
 

Journal of Advanced Research in Micro and Nano Engineering  20, Issue 1 (2024) 66-78 
 

66 
 

 

Journal of Advanced Research in               
Micro and Nano Engineering 

  

Journal homepage: 
https://semarakilmu.com.my/journals/index.php/micro_nano_engineering/index 

ISSN: 2756-8210 

 

Surface Modification of Titanium Alloy by Titania/Silver Multilayers 
Coating for Biomedical Application 

 

Eman Yasir Hussein1, Jassim M. Salman Al-Murshdy1, Nabaa Sattar Radhi1, Zainab Al-Khafaji2,3,*  

 
1 Metallurgical Engineering Department/College of Materials Engineering/University of Babylon, Iraq  
2 Imam Ja'afar Al-Sadiq University, Qahira, Baghdad, Iraq 
3 Department of Civil Engineering, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia 
  

ARTICLE INFO ABSTRACT 

Article history: 
Received 15 March 2024 
Received in revised form 29 April 2024 
Accepted 17 May 2024 
Available online 30 June 2024 

This research aims to modify the Ti alloy by anodic oxidation to enhance its surface 
properties, especially corrosion resistance for biomedical applications and DC 
sputtering plasma to close the porosity. Study the response to the plasma technique 
to deposit suitable coating layers of silver on a medical Ti alloy to enhance its surface 
properties for biomedical applications. The surface of Ti 13Nb 13Zr alloy was 
engineered with a (TiO2) by anodization and silver (Ag) by DC sputtering deposition; 
the tests are the optical microscope, scanning electron microscope, XRD, EDS, AFM, 

and contact angle; the results obtained in are presented and discussed to demonstrate 
the effect of surface modifications type each part of work will present and follow by 
the discussion of results. The results of XRD show two phases, TiO2 and Ag; SEM results 

show coating thickness and the interface between TiO2 and silver; EDS illustrated the 
weight percent of Ti, O, and Ag; AFM shows surface roughness of each coating layer, 

as contact angle showed the wettability of substrate or each layer surface and study 
corrosion behavior of each sample, while adhesion strength shows the efficiency of 
the coating layer. 

Keywords: 
Titanium alloys; anodizing; DC sputtering; 
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1. Introduction 
 

Titanium is the primary and extensively employed metallic implant material for challenging tissue 
applications [1-7]. Titanium and its alloys possess mechanical properties that facilitate their 
compatibility with bone. The low Young's modulus of titanium (Ti) mitigates stress shielding effects 
at the interface between the implant and bone [8]. Since titanium has excellent biocompatibility and 
outstanding mechanical qualities, it is currently the most extensively utilized material in producing 
biomaterial implants for treating bone fractures [9-13]. Dental implants, artificial cartilage for hip 
substitutes, artificial heart stents and valves, screws for bone and bone plates, and other medical 
devices are among the many different implantation applications that fall under the biomedical 
category [14]. Depending on the microstructure at room temperature, alloys made of titanium come 
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in five varieties: α, near-α, α + β, metastable β, and stable β [15]. Anodic oxidation treatment is 
considered a more advantageous method due to its affordability, operational simplicity, and efficient 
coating process [16]. Consequently, titanium's surface can transform, enhancing its bioactivity [17]. 
β-titanium alloys containing Nb, Ta, and Zr as the main alloying elements at reduced Young's modulus 
values (≈60 GPa). Elements comprise a recently formed group of alloys for biomedical applications, 
which, compared to Ti-6Al-4V and CP Ti, is now more biocompatible and more akin to the mechanical 
characteristics of bones [18].  

According to literature sources, β-titanium alloys have more strength and a lower modulus of 
elasticity in comparison to α or α + β Ti alloys. Because of this, a growing amount of focus has been 
submitted on creating a new generation of β Ti alloys that exclusively contain biocompatible 
elements in recent years [19-21]. Research indicates that alloys based on the Ti-Nb-Zr system may be 
more adaptive to environmental and medical circumstances in orthopedic applications than in 
dentistry applications [22]. 

