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ABSTRACT 

Stainless steel (SS) is used extensively for healthcare, hygiene and surgical 

applications due to its excellent corrosion resistance and adequate mechanical strength. 

SS grade 316L is the most widely employed stainless steel owing to the high corrosion 

resistance, good mechanical properties, resistance to sensitization and ease of 

fabrication. Nonetheless, stainless steel lacks antibacterial activity. To incorporate the 

antimicrobial characteristic in SS 316L-based surgical instruments, a new 

nanocomposite thin film coating comprising silver (Ag) and tantalum oxide (Ta2O5) was 

deposited by physical vapor deposition (PVD) reactive magnetron sputtering in this 

research. The delamination of the ceramic layers on the SS 316L substrate is one of the 

major limitations arising from insufficient crystallization and poor adhesion strength. It 

was found that the adhesion strength improved in a precisely controlled thermal 

treatment process. The microstructure, morphology, phases, elemental, structure, 

micromechanical properties, surface chemistry, hydrophobicity, toxicity and 

antibacterial performance of the as-deposited and annealed thin film specimens were 

analyzed to determine the characteristics of the developed layers. The thermal treatment 

setup involved temperatures of 250 to 850 °C that progressively increased the 

crystallinity and segregation of Ag at the surface. The highest adhesion strength was 

achieved when the coated samples were annealed at 400 °C, with 154 % improvement 

achieved compared to the as-deposited layer. The samples annealed at 400 °C 

demonstrated excellent antibacterial performance against gram-negative Escherichia 

coli (ATCC 15597) and gram-positive Staphylococcus aureus (NCTC 6571) according 

to inhibition zone measurements. Ag/Ag-Ta2O5 prepared at 400 °C exhibited 

significantly superior biocompatibility (cell attachment and proliferation of seeded 
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human bone marrow-derived mesenchymal stromal cells) compared to Ag/Ag-Ta2O5 

annealed at 700 °C as well as SS 316L. 

Keywords: Nano-composite; Magnetron sputtering; Substrate Temperature; Silver-

Tantalum oxide; thermal annealing; antibacterial; biocompatibility  
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ABSTRAK 

Keluli tahan karat (SS) digunakan secara meluas dalam bidang kesihatan, kebersihan 

dan aplikasi pembedahan disebabkan oleh sifat tahan karat yang sangat baik dan 

mempunyai kekuatan mekanikal yang memuaskan. SS 316 L antara SS yang digunakan 

secara meluas kerana mempunyai sifat tahan karat, sifat mekanikal yang baik, tahan 

terhadap sensitiviti dan senang dibentuk. Untuk menghasilkan peralatan bedah 

berasakan SS 316L yang bersifat antimikrob, saduran nano komposit filem nipis baru 

ini terdiri daripada Perak (Ag) and Tantalum oksida (Ta2O5) telah didepositkan 

menggunakan Pendepositan Wap Fizikal (PVD) Pelapisan magnetron reaktif (dengan 

menyalurkan oksigen) dalam kajian ini. Penanggalan lapisan seramik pada substrat SS 

316L adalah satu halangan yang besar berpunca daripada penghabluran yang tidak 

mencukupi dan kekuatan lekatan yang lemah. Ia didapati bahawa kekuatan lekatan telah 

dipertingkatkan dengan mengawal proses rawatan haba dengan betul. Mikrostruktur, 

morfologi, fasa, elemen, struktur, sifat mikro mekanikal, kimia permukaan, 

kehidrofobikan, prestasi antibakteria dan ketoksikan filem nipis baru-didepositkan dan 

filem nipis-disepuh telah dianalisa untuk menentukan karakter lapisan yang terbentuk. 

Penyediaan rawatan haba melibatkan suhu dari 250 to 850 °C menunjukkan kenaikan 

tahap penghabluran dan pengumpulan Ag ke permukaan secara berterusan.  Kekuatan 

kelekatan yang tertinggi dicapai apabila saduran sampel disepuh pada suhu 400 °C, 

dengan peningkatan kekuatan lekatan sebanyak 154 % apabila dibandingkan dengan 

lapisan yang baru-didepositkan. Sampel yang disepuh pada suhu 400 °C menunjukkan 

prestasi antibakteria yang cemerlang terhadap Gram-negative (Escherichia coli, ATCC 

15597) and a Gram-positive (Staphylococcus aureus, NCTC 6571) berdasarkan 

pengukuran zon perencatan. Ag/Ag-Ta2O5 yang disediakan pada suhu penyepuhan 400 

°C menunjukkan bio keserasian yang sangat ketara (penempelan sel dan percambahan 
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sumsum tulang manusia yang dihasilkan dari sel Mesenchymal stromal) apabila 

dibandingkan dengan Ag/Ag-Ta2O5 yang disediakan pada suhu penyepuhan 700 °C 

serta SS 316L. 

