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Abstract: Bioglass coatings derived from electrophoretic deposition method were fused on 

Ti surface by laser cladding process using a continuous CO2 laser. The specimens were 

studied by field-emission scanning electron microscopy, X-ray diffraction and bonding tests. 

Titanium oxide layer with hierarchical structures consisting of submicron rows of leaf-like 

embossments and nano-pores was obtained by combining acid etching and anodization 

processes, which increased the surface roughness of Ti. When heat-treatment temperature 

was 700 � and high, CaSiO3 phase began to crystallize from the bioglass matrix and the 

crystallinity reached its maximum at 700 ć. During the electrophoretic deposition process, 

porous bioglass coatings composed of bioglass particles and fibers were deposited on Ti 

surface. Bioglass coatings with similar hierarchical structure containing submillimeter 

bioglass beads and microfibers were synthesized on Ti surface by laser fusion. There are no 

obvious microcracks at the interface of the Ti-coating, which revealed the good bonding 

between Ti-porcelain. With the laser scanning distance decreased, the bond strength 

increased accordingly. After only one day immersion in SBF, calcium phosphate began to 
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precipitate on the bioglass coatings’ surfaces. The thickness of the calcium phosphate 

precipitation and the amount of microparticles increased with immersion time.  

Keywords: Biomaterials; Microstructure; Titanium; Laser processing; Electrophoretic 

deposition 

1 Introduction 

Titanium and its alloys were most used implant materials in orthopedic surgery because 

of their appropriate mechanical properties, good corrosion resistance, biocompatibility and 

low cost [1, 2]. However, their capability to adhere to bone tissue is unsatisfactory and may 

result in wear debris that can lead to inflammatory reactions [3]. Thus, in order to improve 

osseointegration and biocompatibility of medical implants, the titanium alloys are 

commonly coated with bioactive coatings. Consequently, the implant is able to establish a 

direct chemical bond with the surrounding bone tissue, resulting in increased lifespan inside 

the body [4].  

Various techniques were developed to produce bioactive coatings such as magnetron 

sputtering [5], electrophoretic deposition [4, 6-8], laser deposition [9-12], sol–gel [13,14] 

and many other techniques. Among them, electrophoretic deposition (EPD) is a promising 

electrochemical technique for the creation of thin films with a control of the film 

morphology and thickness. The EPD process consists in the migration of bioceramic 

powder particles in suspension to form the coating at the surface of the implant under the 

effect of an electric field. However, the bonding strength between the coating and substrate 

is not high enough and the coating will gradually detach from the substrate after implanted 

into human body. Therefore, after deposition, post thermal treatments are normally needed 

to further densify the deposit and to improve the adhesion between the coating and 
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substrate. 

Laser cladding has proved efficient in the fusion of a powder on a substrate and the 

laser energy melts the cladding material forming an excellent chemical and metallurgical 

bond with the substrate [15, 16]. This process allows for a layer by layer coating building 

on titanium substrates and may prevent unwanted phase changes in the titanium due to its 

limited heat affected zone and low dilution ratio [11]. During the laser cladding process, 

microstructure of the coating and the interface between the coating and the substrate has 

attracted greatest interest [16, 17]. Therefore, laser parameters were optimized to synthesize 

a crack-free coating on titanium. In addition, acid etching and anodization processes were 

combined to improve the surface roughness of Ti and chemical bonding between 

porcelain-Ti. The hydroxyapatite forming ability in SBF was further characterized 

considering the potential of the synthesized coatings as bone-contacting materials. 

2 Experimental Procedures 

2.1. Synthesis of Bioglass 

The Bioglass having weight percent composition of 

(54%SiO2–8%Na2O–19%CaO–3%P2O5–7%K2O-1%Li2O-8%SnO) was prepared by 

conventional sol–gel process using Calcium nitrate tetrahydrate, sodium hydroxide, tetra 

ethylortho silicate (TEOS) and orthophosphoric acid as precursors [18]. The procedure 

involves mixing of tetra ethylortho silicate (TEOS) and ethanol, followed by nitric acid 

(HNO3) for hydrolysis and stirred for 30 min to obtain the gel. The ratio of TEOS: HNO3: 

ethanol: water is 1:0.5:0.25:4. After complete gelation, the following reagents were added 

in the interval of 30 min in theorder of sodium hydroxide, calcium nitrate and 
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orthophosphoric acid. The solution was stirred for 4 h to get a homogenous gel. Then the 

sol aged at 70ćfor 24 h, and then sintered at 600, 700 and 800 ć for 4 h. 