There are two main factors contributing to the favorable properties of titanium implants: (1) the 
construction of a thick protective titanium oxide layer, which enhances corrosion resistance and 

biocompatibility, and (2) the formation of a rough and porous surface, which promotes effective 
osseointegration. The augmentation of surface roughness can elicit both advantageous and 

detrimental consequences at the interface between the tissue surrounding the implant and the 
implant itself. The advantage of this intervention will manifest as enhanced osseointegration 
between the bone and the implant. One aspect to consider is that micro topography has a significant 
role in establishing a robust and enduring connection between the surface of the implant and the 
surrounding peri-implant bone. This connection ultimately leads to the implant's secure and stable 
mechanical fixation [23]. 

In contrast, nanoscience can enhance bone cell adhesion by facilitating protein absorption and 
increasing the contact interface between proteins and cells. In addition, surface nanostructures were 
observed to promote the proliferation and development of osteoblasts and mesenchymal cells, thus 
facilitating the establishment of a suitable interface between the tissue surrounding the implant and 
the implant itself. However, the uneven texture of the surface has the potential to attract osteocytes 
that facilitate bone regeneration and bacteria that form a biofilm and cause inflammation at the 
implant site [24]. However, the trials indicated that silver nanoparticles impeded bacterial activity. 
Modifying roughness at the nano- and microscale levels impacts various physicochemical 
parameters, including the local surface electrostatic charge density and adhesion energy [25,26]. The 

surface is to be produced via physical surface modification techniques. These techniques include 
thermal spraying, ion implantation, physical vapor deposition, and glow discharge plasma 

treatments. Each approach produces a different layer of coating or film deposition on the surface of 
the titanium substrate; this is just the result of transmitting different types of energy. Therefore, an 

energy such as thermal, electrical, or kinetic force color is to be fabricated [27-29].  Gold, platinum, 
and gold-palladium alloys are frequently encountered as conductive metals. Sputtering can deposit 
a wide range of metallic materials onto textile substrates. One illustrative instance involves the 
extensive utilization of silver in functionalizing textiles. The anti-bacterial performance showed a 
positive correlation with the increase in film thickness. The prevailing belief was that augmenting the 
thickness of the coating unequivocally led to a heightened discharge of silver ions, enhanci ng the 
antimicrobial efficacy. 

The user has provided a numerical reference, indicating the presence of a citation. In 2022, 
Jakubowicz [30] studied electrochemical anodic oxidation as a method for bio-functionalizing 
titanium surfaces. The investigation revealed that the titanium (Ti) surface is mainly coated with 
anatase-TiO2 [31,32] following anodic oxidation in an electrolyte consisting of phosphoric acid 
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(H3PO4) and hydrofluoric acid (HF). The user provided a numerical reference without any 
accompanying text. Chopra et al., [33] studied the surface modification of orthopedic implants made 
from titanium. In order to address diverse scenarios, the utilization of electrochemically anodized 
titanium (Ti) implants, including titania nanotubes (TNTs), has been proposed as a highly effective 
implant surface that possesses suitable bioactivity and the ability to release drugs locally. Raj et al., 
[34] investigated the coating materials, TiN and Ag were coated on the bare and textured Ti -6Al-4V 
surfaces using DC magnetron sputtering in 2022. Emrah et al., [35] investigated the effect of Ag+ 
coated conditions on the corrosion, tribo-corrosion, and anti-bacterial characteristics of Ti15Mo 
specimens in 2023.  

In this research, we will rely on the formation of TiO2 to Ti 13Nb 13Zr by anodizing and surface 
coating with a layer of metal (silver) using direct current sputtering technology to improve the surface 
properties. The silver coating was added. Conversely, by improving the absorption of protein and 
expanding the surface area that is in contact with both proteins and cells, nanotopography can 
encourage the attachment of bone cells. Moreover, surface nanostructures guarantee the 
appropriate implant-tissue contact and improve osteoblastic and mesenchymal cell growth and 

development. Nevertheless, the roughness of the surface would draw in bacteria that create a biofilm 
and inflame the implantation site in addition to the advantageous osteogenic cells.  