Kata-kata kunci: Komposit-nano; Pelapisan magnetron; Suhu substrat; Silver-Tantalum 

oksida; penyepuhan termal, antibakteria, bio keserasian 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Antibiotic resistance can be life-threatening to humans, mainly because bacteria have 

always adapted so well in order to survive antibiotic exposure. Prior studies have 

pointed out that in 2011, about 722,000 patients caught an infection while staying in 

acute care hospitals in the United States, 75,000 of which died as a result. Today, 

approximately 1 out of 25 patients is exposed to hospital-acquired infections (Lázár et 

al., 2013; Leslie et al., 2014; Spellberg et al., 2013) 

Fewer bacterial infections evidently mean less antibiotic consumption, which would 

consequently depress antibiotic resistance. One viable means of preventing bacterial 

infections in the first place is to develop and engineer material surface coatings with 

antibacterial properties (Lemire et al., 2013; Page et al., 2009) 

Modifying the surfaces of metallic biomaterials with functional properties has for 

centuries been recognized as a way to facilitate favorable biological responses, 

particularly for implant screws, surgical instruments and dental applications (Raza et al., 

2016). Good biomaterials should be inert but strong enough to allow biomechanical 

loading, easy to handle, non-corrosive, non-toxic, non-allergenic, non-carcinogenic, 

easy to sterilize, inexpensive and resistant to infection.  

Biomaterials can be classified into several categories, including metallic, ceramic, 

polymeric, composite and biodegradable polymeric biomaterials (Blackford et al., 2006; 

Kulinets, 2015; Mahapatro, 2015; Nasab & Hassan, 2010; Navarro et al., 2008; Parida 

et al.). Among these, metallic biomaterials are of particular interest. Common metallic 

biomaterials are stainless steel, titanium (Ti) alloy, cobalt-chromium (Co-Cr) alloy and 

titanium-nickel (Ti-Ni) alloy, which are applied in medical devices and surgical 
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instruments extensively. Stainless steel (SS), particularly SS 316L, has been of great 

relevance to surgical instruments owing to its high corrosion resistance, good strength, 

low cost, low carbon content (to resist sensitization) and good formability (Oshkour et 

al., 2015).  

Although the desired properties of SS 316L for surgical instruments has already been 

proven, the antibacterial coatings can block the bacterial attachment on instrument’s 

surface which very good to employ in healthcare and hygiene applications, (Park & 

Lakes, 2007). The biocompatible coatings can prevent the human cell death, disturb the 

normal body function and influence the proliferation cell (Liu et al., 2018b). The coated 

material for surgical instruments application required a properties that material 

compatible with the living tissue (Bekmurzayeva et al., 2018). The biocompatible 

surgical instruments are referred to its ability to forbid the conflict effect when it come 

in contact with the body cell. There are several examples of biocompatible surgical 

instruments which aid the positive surgery results; i)cutting tool does not support blood 

clotting when come in contact with bloodstream (Vanags et al., 2017), ii)suture that can 

promote tissue healing without trigger cellular dysfunction (Wang et al., 2017b)  and 

iii)blade does not irritate the skin cell (Sankar et al., 2019). 

The modified surgical instrument’s surface with antibacterial and biocompatible coating 

is insufficient good without the satisfied SS 316L-coating adhesion strength. The high 

SS 316L-material coating bonding (adhesion strength) of surgical instruments can 

extend the coating’s age which can maintain its functionalities. Thus, the combination 

characteristics of excellent antibacterial, biocompatible and adhesion strength coating is 

highly recommended to adapt with the surgical condition. 
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1.2 Problem Statement 

The transmission of nosocomial infections, otherwise known as healthcare-associated 

infections (HAI), through healthcare facilities and products is among the most 

significant causes of complications and deaths resulting from infections (Dominguez-

Wong et al., 2014; Otter et al., 2011). Antibiotic resistance is presently a great threat 

that is increasing year by year (Rizwan et al., 2018). According to the World Health 

Organization (WHO), 170,000 mortalities related to antibiotic-resistant bacteria have 

been recorded (Ventola, 2015). Every year almost 99,000 deaths in the US are 

associated with HAI (Weber et al., 2010). Moreover, the invasive methicillin-

resistant Staphylococcus aureus (MRSA) infection has led to around 94,000 

hospitalizations and 19,000 mortalities in the United States alone (Klevens et al., 2007). 

Cancer patients primarily in the intensive care unit (ICU) are susceptible to MDR-HAI 

(multidrug-resistant hospital-acquired infection), which also contributes to mortality. 

