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Abstract: The long-term success of metallic implants depends on both 

corrosion resistance in physiological environments and strong 

osseointegration at the bone–implant interfaceIn, in this study Ti–13Nb–13Zr 

substrates were functionalized with BaTiO₃, SiO₂, and BaTiO₃–SiO₂ 

composite coatings deposited by spray pyrolysis. The rationale was to 

combine the piezoelectric stimulation of BaTiO₃ with the bioactive and 

surface-modifying properties of SiO₂ to achieve synergistic improvements in 

implant performance. Coatings were systematically optimized and 

characterized using XRD, EDX, FESEM test, and corrosion tests. The 

electrochemical corrosion test also achieved by measuring OCP, polarization 

curve tafel and EIS. Electrochemical tests revealed significantly lower 

corrosion current densities with higher polarization resistance for coated 

samples compared to the bare alloy, the BaTiO₃–SiO₂ composite showing the 

most stable electrochemical response. These findings indicate that spray-

pyrolysed BaTiO₃–SiO₂ coatings provide a promising strategy to engineer 

multifunctional implant surfaces with superior corrosion protection and 

biological integration, advancing the design of next-generation load-bearing 

biomedical implants.in addition The result proves that the mixing between 

the two bioceramic combined the advantages of them and decreases the 

corrosion rate about 23 times; raise the protection efficiency to about 95%. 

Keywords: Ti–13Nb–13Zr alloy; Spray pyrolysis; BaTiO₃ coatings; SiO₂ 

coatings; Corrosion resistance; piezoelectric biomaterials; Osseointegration. 

 

Introduction 

Titanium and its alloys always have great interest to researchers in the field of biomedical 

applications [1,2]. Titanium and its alloy used for dental orthopedic implants and fixation [3,4]. Even 

they had an excellent corrosion resistance but still the fear from high accumulation of titanium itself or 

the additives in its alloys in human body has the major concern from researches those who dedicated 

themselves to conducting research to reduce the corrosion of these alloys [5,6,7]. One of the important 

titanium alloys which have attracted the attention of researchers in this field was Ti13Nb13Zr alloy 
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[8,9]. Researchers have resorted to several methods to reduce corrosion, such as surface treatment or 

applying various coating techniques. Many techniques was followed to coating biomaterials on 

biomedical alloys like electrophoretic deposition, dip coating,  plasma sputtering, electrospining and 

pyrolysis spray[10,11,12,13].The pyrolysis spray was a simple technique depending on principles of 

spraying the biomaterials as a solution on hot implant surface[14,15]. Many biomaterials ceramics has 

an interest to coat on biomedical metal and alloys like hydroxyapatite, titanium oxide, alumina and 

silicone oxide and barium titanate was one of those materials which have an important interest. Silicone 

oxide (SiO2) often in the form of silica nanoparticles or silicon dioxide layers is widely used in medical 

implants due to its biocompatibility, inertness, and ability to improve the mechanical properties of 

biomedical devices [16,17,18,19,20]. It is frequently employed to enhance the surface characteristics and 

structural integrity of implants, particularly in orthopedics and dental applications. Barium titanate 

(BaTiO3) is a lead-free, ferroelectric ceramic used in medical implants primarily for its piezoelectric 

properties, which mimic natural bone behavior to promote healing and tissue regeneration[21,22]. In 

this research we coat Ti13Nb13Zr alloy with SiO2, BaTiO3 and mixture of them using pyrolysis spray 

technique in order to investigate the enhancement of corrosion characteristics after coating. The coated 

samples tested by XRD, EDX, FESEM and the electrochemical corrosion also tested to evaluate the 

results. 

Materials and methods 

The Ti13NB13Zr alloy rod with 20 mm diameter with chemical composition shown in table (1) 

was cut with 2mm thickness using wire cutter machine. Then the samples were grinded with SiC 

grinding paper (p120-400) grit and cleaned with acetone  (Sigma Aldrich, USA) twice using ultrasonic 

cleaner bath(Camel FSF030s, China).  In order to prepare coating composite solution 1gm from 

polyvinylpyrolidone (PVP K30, CDH, India) was added to 10ml water in stirred vigorously for 20 

minutes using magnetic stirrer (Alfa HS 860 , Iran). Then 40ml of absolute ethanol was added and 

stirred gently for 10 minutes, 3gm of SiO2 (<30nm, Skyspring Nanomaterial, USA)was added to the 

previous solution and mixed gently for 10 minutes. The samples were coated using spray gun 

connected to (5 psi pressure) air compressor after preheating the samples to 80 °C on hot plate as shown 

in fig (1 and 2).The coated procedure was repeated to achieve two coated layers, then heat treated at 

100 °C for one hour under air atmosphere using oven (Silver cryst, Germany).A second and third 

groups of Ti13NB13Zr alloy samples was coated with BaTiO3 (<40nm, Skyspring Nanomaterial, USA) 

and mixed composite from SiO2 and BaTiO3with 50% of each one was used by same previous procedure 

of preparing composite solution and coating. The coated samples tested by XRD and EDX and 

FESEM.The electrochemical corrosion test also achieved by testing OCP, polarization curve tafel, and 

electrochemical impedance spectroscopy EIS to evaluate the results using potentiostat (CHI 604E, 

CHINA).The sample was connected as the working electrode, the graphite electrode as the counter 

electrode, and Ag/AgCl/KCl 3.5M electrode as the reference electrode as shown in fig (3), while the 

corrosion media was synthetic simulated bode fluid (SBF) with chemical composition listed in table (1).  