 
2. Experimental Details 
2.1 Materials and Methods 
 

The Ti 13Nb13 Zr alloy was used as substrate specimens, 3mm in thickness and 13mm in diameter, 
and cut into cylinders by a wire cutting machine. The surface roughness was adjusted to Ra 0.08µm 
using SiC Abrasive papers (180-1000 grits) and washed completely with distilled water and dried hot 
air. Chemical analysis was conducted using an X-ray fluorescence (XRF) test available at the Ministry 
of Science and Technology in Baghdad, Iraq. Table 1 shows the chemical analysis of the Ti-13Nb-13Zr 
alloy (wt.%). 
 

Table 1 
Ti-13Nb-13Zr alloy (wt.%) chemical analysis 

Residual element Ti Cu Mn Zn Mo Fe Nb Zr Elements 

0.13505 Balance  0.04 0.03 0.05 0.07 0.11 13.45 15.22 Concentration (%) 

 
In order to reveal the grain boundaries in the microstructure, the specimens were treated with 

an etching solution known as Kroll's solution, which consists of 10 ml of hydrofluoric acid (HF), 5 ml 
of nitric acid (HNO3), and 85 ml of water (H2O) [36]. The pores have irregular but spherical shapes. 

The most common microstructure features in metallic materials are the interfaces between 
crystalline grains and the boundaries between different solid phases in multiphase alloys. Due to the 

direct influence of grain size and shape on material behavior, metallography offers a more 
straightforward comprehension of the connections between material microstructure and 

microscopic properties. The microstructure analysis indicates that the Ti -13Nb-13Zr alloy consists 
mostly of the α phase, with a small amount of the β phase present [37]. The material's structure is 

an alloy with a near-β configuration at normal ambient temperature, as seen in Figure 1. 
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Fig. 1. Microstructure for Ti-13Nb-13Zr Alloy 

 

2.2 Experimental Method 
2.2.1 Anodizing process  

 
The surface of Ti samples was modified utilizing an anodic oxidation method (0.8NaF,1MH3PO4) 

with two electrodes and stirring at room temperature. Ti alloy samples (13 thickness, 3 mm) and 316L 
alloy (13 thickness, 3 mm) were employed as anode and cathode. The prepared Ti sample and 316L 
stainless steel electrodes were carefully positioned in contact with the electrolyte in the cell. The 
electrode spacing distance was kept constant at 3 cm for all trials. Magnetic stirring was used to 
maintain homogenous particle dispersion during the anodic oxidation process in a beaker. The 
system was outfitted with a DC power supply with a potential (10 V) for 30 minutes. Following 
anodization, the specimens were rinsed in deionized water and air-dried. 

 
2.2.2 DC sputtering deposition 
2.2.2.1 Preparation of target coating 
 

The target (Ag) metal has a diameter (of 48mm) and a thickness of (1.1 mm) and was 
manufactured by casting, which takes place in a gas furnace at a temperature of about 1000 Cº Then, 

a slag remover, which is borax, is added. The slag is then removed and poured into a flange-shaped 
cast iron mold 1 cm thick. Then, it was transferred to the rolling mill  and rolled to the desired 
thickness (1.1 mm). After that, a circular disk with a diameter of (48 mm) was cut. The silver target, 
then cleaned and polished, was carried out for sputtering. 