2.2 Anodization of titanium 

ASTM grade II CP titanium was cast, ground and polished to prepare plate-shaped 

specimens (Φ13 mm × 0.5 mm). In a typical anodization process, the electrolyte was 

prepared by adding 0.3 wt% of ammonium fluoride (NH4F, Sinopharm Chemical Reagent 

Co. Ltd., AR) and 1.25 vol% of distilled water into ethylene glycol (C2H6O2, Sinopharm 

Chemical Reagent Co. Ltd., AR). In a typical preparation procedure, the titanium 

specimens (>99% purity, thickness of 0.5 mm) were pre-treated in 40 wt% HF acid, and 

then anodized in the electrolyte solution using a graphite counter electrode at 20V for 15 

min at room temperature.  

2.3 Electrophoretic deposition  

In the EPD process, bioglasss powder suspensions (2 wt% solids) were prepared using 

distilled water as solvent. The pH of the suspensions was adjusted using hydrochloric acid 

solution (0.1 M). The EPD process was carried out using titanium substrate as cathode, 

employing a ITECH DC power IT6720 (ITECH Electronic Co., ltd). EPD was performed at 

constant voltage in the range 5-15 V at 25°C for 20 min.  

2.4 Laser cladding of bioglass coatings 

Laser cladding was carried out by using a LCY-400 (Wuhan Huagong Laser 

Technology Co., Ltd, China.) 400 W pulse CO2 laser. The laser was operated by smart MC 

software with Argon as the feeding gas. The laser cladding parameters were selected as 

100-200 W laser power, 120 HZ frequency, 0.3-0.5 mm beam diameter and 7.5-15 mm/s 
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traverse speed.  

The surface roughness (Ra) of titanium was measured using a JB-4C surface roughness 

tester. The cross-section of the specimens were ground and polished successively. 

Microstructural characterization of laser-cladding coatings layers was observed by using a 

Jeol JSM6400 scanning electron microscope.  

2.5 In-vitro Bioactivity test in SBF 

The coated samples were immersed in 30 ml of SBF solution prepared according to the 

literature [18], and incubated at 37°C for 1, 3, 5, 7, 14, 30 days and the solution was 

refreshed every two days. Three samples for each condition and time point were assessed. After 

incubation, the specimens were removed, gently washed with deionized water for three times and 

dried at 37 °C before further characterization. The hydroxyapatite formation on the 

incubated samples was evaluated by SEM and Fourier Transform Infrared Spectroscopy 

(FTIR, Nicolet is5) in range of 4000-400 cm− 1. 

3 Results and discussion 

Figure 1 shows the FE-SEM photos of titanium surface anodized at 20 V for 15 min after 

pre-treatment in 40 wt% HF (a) lower magnification 50000× and (b) higher magnification 200000×. 

Hybrid structures with submicron rows of leaf-like embossments and nano-pores were 

synthesized after anodization of titanium at 20 V for 15 min with pre-treatment in 40 wt% HF, as 

shown in Fig. 1 (a) and (b). The formation of leaf-like embossment rows and nano-pores 

attributed to the hybrid effect of HF acid etching and anodization processes [3].  
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Fig. 1 FE-SEM photos of titanium surface anodized at 20 V for 15 min after pre-treatment in 40 

wt% HF (a) lower magnification 50000× and (b) higher magnification 200000×. 

The surface roughness of titanium was increased from 0.24±0.02 µm to 0.82±0.09 µm 

after anodization, which was mainly due to the existence of leaf-like embossments rows. In 

the previous research, the increased surface roughness of titanium increased the contact 

areas and mechanical bonding between titanium and coating [14]. In addition, anodization of 

titanium will help to increase the wettability between porcelain-Ti during laser fusion 

process. Therefore, the specimens were anodized with pre-treatment in HF acid in this 

study. 

Figure 2 shows the XRD patterns of bioglass after heat-treatment at different 

temperature. The XRD results revealed that the major phase of the bioglass was CaSiO3 

[JCPDS 42-0550], whilst amorphous phase as secondary phase. When heat-treatment 

temperature was 600 �, the major phase of the bioglass was amorphous phase. When 

heat-treatment temperature was 700 � and high, CaSiO3 phase began to crystallize from the 

bioglass matrix and the crystallinity reached its maximum at 700 ć. The formation of the 

CaSiO3 phase will result in the good bioactive of the coating.  
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Figure 2 XRD patterns of bioglass after heat-treatment at different temperature. 