Table 1. chemical composition of Ti13Nb13ZR alloy. 

 

Table 2. chemical composition of simulated body fluid (SBF) solution.[23] 

ITEM Reagent Concentration g/l 

1 8.035 NaCl 

2 0.355 NaHCO3 

3 0.225 KCl 

4 0.231 K2HPO4 

5 0.311 MgCl2.6H2O 

6 0.292 CaCl2 

Chemical composition [% wt.] 

 

Nb Zr Fe C H O S Ti 

13.18  13.49  0.085  0.035  0.004  0.078  <0.001  balanced 
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7 0.072 Na2SO4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Simplified diagram for pyrolysis spray technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The pyrolysis spray system used for coating. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic diagram for sample connection with potentiostat. 
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Results and Discussion 

Before immersing in SBF solution: 

1-XRD test: 

The XRD pattern for Ti13Nb13Zr alloy uncoated sample in fig (4) shows a perfect matching 

with JCPDS no. 00-044-1294 for titanium at all peaks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. XRD pattern for Ti13Nb13Zr alloy uncoated sample. 

The XRD pattern for Ti13Nb13Zr alloy sample coated with SiO2 in fig (5) shows a good 

matching with JCPDS no. 00-0040-1498 at all peaks. Also we see the appearance of titanium peaks 

matching JCPDS no. 00-044-1294 as indicator of high porosity of coating layer and that happen due to 

the nature of SiO2 which make very porous layer even it was nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. XRD pattern for Ti13Nb13Zr alloy sample coated with SiO2 nanopowder. 

The XRD pattern for Ti13Nb13Zr alloy sample coated with BaTiO3 in fig (6) shows the 

appearance of BaTiO3 peaks matching JCPDS no.01-075-2116 with a few appearance of titanium peaks 

as indicator for good covering for coating layer.  
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The XRD pattern for Ti13Nb13Zr alloy sample coated with SiO2 and BaTiO3 mixture shows the 

appearance of SiO2 peaks matching JCPDS no. 00-0040-1498 and BaTiO3 matching JCPDS no.01-075-

2116 with no appearance for titanium peaks as an indicator for very good covering for coating layer. 

This happen because the SiO2 Nano particles filled the porous between BaTiO3 nanoparticles in coating 

layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. XRD pattern Ti13Nb13Zr alloy sample coated with BaTiO3naopaowder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. XRD pattern Ti13Nb13Zr alloy sample coated withSiO2 and BaTiO3naopaowder 

mixture. 

 

 

2- EDX test: 
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The EDX elemental analysis for uncoated Ti13Nb13Zr alloy shows the appearance of 

composition element at concentrations similar to those supplied by the manufacturer as shown in fig 

(8). 

 

 

 

 

 

 

 

 

 

Figure 8. EDX elemental analysis for uncoated Ti13Nb13Zr alloy. 

The EDX elemental analysis for sample coated with SiO2 in fig (9) shows the appearance of 

silicon and oxygen mainly from SiO2. The appearance of carbon came from PVP polymer. Also we see 

little appearance of titanium because the porosity in coating layer. 

 

 

 

 

 

 

 

 

 

Figure 9. EDX elemental analysis for Ti13Nb13Zr alloy coated with SiO2. 

The EDX elemental analysis for sample coated with BaTiO3 in fig (10) shows the appearance of 

barium, titanium and oxygen mainly from BaTiO3. The appearance of carbon came from PVP polymer. 

The EDX elemental analysis for sample coated with SiO2 and BaTiO3 mixture in fig (11) shows 

the appearance of silicone, barium, titanium and oxygen mainly from SiO2 and BaTiO3. The appearance 

of carbon came from PVP polymer. 

 

 

 

 

 

 

 

 

 

 

Figure 10. EDX elemental analysis for Ti13Nb13Zr alloy coated with BaTiO3. 
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Figure 11. EDX elemental analysis for Ti13Nb13Zr alloy coated with SiO2 and BaTiO3 

mixture. 