 
2.2.2.2 Coating process 
 

The methodology of DC sputtering, a process conducted within a low-pressure gas device, was 
carried out using an argon discharge. The setup involved an evacuated chamber, a target (known as 
the cathode), and an anode made of Ti13Nb13Zr. The cathode was positioned opposite the gas 
discharge and subjected to a 4kV DC electrical field provided by a power supply. The anode was 
subsequently introduced. The bottommost portion of the cathode electrodes underwent 
modification using an insulator disk made of ceramic material. This assembly was enclosed within a 
quartz tube. The top electrodes had an observed diameter of 14.5 cm, whereas the target electrode, 
which represents the effective cathode dark space region, had a diameter of 7.5 cm. The vertical 
separation between the upper and target electrodes measured 4 centimeters. The gas source-flow 
controller system is responsible for delivering the specified rate of flow and pressure of gas of the 
feedstock to the plasma chamber. The system consists of dual-step controllers, fittings, and tubes 

α -phase 

β-phase 
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that are exceptionally engineered for the containment and delivery of Argon. A two-stage needle 
valve controlled the plasma hollow's flow pressure. 

An efficient vacuum system comprises a turbo pump (specifically, Variant, V-1000HT) supported 
by a hydraulic rotary pump (with a pumping capacity of 60m3/h, known as Blazer). In order to ensure 
proper monitoring of the pressure within the plasma chamber, it was necessary to establish a 
connection between the confinement system (Edward CP25-K, supervised by 1102) and the LH-
Thermo vac. This connection facilitated the monitoring of both the actual pressure and the partial 
pressure of the discharge gases. Table 2 presents the DC spattering parameters. 
 

Table 2 
Substrate the condition of Ti13Nb13Zr, which is coated by spattering using silver targets 

Sputter chamber pressure  
(mbar) 

Time  
(hour) 

Voltage  
(V) 

Current  
(mA) 

Power 
(W) 

Temp 
(°C) 

Gas 

6×10-2 2 1400 20 30.8 200 Ar 

 
3. Results and Discussion   
3.1 Scanning Electron Microscope (SEM) 
 

A scanning electron microscope (VEGA3SBU) was used to determine the morphology of the Ti 
alloy substrates. SEM and EDS imaging techniques examined the anodized specimens' shape and 
chemical composition. Figure 2 shows SEM pictures of the surface morphology of samples coated 
with (anodization and TiO2/Ag multilayer coating). 
  

  
(a) (b) 

Fig. 2. SEM images (a) TiO2 layer, (b) multilayer Coating 

 
3.2 Thickness Measurements 

 
Thickness values in Table 3 were estimated by lateral view SEM images. Figure 3 presents a cross-

section view of the anodic oxide layer formed on the sample and silver coating. It is important to 
mention here that the increase in oxide film thickness can enhance bone formation [38]. Hence, in 

the present work, anodized oxide layers with thickness values of 350 nm were attained, which may 
be useful for osseointegration. The thickness of the deposited film was 148.27nm specimen after DC 
sputtering.  
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Table 3 
The average thickness values of the coating formed over Ti 15Zr13Nb samples 

Multilayer (TiO2/Ag) coating  Anodic TiO2 layer Sample 

410 350 Thickness (nm) 

 

  
(a) (b) 

Fig. 3. Cross-section SEM images (a) TiO2 layer, (b) multilayer coating 

 
3.3 X-Ray Diffraction Test Result (XRD) 
 

The pattern of the base alloy in Figure 4 revealed the diffraction of the beta and alpha phases 
that matched the JCPDS Card No. (044 - 1294). It can be seen that the Ti15Zr13Nb alloy mainly 
consists of β -Ti and α –Ti [37], and the Ti-13Nb-13Zr alloy mainly consists of β -Ti and α –Ti. 

 

 
Fig. 4. XRD Pattern of Ti–13Nb–13Zr Alloy 

 
Figure 5 shows the results of XRD analysis of the anodized surface under oxidation conditions 

(10V, 30min), corresponding to ICSD card number (017009). The XRD results confirm the formation 
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of a TiO2 layer with a similar crystalline phase in the treated Ti13Nb13Zr surface. The formed titanium 
dioxide–anatase-TiO2 (004), (112) and (105) direction. 