Figure 3 shows the SEM microphotographs of the bioglass coatings on Ti synthesized 

by electrophoretic deposition. As shown in Fig. 3(a), a porous bioglass coating with some 

microcracks was deposited on titanium surface. The obtained bioglass coating was 

composed of bioglass particles (about 5-10 µm) and fibers (about 10-15 µm), as shown in 

Fig.3 (b). The formation of the micropores was attributed to the formation of hydrogen and 

oxygen during the electrophoretic deposition process. 

  

Figure 3 SEM microphotographs of the coatings on Ti by electrophoretic deposition. 

Figure 4 shows the SEM microphotographs of the bioglass coatings on Ti synthesized 
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at different laser scanning distance (a), (b) 0.3 mm, (c), (d) 0.2 mm (e) and (f) 0.1 mm. 

Bioglass coatings with similar hierarchical structure containing submillimeter bioglass 

beads and microfibers were synthesized on Ti surface by laser fusion. The radii of the 

obtained bioglass beads were about 300-1000 µm, while the lengths of the microfibers were 

about 10-15 µm, as shown in Fig. 3. During the laser fusion process, the temperature field 

of the coating is inhomogeneous. The temperature at the center is higher than that at the 

edge of the laser scanning region. The bioglass at the center of the laser scanning region 

firstly reached its softening temperature point and formed the larger bioglass beads. In 

contrast, the smaller bioglass beads formed at the edge of the laser scanning region. With 

the laser scanning distance decreased, the sintering temperature increased accordingly and 

the temperature field of the coating became more homogeneous. The microcracks gradually 

healed and the amount of the microcracks decreased. In contrast, the amount of the 

microfibers increased accordingly. 
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Figure 4 SEM microphotographs of the bioglass coatings synthesized at different laser 

scanning distance (a), (b) 0.3 mm, (c), (d) 0.2 mm, (e) and (f) 0.1 mm. 

Figure 5 shows the SEM microphotographs of the cross-section of the bioglass coatings 

synthesized at different laser scanning distance (a) 0.3 mm, (b) 0.2 mm and (c) 0.1 mm. 

When the laser scanning distance was 0.3 mm, the height of the obtained bioglass beads 

was about 450 µm, while the size˄ radium˅ of the was about 1000µm. When the laser 

scanning distance was 0.2 mm and 0.1 mm, the heights of the obtained bioglass beads were 

about 450 µm and 120 µm, while the radii of the beads were about 450 µm and 120 µm, 

respectively. The height of the obtained bioglass beads decreased as the laser scanning 
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distance decreased, which revealed the increase of the wettability between the coating and 

Ti. In addition, for all the three specimens, there are no obvious microcracks at the interface 

of the Ti-coating, which revealed the good bonding between Ti-porcelain. 

  

 
 Figure 5 SEM microphotographs of the cross-section of the bioglass coatings 

synthesized at different laser scanning distance (a) 0.3 mm, (b) 0.2 mm and (c) 0.1 mm. 

Then the tensile bond strength between porcelain-Ti was evaluated for the specimens 

after laser treatment at different scanning distance, as shown in table 1. With the laser 

scanning distance decreased, the bond strength increased accordingly. The increase of the 

bonding is due to the increase of the amount of fibers, improvement of wettability and 

interface quality between Ti-coating.  
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Figure 6 SEM microphotographs of calcium phosphate precipitates on the bioglass 

coatings at the different stage of immersion, (a), (b) 1 day; (c), (d) 3 days; (e) and (f) 7 days; 

the selected area was used for EDX analysis; (g) and (h) 14 days.  

Figure 6 shows the SEM microphotographs of calcium phosphate precipitates on the 

bioglass coatings at the different stage of immersion, (a), (b) 1 day, (c), (d) 3 days, (e) and 

(f) 7 days, (g) and (h) 14 days. Fig. 6 (a) shows that after only one day immersion in SBF, 

calcium phosphate began to precipitate on the bioglass coatings’ surfaces, but the 

precipitation layer was not thick enough to cover up the bioglass coating. Fig. 6 (b) shows 

that porous calcium phosphate microparticles were formed by the agglomeration of many 

nanoparticles (about 80nm). As shown in 6 (d), flowerlike microparticles were formed on 

the bioglass coating. In Fig. 6 (c), (e) and (g), it is clearly shown that the thickness of the 

calcium phosphate precipitation and the amount of microparticles increased with immersion 

time. While in Fig. 6 (d), (f) and (h), it is clearly shown that the calcium phosphate 

microparticles became denser with immersion time. As shown in 6 (h), calcium phosphate 

microparticles were formed by the agglomeration of wormlike particles (about 300nm) 

after 14 days immersion.  
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The SBF solution is highly supersaturated with respect to calcium phosphate, which 

leads to the spontaneous growth of the calcium phosphate after nucleation [18].  

