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Abstract 

In this paper, the effect of some parameters of a two-step surface-modification process, 

consisting of alkaline treatment followed by chitosan/bioactive glass nanocomposite coating, 

on the surface morphology of Ti-6Al-4V alloy is investigated. According to the results, the 

heat treatment of the alkaline-treated sample is critical to obtain a crack-free structure. It was 

also found that the deposition of three composite layers with the immersion time of 3 min for 

each layer is optimal to develop a desirable distribution of the composite nanoparticles on the 

surface. In other words, a coordinated optimization approach of composite-coating variables 

is required to control the morphology of the deposits. 
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1. Introduction 

Commercially pure titanium and titanium-based alloys are extensively used to fabricate 

orthopedic and dental implants due to their suitable mechanical properties, chemical stability 

and biocompatibility [1, 2]. However, the long-term performance of these alloys in the body 

demands more improvements in bioactivity [3-8] and biocompatibility [9, 10]. To address 

these drawbacks, a number of surface-modification techniques have been reported in the 

literature, including conversion and composite coatings [11]. 

Among different conversion coatings applied on medical-grade titanium alloys, NaOH 

alkaline treatment yields significant apatite-formation ability and bioactivity [12-14]. 

Nevertheless, this treatment imposes unsuitable contributions to the growth and proliferation 

of cells due to the local increase of pH [15]. To solve the problem, the deposition of 

additional coating layers on the alkaline-treated surface, including hydroxyapatite/chitosan 

[16] and 2SiO2-CaO-MgO glass/chitosan [17] composite coatings has been shown to be 

effective. Evidently, the resulted biological properties of this type of double-layered coatings 

(particularly bioactivity and biocompatibility) are dependent on final surface characteristics 

(including morphology) which are determined by coating parameters. To our knowledge, 

there are no integrated reports in the literature on the effect of the heat treatment of the 

alkaline-treated surface, the number of the deposited composite layers and the dipping 

immersion time of each composite layer on the morphology of this type of surfaces (alkaline 

+ composite coatings), which is the subject of this paper.  

 

2. Experimental procedures 

2.1. Synthesis of glass nanoparticles 
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Coprecipitation followed by calcination was used to synthesize 2SiO2-CaO-MgO glass 

powders, according to Refs. [18-20]. Calcium chloride (CaCl2, Merck, > 98%), magnesium 

chloride (MgCl2, Merck, > 98%) and silicon tetrachloride (SiCl4, Merck, > 99%) were 

employed as precursors for Ca, Mg and Si species, respectively. Also, dry ethanol (C2H5OH, 

Merck, > 99%) and aqueous ammonia solution (NH4OH, Merck, 25%) were utilized as the 

solvent and precipitating agent, respectively. An equimolar amounts of CaCl2 and MgCl2 

were first dissolved in ethanol. Afterwards, a double-molar amount of SiCl4 was added to this 

solution embedded in an ice-water bath, giving the cationic stoichiometry of diopside 

(CaMgSi2O6). The ammonia solution was then dropwise added until a pH value of about 10. 

Finally, the obtained participates were dried at 120 °C for 6 h and calcined at 500 °C for 2 h.  

 

2.2. Preparation of the composite sol 

Chitosan (Sigma Aldrich, deacetylation degree: 84.2%, molecular weight: 140469.4 

g/mol) was dissolved in 2% acetic acid (Mojallali, >99.9%) at the concentration of 1 gr/L. 

Afterwards, 1 gr of the calcined ceramic powder was added to the solution, giving a weight 

ratio of 50% ceramic with respect to chitosan. The mixture was stirred and then processed by 

a probe ultrasonicator (Qsonica, Q125) for 1 h in order to achieve a well-dispersed stable sol.   

 

2.3. Treatments of the Ti substrate 

Medical-grade Ti-6Al-4V plates of 0.1×2×2 cm3 in size were mirror-like polished and 

sonicated in ethanol, acetone and distilled water baths. Three coating processes were 

followed on the processed substrates, including (i) alkaline treatment, (ii) composite coating, 

and (iii) alkaline treatment followed by composite coating. For the alkaline treatment, the 
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substrates were immersed in a 5 molar NaOH (Merck, >97%) solution at 60 °C for 24 h, 

followed by washing with distilled water. The samples were dried at either room temperature 

or 60 °C for 24 h. For the deposition of composite coatings, both alkaline-treated and non-

treated specimens were once or three times dipped into the prepared composite sol with the 

dipping and withdrawal rates of 30 mm/s and the variable immersion durations of 0.5, 3 and 5 

min. Each layer of the coating was dried at 40 °C for 24 h before applying the next layer. 