 

 
Fig. 5. XRD profiles of the anodized sample at (10 volts, 30min) 

 

Figure 6 shows the XRD pattern of the as-sputtered Ag thin scale of the anodized sample 
(multilayer coating ). From the d-spacing calculation, the diffraction rings can be indexed to be (111), 
(002), and (220) for Ag [39]. 

 

 
Fig. 6. XRD profiles of the multilayer coating 
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3.4 Energy Dispersive Spectroscopy (EDS) 
 

Figure 7 shows the EDS analysis of Ti-13Nb13Zr surfaces modified after anodizing. The results 
confirm the formation of a Ti oxide layer in the sample due to higher amounts of Ti and O elements 
as the main components of TiO2. Small amounts of N and Zr are also visible on the anodized surface. 
 

Fig. 7. EDS for TiO2 layer 
 

Figure 8 show the EDS analysis of Ti 13Nb 13Zr alloy modified with multilayer thin film formation 
(TiO2) by oxidation and silver (Ag) by DC deposition. The elements in the treated sample were 

determined to be Ti, O, Ag, and a small amount of Nb, which matches the EDS analysis.  
 

Fig. 8. EDS for multilayer (TiO2/Ag) 
 

3.5 Atomic Force Microscope (AFM) 
 

AFM is a renowned technology used to map the topography and investigate the characteristics 
of materials at a nanoscale level. AFM observed the surface topography of investigated Ti 13Nb13Zr 

alloy samples, including 2D and 3D images and the partial size of the sample (AFM 2022, Nano surf, 
Switzerland). 

Tables 4 and 5 show the results of an AFM test on Ti 13Nb13Zr alloy after anodizing and DC 
spraying. Compared to the DC spraying approach, the roughness values for the anodized sample were 

higher. The results accord well with the average roughness property obtained from the AFM test. 
Several studies have found that surface roughness in the (1 to 10) µm range increases interaction 

between the bone and the implant surface. When opposed to rougher surfaces, titanium with 
smoother surfaces has less interaction with bone [40], as shown in Figures 9 and 10. 
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Table 4 
S q, S z, Sa AFM properties of TiO2 layer 
ISO- 25178-Primary Surface   

Sq (Root-mean-square height) 83.54 nm 
Sz (Maximum height) 503.7 nm 
Sa (Arithmetic mean height) 68.43 nm  

 

  
Fig. 9. AFM 2D, 3D profiles for anodization process at (10V,30min) 

 
Table 5 
S q, Sz and Sa AFM properties of multilayer coating 
ISO- 25178-Primary Surface  

Sq (Root-mean-square height)  53.51nm 
Sz (Maximum height) 337.6nm 
Sa (Arithmetic mean height) 43.20nm  

 

 
Fig. 10. AFM 2D, 3D profiles for multilayer coating 

 
3.6 Contact Angle  

 
The wettability of Ti-13Nb-13Zr alloy samples, both coated and uncoated, was assessed by 

measuring the contact angle (θ) of a droplet on the solid surface. The droplet employed was a typical 
salt solution (0.9% NaCl), and this measurement is a significant parameter for quantitatively 
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evaluating wettability. The contact angle of water droplets on -Ti samples was measured using a CAM 
11O-O4W optical contact angle device connected to a CCD camera. Table 4 displays the images 
captured before and after surface modification techniques, after  application, and after 3-minute 
intervals. The contact angle of a titanium substrate was measured to be θ= 67.367º.  

