 
on 316L stainless steel substrate modified with TiN sublayer 
using a sol–gel procedure.†

Figure 1‡ shows the XRD patterns of CHAp films synthesized 
using spin-coating technique on the surface of 316L stainless steel 
modified with a TiN sublayer. According to the XRD data, iron 
was oxidized to a mixture of iron oxides with a dominating 
crystalline Fe2O3 phase upon heating the substrate at 850 °C in 
air.31 Moreover, reflections due to TiN or oxidized TiO2 phases 
could not be detected after a heat treatment of the substrate, probably, 
because of very intense reflections of iron oxides.32 On the other 
hand, the TiO2 formed could come off the surface upon the 
annealing of a 316L steel substrate modified with TiN. The XRD 
pattern of a CHAp sample obtained after one spinning procedure 
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diaminetetraacetic acid (EDTA) (99.0%) from Alfa Aesar, triethanolamine 
(TEA) (99.0%) from Merck, and poly(vinyl alcohol) (PVA) (99.5%) from 
Aldrich were used for the preparation of CHAp coatings on AISI 316L 
stainless steel rounds (10 × 0.5  mm) with TiN (2–3 mm) coating from 
Goodfellow. The TiN-modified substrates were washed with acetone in an 
ultrasonic cleaner for 15 min and then air dried before coating. Calcium 
acetate monohydrate and phosphoric acid were used for the synthesis of 
CHAp coatings. Calcium acetate monohydrate (5.2854 g, 0.03 mol) was 
dissolved in distilled water (40 ml), and 1,2-ethanediol (4 ml) was added. 
EDTA (9.6439 g, 0.033 mol) deprotonated with TEA (24 ml) was slowly 
added to this solution. After stirring for 10 h, phosphoric acid (1.23 ml) 
diluted with distilled water (20 ml) was added to the initial solution. After 
stirring for 24 h, the resulting gel (25 ml) was mixed with a 3% solution 
of PVA (15 ml). The mixture was stirred in a beaker covered with watch 
glass at room temperature and used for the synthesis of CHAp films on 
the TiN-modified stainless steel substrate using a spin-coating technique. 
For spin-coating, ~0.5 ml of a starting solution was applied to the stainless 
steel surface modified with a TiN sublayer using a syringe and then spin 
coated at 2000 rpm for 60 s in air. The substrates were repeatedly coated 
(1 to 10 times) according to the same procedure and each time annealed 
at 850 °C for 5 h in an oven. 
‡	 X-ray diffraction (XRD) analysis was performed with a D8 Focus 
diffractometer (Bruker) with a LynxEye detector (Bruker) using CuKa 
radiation. The measurements were recorded at a step width of 0.02° and a 
speed of 1.5 deg min–1. 

†	 Calcium acetate monohydrate (99.9%) from Fluka, phosphoric acid 
(85.0%) from Reachem, 1,2-ethanediol (99.0%) from Alfa Aesar, ethylene-
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already contained the reflections of iron and titanium oxides; thus, 
combustion in the course of sol–gel processing promoted the 
oxidation of TiN. Moreover, the sol–gel coating of CHAp also 
protected the mechanical integrity of formed TiO2. The XRD pattern 
of a sample synthesized using three spinning and annealing steps 
exhibited a negligible reflection due to the CHAp phase. A further 
increase in the spinning and annealing times resulted in a monotonic 
increase in the intensities of reflections due to the crystalline 
phase of CHAp on the Fe/ TiN substrate. In this case, the formation 
of CHAp presumably inhibited the formation of Fe2O3 and 
promoted the formation of TiO2.

The SEM micrographs§ of 316L steel substrates with TiN 
sublayers showed that the substrate surface before heat treatment 
was smooth, flat, and crack- and pore-free, but it was totally 
different after annealing the substrate at 850 °C. The surface 
during the heat-treatment was homogenously coated with differently 
shaped iron oxide microparticles with an average size of 1–2 mm. 
The porous microstructure of 316L steel substrates after the annealing 
was determined.33 After the application of a first CHAp layer 
[Figure 2(a)], the microparticles of iron oxide were not merged 
anymore, and the less pronounced pores were filled with titania 
particles as expected (according to the XRD data). The situation 
slightly changed after the spinning of three CHAp layers 
[Figure 2(b)], and the surface microstructure significantly changed 
after repeating the synthesis of CHAp five times [Figure 2(c)] 
with the formation of a dense surface having small irregular pores 
(about 200 nm). Moreover, the surface was covered with plate-like 
crystallites about 1–2 mm in size. An even more compact coating 
was obtained after applying seven sol–gel layers [Figure 2(d)]. 

The plate-like particles were transformed to spherical nanoparticles 
at this stage of sol–gel processing34 due to the intense formation 
of a crystalline CHAp phase visible in the XRD patterns. The 
SEM image of a CHAp sample with 10  layers [Figure  2(e)] 
indicated the formation of a uniform surface with exposed irregular 
crystallites. Thus, with increasing the spinning and annealing 
times from seven to ten, the previously observed nanoparticles 
showed a tendency of growth to bigger derivatives.