3-FESEM test: 

The FESEM test images for all samples in fig (12: a-h) show high agglomeration and cracks and 

high porosity in the SiO2 coated sample layer this was due to nature of SiO2 crystals. The sample coated 

with BaTiO3 shows very uniform coated layer with no agglomeration or cracks with no porosity but 

the high magnification picture shows a nano scale cracks. The mixed ceramics coated layer images 

shows a characteristic between SiO2 sample and BaTiO3 sample, where the agglomeration and cracks 

was appear but more less than SiO2 coated sample the coated was uniform but the high magnification 

picture shows high porosity than BaTiO3 coated sample and less than SiO2 sample. The particle size for 

SiO2 coated sample varied between (83.74-136.1) nm, for BaTiO3 coated sample varied between (36.99 – 

53.64) nm and for mix coated sample varied between (22.91-60.9) nm, i.e. this ensure that SiO2 affect 

the nature of coated layer causing more agglomeration. 
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Figure 12. FESEM test images for all samples in different magnifications (a,b): uncoated, 

(c,d) :SiO2 coated, (e.f): BaTiO3 coated,(g,h): mix coated. 

4-Electrochemical corrosion test: 

The open circuit test shows increasing in passivation especially in the sample coated with 

mixture of SiO2 and BaTiO3where the OCP reach to -0.29 V compared with -0.655 V for uncoated sample 

as shown in fig (13) and table (3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. OCP test comparison for all samples. 

 

Table 3. OCP test results for all samples. 

ITEM OCP (V) 

Base -0.655 

SiO2 -0.545 

BaTiO3 -0.367 

Mix -0.290 

The polarization curve test (tafel) show decreasing in corrosion rate reach to 1.610×10-4 mmpy 

compared with 3.785×10-3 mmpy for uncoated sample, i.e. the corrosion rate decreased 23 times as 

shown in fig (14) and table (4). 

The protection efficiency can be calculated from the following equation: 

PE% = 
𝑖𝑐𝑜𝑟𝑟.𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑−𝑖𝑐𝑜𝑟𝑟.  𝑐𝑜𝑎𝑡𝑒𝑑

𝑖𝑐𝑜𝑟𝑟.  𝑢𝑛𝑐𝑜𝑡𝑒𝑑
 ×100 …….[24] 

 

We see from table (5) that the protection efficiency increased and reached to 95.74% for sample 

coated with mix ceramics and that an excellent result. 
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Figure 14. polarization curve tafel comparison for all samples. 

 

Table 4. corrosion characteristics for all samples. 

 

 

 

 

 

 

 

 

Table 5. calculated protection efficiency for all coated samples. 

 

 

 

 

 

The electrochemical impedance spectroscopy test (EIS) was achieved for uncoated sample and 

the result coated sample which was that coated with SiO2 and BaTiO3. The uncoated sample shows a 

typical randles circuit equivalent circuit as shown in fig (15) while the sample coated with SiO2 and 

BaTiO3 shows an equivalent circuit for porous layer as shown in fig (16). The comparison between the 

uncoated and coated sample shows the great difference in resistance as shown in fig (17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

ITEM Icorr. (Amp) protection 

efficiency % 

Base 4.224×10-7 ------- 

SiO2 1.442×10-7 65.86 

BaTiO3 6.075×10-8 85.61 

Mix 1.797×10-8 95.74 

ITEM Icorr. (Amp) Corrosion rate 

(mmpy) 

Base 4.224×10-7 3.785×10-3 

SiO2 1.442×10-7 1.292×10-3 

BaTiO3 6.075×10-8 5.443×10-4 

Mix 1.797×10-8 1.610×10-4 
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Figure 15. EIS test for uncoated sample with the equivalent circuit used for fitting the curve. 

 
 

Figure 16. EIS test for sample coated with SiO2 and BaTiO3with the equivalent circuit used for 

fitting the curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. EIS test comparison between uncoated and mix coated sample. 

The extracted parameters from fitting the two samples in table (6) shows increasing in total 

resistance to 24346 (ohm) for sample coated with mix ceramics compared with 2713 (ohm) for uncoated 

sample, i.e. the resistance increased about 9 times. Also we see the resistance for coating layer was for 

sample coated with mix ceramics was 23200 ohm this indicated the coating cause the increasing in 

resistance value. 

Table 6. extracted parameters from fitting the two samples 

Parameters Uncoated  Mix coated 

RS (ohm) 101 98 

RC(ohm) ----- 23200 

Rdl(ohm) 2612 3048 

CPEC(F) ----- 3.7586E-04 
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n1 ----- 0.997 

CPEdl(F) 3.7221E-06 2.2116E-06 

n2 0.96469 0.939 

Rtotal (ohm) 2713 24346 

 

 

Conclusion:  

From previous results we can conclude that the coating with SiO2 and BaTiO3mix ceramics 

combined the advantages of the two materials and produced a coating layer with high resistance to 

corrosion , where it was achieved 23 times reduction in corrosion and has a resistance about 9 times 

than uncoated sample. 
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