Similarly, the contact angles of samples subjected to anodization and silver coating were also 
determined. The experimental results indicated that the contact angles on the anodized samples 
were notably lower than those observed on the titanium alloy surface and the silver coating. This 
observation indicates that the wettability of the anodized titanium samples exhibited a notable 
increase compared to that of the original surface. The enhanced wettability of oxidized samples can 
be attributed to their increased overall Ra values compared to the bare substrate, as indicated by the 
roughness data presented in Tables 4 and 5. Numerous studies have demonstrated that augmenting 
the hydrophilic properties of the surface can yield a substantial enhancement in protein and cellular 
adhesion, in turn, can influence crucial biological processes such as cell proliferation and 
differentiation [41,42] and several other interactions between the implant surface and the 
surrounding biological milieu. Table 6 presents optical images depicting the contact angles observed 

on the substrate before and after anodizing and subsequent silver coating. 
 

Table 6  
Optical images of contact angles 

Multilayer coating  TiO2 Base Specimens 

 
35.997 º 

 
30.203º 

 
67.367 º 

Degree 

 
3.7 Adhesion Strength 
 

Coating adherence to the implant surface is critical in medical applications, particularly long -term 
use. The ASTM-D4541 standard performed pull-off tests to assess the adhesion strength between 

the coating and the metal substrate. The adhesion strength of the coating layer after anodizing and 
silver coating was measured after 24h. The adhesion strength of TiO2 (23.46). The highest adhesion 
resistance obtained was 26.12 MPa after multilayer. 

For biomedical applications, it is essential to ensure that the layers have a minimal tensile 
strength of 18 MPa [43,44]; typically, this condition is disregarded when dealing with nanostructured 
surfaces. Narayanan et al., [45,46] identified the adhesive strength of the nanotubes on titanium. 
The magnitude varied from 3.5 MPa to 13 MPa based on the conditions, and adhesion was enhanced 
by eliminating stress through swirling throughout nanotube production. In a study by Jia et al., [47], 
the tensile bond strength of titanium nanotubes was assessed. The untreated nanotubes exhibited 
an adhesive strength of 1.4 MPa, while the polymer-treated nanotubes showed a higher adhesive 
strength of 4.4 MPa. According to Jaroslav Fojt et al., [48], the researchers tested the adherence of 
the nanotubes utilizing an ASTM D 3359 tape test and a pull-off method (also known as a tensile test) 
with EPX DP 490 adhesive (Scotch-Weld). Tensile testing is recommended for calcium 
phosphate/substrate combinations or porous metal coating/substrate. This type of testing can 
provide valuable insights into the strength of coatings when subjected to tensile stress, whether 

adhesive or cohesive. A tensile load was placed on the coating/substrate contact at a crosshea d 
speed of 1 mm/min until failure took place, at which point the measurement was carried out 
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according to the ASTM standard. The adhesive strengths of the nanostructures manufactured at 20 
V and 30 V were 38 3 MPa and 32 4 MPa, respectively. The adhesive strengths of these layers are 
more than sufficient for use on implants based on William et al., [39]. A cellophane tape pull is used 
in the ASTM D3359 adhesion test. Three M610 cellophane tapes are utilized in the test. Pulling 
parallel to the substrate surface, the tape was removed. Following removal, the sample and tape 
were examined under an optical microscope for Ag fragments to assess adherence. Complete Ag film 
removal implies an adhesive failure (Ag film/substrate failure), whereas partial Ag film removal 
suggests a cohesive failure (failure inside the Ag film).  

 
4. Conclusion 
 

Two techniques for surface modification of titanium alloys for biomedical purposes. Anodizing 
process for (30) minutes at a voltage of (10) volts and distance of (3) cm. The second process is 
physical vapor deposition silver plating. Volatile plasma technology at a voltage of (1400 volts), a 
current of (20) mA, and a time of (2) hours. Tests were conducted for both methods. Getting multi -

properties surface layers gathers high mechanical properties and biocompatibility. The results of 
SEM, XED and EDS revealed the formation of new phases in multilayer coating, which indicates that 

the surface modification conditions were perfect. In contrast, the results of AFM displayed a 
development in the roughness of the surface values of the surface-modified sample. As for the results 
of the adhesion resistance test, it was shown that the modified layer for all types of surface 
treatments used had an acceptable adhesion strength. 
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