 

2.4. Structural characterization  

The silicate powder calcined at 500 °C was characterized by X-ray diffraction (XRD, 

PANalyticial, X’Pert Pro MPD, Cu-Kα) and Fourier transform infrared spectroscopy (FTIR, 

Avaspec 2048 TEC). The FTIR analysis was also used on the composite powder obtained by 

drying of the composite sol at 130 °C. The surface morphology and cross section of the 

different samples were analyzed by field-emission scanning electron microscopy (FESEM, 

MIRA3TESCAN-XMU).  

 

3. Results and discussion 

3.1. Characterization of the powders 

The XRD spectrum of the synthesized silicate powder after calcination at 500 °C is 

presented in Fig. 1(a), showing no crystalline phases in the sample and confirming the full 

amorphicity of the synthesized glass. It is noticeable that the coprecipitation product before 

calcination contains a considerable amount of NH4Cl and NH4(Mg(H2O)6)Cl3 [21]. It 

suggests the evaporation of volatile species during calcination, leaving an amorphous 

structure at 500 °C. Also, the calcination of the same product at 700 °C results in single-
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phase crystalline diopside [22], inferring the equality of the loaded and obtained 

stoichiometries of the process. 

Fig. 1(b) depicts the FTIR spectra of the glass and composite powders. The 

characteristic peaks of the FTIR spectra for the synthesized ceramic sample are as follows: 

non-bridging vibrating O-Mg-O bonds at 470 and 510 cm-1, non-bridging vibrating Ca-O-Ca 

bonds at 418 cm-1, Si-O bending mode at 670 cm-1, Si-O stretching mode at 780 and 860 cm-

1, and Si-O-Si symmetric stretching mode at 1090 cm-1, in good agreement with Refs. [21, 

22] published on diopside. For the composite sample, as well as the vibrations related to the 

ceramic component, characteristic peaks are as follows: stretching amine groups (N-H and O-

H bonds) at 3400- 3500 cm-1 [23-25], the stretching C-H bond at 2870-2900 cm-1 [23, 25], 

the N-H stretching bond in amide I group at 1550 cm-1, the C=O stretching bond in amide 

group at 1650- 1700 cm-1, the vibrating bond of C-H in CH2 at 1420 cm-1 [23] and the C-O 

vibrating bond at 1000- 1100 cm-1 [26, 27]. This spectroscopic analysis indicates the presence 

of both chitosan and glass in the composite powder and proves that no side-products are 

formed during the preparation of the composite sol.  

 

3.2. Morphological characterization of the coated substrates 

The FESEM micrographs of the surfaces after depositing the composite coatings with 

the different parameters are depicted in Fig. 2. The sample covered with the mono-layered 

coating dipped in the composite sol for 30 sec (Fig. 2(a)) shows a low density of the glass 

nanoparticles of about 50 nm in diameter. In other words, a small area of the surface is 

covered by the nanoparticles, whereas this species is beneficial for hydrophilicity, bioactivity 

and biocompatibility [17, 28-31]. Additionally, in comparison to other biocoatings reported in 
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the literature, optimized samples have shown a higher population of bioactive glass and 

apatite nanoparticles in feature [32, 33]. Thus, keeping the weight ratio of chitosan to glass at 

1:1, in order to benefit from the characteristics of the glass nanoparticles more effectively via 

increasing their density in the surface, two approaches were employed as follows: 

(1) The increase in the dipping immersion time: Although the increase of the immersion time 

from 30 sec to 5 min effectively enhances the surface population of the nanoparticles (Fig. 

2(b)), some areas unsuitably present a level of inhomogeneity in terms of polymer and 

nanoparticles agglomeration as evident in Figs. 2(c) and 2(d), respectively.  

(2) The increase in the number of the deposited layers: In order to address the nanoparticle 

density and coating homogeneity simultaneously, three layers of the composite coating were 

deposited albeit with the immersion time of 3 min for each one. According to Figs. 2(e) and 

2(f), the triple-layered coating represents a sound feature with respect to both two 

aforementioned concerns. It is worth mentioning that this morphological feature is similar to 

the optimized morphologies of the literature [32, 34, 35]. Thus, these coating parameters, i.e. 

the immersion time of 3 min with the three layers, were used hereafter. According to Fig. 

3(a), this triple-layered coating has a relatively-uniform thickness of about 350 nm with no 

discontinuity at the coating/substrate interface. 