 

Fig. 7. EDX spectrum of the selected area in Fig. 6(f); the inset table shows the 

normalized weight and atomic ratios of the detected elements. 

Surface EDX analysis was used to investigate the element composition of coating after 

7 days incubation in SBF, as shown in Fig. 7. The EDX pattern of the selected area in Fig. 

6 (f) revealed the presence of oxygen, calcium, carbon and phosphorus, which suggest the 

possible formation of carbonated hydroxyapatite which exhibits higher osteoconductive 

properties and earlier bioresorption compared to stoichiometric HA in vivo according to 

literature [18]. The weight and atomic ratios of detected elements are presented in the table 

in Fig. 7. The selected area had a Ca/P ratio of 2.08 which is higher than the value (1.67) of 

stoichiometric HA. Because some PO4
3- was replaced by the CO3

2- groups, the 

non-stoichiometric carbonated apatites are obtained, which had a higher Ca/P ratio than that  

of stoichiometric HA (1.67). Based on the experimental results of the in-vitro bioactivity 

test, it can be concluded that the coatings synthesized in this research are bioactive to be 

used as implant materials in the human body. 
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Figure 8 FTIR spectra of the bioglass coatings after different incubation time, 1 day, 3 

days, 7 days and 14 days.  

In the FTIR spectra, the characteristic bands in the region of 1650 to 1300 cm-1 (at 1420, 

1489 and 1650 cm-1) were due to C-O bending vibrations in the carbonate ions (CO3
2-), 

while the characteristic peak at 700 cm-1 corresponded to the in-plane bending vibration of 

C=O in the carbonate ions. The characteristic peak at 1033 cm-1 corresponded to the 

stretching of PO4
3− , while the characteristic bands in the region of 650 to 550 cm-1 (at 575 

and 618 cm-1) were attributed to the stretching vibration of the O-P-O in the PO4
3- groups 

which occupied crystal lattice sites of the apatite, indicating the possible formation of CHA 

after 1 day of incubation. The split of the peaks in the range of 1400-1500 cm-1 referred to 

the formation of CHA. The rocking vibrational mode of Si-O-Si band at 450 cm− 1, standing 

for the presence of bioglass particles, is still visible after 14 days of incubation. The IR 

features at 3445 cm-1 indicated presence of remaining OH. These FTIR results supported 

the formation of carbonated hydroxyapatite in this study.  

In the further work, pre-heating and other laser parameters optimizing will be employed 
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to reduce the excessive thermal stress at the interface of Ti-porcelain, so that to improve the 

bonding between the coating and Ti. In addition, the in vivo bioactivity of the coating will 

be characterized. 

4 Conclusions  

Titanium oxide layer with hierarchical structures consisting of submicron rows of 

leaf-like embossments and nano-pores was obtained by combining acid etching and 

anodization processes, which increased the surface roughness of Ti. When heat-treatment 

temperature was 700 ć and high, CaSiO3 phase began to crystallize from the bioglass 

matrix and the crystallinity reached its maximum at 700 ć. Bioglass coatings with similar 

hierarchical structure containing submillimeter bioglass beads and microfibers were 

synthesized on Ti surface by laser fusion. Larger bioglass beads formed at the center of the 

laser scanning region, while smaller bioglass beads formed at the edge of the laser scanning 

region. With the laser scanning distance decreased, the microcracks gradually healed and 

the amount of the microcracks decreased, which led to the increase of bond strength. After 

only one day immersion in SBF, calcium phosphate began to precipitate on the bioglass 

coatings’ surfaces. The thickness of the calcium phosphate precipitation and the amount of 

microparticles increased with immersion time. The coatings synthesized in this research are 

bioactive to be used as implant materials in the human body. 
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Table 1 Effect of laser scanning distance on the bonding strength between titanium-coating 

scanning distance (mm) bonding strength (MPa) 

0.3 33.27±2.98 

0.2 35.45±3.31 

0.1 38.52±3.86 
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Prime Novelty Statement 

 

(1) Bioglass coatings were fused on Ti surface by laser cladding process.  

(2) Surface roughness of Ti was increased by surface modification of Ti.  

(3) Apatite precipitated on the bioglass coatings after 1 day immersion.  

(4) The thickness of the apatite precipitation increased with immersion time. 

 