Figure 3 and Table 1 summarize the AFM images and the results 
of AFM surface roughness measurements of the CHAp-coated 
samples. The roughness of the CHAp coatings decreased almost 

§	 The morphology of the samples was studied using a SU-70 scanning 
electron microscope (SEM) (Hitachi) and a BioScope Catalyst atomic 
force microscope (AFM) (Bruker). 
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Figure  2  SEM micrographs of the sol–gel derived CHAp coatings on the 
316L steel substrate with a TiN sublayer obtained after (a) 1, (b) 3, (c) 5, 
(d) 7 and (e) 10 spinning and annealing procedures.
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Figure  3  AFM images of different areas of CHAp samples obtained on the 
steel substrate with a TiN sublayer using (a) 1, (b) 3, (c) 5, (d) 7 and (e) 10 
spinning and annealing procedures.
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Figure  1  XRD patterns of CHAp films with various number of Ca–P–O gel 
layers synthesized on the 316L stainless steel surface modified with TiN.
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monotonically with the amount of CHAp layers. However, the 
CHAp coatings fabricated after three and five spinning and 
annealing times exhibited almost no changes in the roughness. 
This stage was the only one exception in the series of compounds.  
The AFM results are in a good correlation with those obtained by 
SEM measurements.

Figure 4 shows the Raman spectra¶ of samples containing CHAp 
layers prepared by the spin-coating technique and subsequently 
annealed at 850 °C and a TiN/steel substrate before the formation of 
a hydroxyapatite coating. A dominant band at 671 cm–1 [Figure 4(d)] 
evidenced the presence of magnetite (Fe3O4) in the TiN/steel 
substrate.35,36 A broad low-intensity band near 1346 cm–1 and a 
narrow low-intensity band at 298  cm–1 belonged to hematite 
(a-Fe2O3).35,36 The formation of CHAp after the annealing of 
spin-coated precursors in the test samples [Figures 4(a)–(c)] is 
evident from a narrow and well-defined band at 961–962 cm–1.37 
This band relates to the symmetric stretching vibrations n1 (A1) of 
a tetrahedral phosphate group,38 and it is characteristic of 
stoichiometric CHAp with a Ca/P molar ratio of 1.667.37,38 Two 
intense bands at 614–615 and 448–450 cm–1 belong to TiO2 rutile 
phase A1g and Eg modes, respectively.39,40 These bands indicated 
the conversion of a TiN layer into a TiO2 rutile structure during the 
preparation of CHAp. Broad bands at 670–780 and 338–348 cm–1 
can be related to maghemite (g-Fe2O3).35,36 Thus, the Raman-
spectroscopic data fully supported the results obtained by XRD 
analysis. Interestingly, after ten coating procedures, the specific 
features attributable to the iron oxides are no longer visible in the 
XRD pattern and Raman spectrum are fully replaced by diffraction 
peaks and absorption bands of titanium oxide, respectively. Thus, 
the TiN sublayer acts as a buffer layer inhibiting the formation of 

iron oxides in the sol–gel synthesis of CHAp on the stainless 
steel surface and the formation of TiO2/CHAp clusters.41 Finally, 
the use of a stainless steel substrate modified with TiN for the 
preparation of CHAp coatings can improve the mechanical and 
anticorrosive properties and fretting resistance of the implants.42

In conclusion, an aqueous sol–gel method was applied to the 
synthesis of CHAp thin films on medical-grade stainless steel 
substrates with a TiN sublayer. Each layer in the preparation of 
CHAp multilayers was separately annealed at 850 °C in air. XRD 
analysis revealed that the CHAp phase is visible after five spin-
coating and annealing procedures. With further increasing the 
number of spinning and annealing procedures, a monotonic 
increase of the intensities of reflections of the crystalline CHAp 
phase was observed in the XRD patterns of the films fabricated 
on a Fe/TiN substrate. It was demonstrated for the first time that 
the formation of CHAp inhibited the formation of Fe2O3 and 
promoted the formation of TiO2 on the surface. The TiN sublayer 
acted as a buffer layer inhibiting the possible formation of iron 
oxides during the sol–gel synthesis. The AFM results for different 
areas showed that the roughness of the CHAp coatings on stainless 
steel with TiN sublayer substrates decreased almost monotonically 
with the amount of CHAp layers. These coatings of stoichiometric 
CHAp can be used to improve the integration of metallic implants 
in host bones.
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Figure  4  Raman spectra of samples containing (a) 10, (b) 7 and (c) 5 layers 
of a composition for the synthesis of CHAp deposited by spin coating and 
annealed at 850 °C and (d) the initial TiN/steel substrate before the deposition. 
Excitation wavelength: 532 nm (3 mW).

¶	 The Raman spectra were recorded using an inVia Raman spectrometer 
(Renishaw) equipped with a thermoelectrically cooled (–70 °C) CCD 
camera and a microscope.
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