Fig. 4 represents the FESEM micrograph of the alkaline-treated surfaces. Based on 

Figs. 4(a) and 4(b), the alkaline-treated surface after drying at room temperature contains 

some micron-sized cracks. In order to eliminate the cracks, the samples were heated at 60 °C 

for another 24 hours. The heating process results in the elimination of cracks, giving a 

homogeneous surface (Figs. 4(c) and 4(d)) and regarded as the optimal condition. The 

obtained morphology is described as a feather-like layer with the thickness of 500 nm (Fig. 
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3(b)) which is mostly composed of sodium titanate [36, 37]. The formed blades are evidently 

interconnected with a mean thickness of 70 nm, making a porous network of almost 200 nm 

in hollow size. The existence of cracks in the alkaline-treated surface can be explained as 

below. It is well established [38] that upon soaking the Ti alloy in the NaOH aqueous 

solution, hydroxyl groups react to the TiO2 layer formed on the surface of Ti alloys under 

exposure to air: 

TiO2 + NaOH = HTiO3
- + Na+                                                                                             (1) 

The simultaneous reaction of hydration also occurs:  

Ti + 3OH- = Ti(OH)3
+ + 4e-                                                                                                                                                 (2) 

Ti(OH)3
+ + e- = TiO2.H2O + 1/2H2                                                                                       (3) 

Ti(OH)3
+ + OH- = Ti(OH)4                                                                                                   (4) 

The reactions imply that the alkaline treatment forms a hydrogel alkaline titanate layer on the 

surface. Finally, the following heat treatment process dehydrates and densifies the hydrogel 

layer, establishing a stable amorphous or crystalline alkaline titanate layer, which is a 

bioactive material [6, 39-42]. On the contrary, in case of natural drying at room temperature, 

as seen in Figs. 4(a) and 4(b), cracking occurs in the network due to the continued presence 

of the gel phase and thereby the creation of internal stresses on the dried layers. 

Fig. 5 indicates the FESEM micrographs of the surfaces after the optimal alkaline 

treatment process followed by composite coating at the different conditions. Typically, the 

alkaline-treated surface after depositing one layer of the coating with the immersion time of 5 

min presents a heterogeneous and agglomerated distribution of the nanoparticles (Figs. 5(a) 

and 5(b)). However, the deposition of the triple-layer composite coating with the immersion 

time of 3 min, in good agreement with Figs. 2(e) and 2(f), demonstrates a more uniform 
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distribution of the nanoparticles on the blades of the feather-like alkaline layer, as indicated 

in Figs. 5(c) and 5(d). The similar cross-sectional features before and after depositing the 

composite coating on the alkaline-treated surfaces, i.e. Figs. 3(b) and 3(c), is due to the 

incorporation of the composite materials into the porous network of the alkaline layer, which 

does not allow the composite layer in the cross-sectional view of this sample to be visible. 

This is in good agreement with the similarity of the top-view micrographs of the same 

surfaces, i.e. Figs. 4 and 5. 

 

4. Conclusions 

In order to obtain a desirable morphological feature, the affecting parameters of two 

surface modification methods, NaOH alkaline treatment and chitosan/glass nanocomposite 

coating, on a medial-grade Ti-6Al-4V alloy were optimized. According to the results, the 

alkaline treatment should be followed by an appropriate heat treatment process to ensure the 

development of a crack-free feature. Also, the suitable apparent population and uniform 

distribution of the glass nanoparticles in the deposited coatings was controlled by a set of the 

dipping immersion time and the number of the deposited layers, where the optimized values 

were 3 min and 3 layers, respectively, in this work. 
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Figures 

 

Fig. 1. XRD pattern of the synthesized silicate glass powder (a) and FTIR spectrum of the 

glass and composite powders (b). 
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Fig. 2. Surface FESEM micrographs of the mono-layered coating with the immersion time of 

30 sec (a), the mono-layered coating with the immersion time of 5 min (b, c, d) and the triple-

layered coating with the immersion time of 3 min (e, f). 
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Fig. 3. Cross-sectional FESEM micrographs of the samples processed with: the triple-layered 

coating with the immersion time of 3 min (a), alkaline treatment (b), and alkaline + coating 

treatments (c). Note that the top part of each micrograph is the epoxy mount, the bottom part 

is the substrate and the middle part is the coatings. 
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Fig. 4. Surface FESEM micrographs of the alkaline-treated samples after drying at room 

temperature (a and b) and 60 °C (c and d). 
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Fig. 5. Surface FESEM micrographs of the alkaline-treated samples after coating of a mono-

layer with the immersion time of 5 min (a, b) and a triple layer with the immersion time of 3 

min (c, d). 