Common nosocomial infections can occur in the bloodstream, urinary tract or at the 

surgical site (Dasgupta et al., 2015).  

A good example of MDR-HAI is the Mycobacterium chimaera infection after heart 

bypass surgery (Cornejo-Juárez et al., 2015; Sax et al., 2015). The surgical site is an 

easy, preferential target for bacteria to attack by colonization and biofilm formation due 

to the weakened immune system in the presence of foreign materials (Atefyekta et al., 

2016). Surgical instruments/implants can carry such bacteria that cause infectious 

diseases (Yu et al., 2017b). Biofilms are difficult to remove and they form in response 

to bacteria being in stressful conditions. The best strategy is to prevent biofilms from 

forming at all (Rizwan et al., 2018). Biofilms exhibit a high tendency to resist antibiotic 

medication; hence, antibiotic treatment in dealing with biofilm formation is not an 

effective strategy (Spellberg & Gilbert, 2014; Yu et al., 2017b). Employing surfaces that 
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counteract the adherence and growth of bacteria is the best solution to avoid such 

infections (Campoccia et al., 2013). There is growing research interest in developing 

hygienic healthcare product surfaces to combat the transmission of infections. Such 

developments would help improve health, save lives and yield monetary benefits 

(Dominguez-Wong et al., 2014; Ge et al., 2017). 

In addition to the proven durability of materials with antibacterial properties, the 

adhesion strength of SS 316L coatings has also been found to be effective. In surgical 

environments and sterilization processes, resistance against delamination and abrasion 

from daily stress and rough usage is a desirable specification of coatings. A poorly 

crystallized tantalum oxide (TaO) layer exhibits weak thin film-substrate interfacial 

bonding and conveys oxide defects. Furthermore, non-hardened coated films influence 

the release of the coating elements into the fluid system. Thus, excellent antibacterial 

properties are not the only key factor in preventing bacterial growth. Satisfactory 

adhesion strength also contributes to antibacterial coating life. 

1.3 Research Objectives 

• To develop single layer Silver Tantalum Oxide (Ag-Ta2O5) and multilayer 

Silver/Silver Tantalum Oxide (Ag/Ag-Ta2O5) thin films on 316 L Stainless steel 

(SS 316L) using Physical Vapor Deposition (PVD) reactive magnetron 

sputtering. 

• To improve the adhesion strength and crystallinity of the as-deposited films by 

post annealing.  

• To characterize the physicochemical properties (microstructure, elemental 

composition, hydrophobicity, micro mechanical, morphology, phase, structure, 

surface chemistry), antibacterial and biocompatibility performance of the 

deposited thin films. 
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1.4 Significant of studies 

Over the past few decades, researchers have been seeking distinct types of 

antibacterial coatings to prevent MDR-HAI in patients. The problem is bacterial start 

growing during surgical procedure. When the duration of procedure is long for instance 

orthopedic or open heart surgery, the bacteria has enough time and environment to grow 

whereas further sanitization may not be possible. Surgical tools such as lamping, 

fixture, suture, scissor, blade with an effective durable antibacterial coating can reduce 

the risk of bacterial contamination and development. 

In this study, a durable Ag/Ag-Ta2O5 nanocomposite thin film coating on Stainless steel 

was developed to address such a shortcoming. The as-deposited Ag/Ag-Ta2O5 

nanocomposite film under study underwent thermal treatment to enhance the 

mechanical properties of the film. The modified thin film not only can avoid or limit 

bacterial adhesion on surgical instrument surfaces, but it was found that the superior 

adhesion strength of the treated film can reduce and slow down delamination during use 

in the rugged surgical environment. The behavior and interaction of such thin film 

coating is elucidated using In-vivo test of Bone Marrow cell and in presence of bacteria 

culture. 

1.5 Scope of study 

This research work focuses on optimizing the PVD magnetron sputtering parameters 

and annealing temperature to develop Ag-Ta2O5 and Ag/Ag-Ta2O5 film coatings on SS 

316L substrate with superior adhesion strength. The proposed annealed samples serve to 

prove the enhancement in adhesion strength, antibacterial performance and 

biocompatibility properties. 
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1.6 Contribution to world of knowledge 

A contribution of this research to the world of knowledge is the development of a 

new functional surface coating that may have important health, safety and economic 

consequences. Ag/Ag-Ta2O5 nanocomposite thin film was coated on surgical grade 

stainless steel 316L using PVD magnetron sputtering. Thermal treatment was applied to 

the thin film coatings by controlling the temperature to enhance the adhesion strength 

between the coating and stainless steel 316L. According to the micro scratch test results 

for the thin film coating adhesion strength, 3310±84 mN was achieved with the best 

experimental setup combination of magnetron sputtering and thermal treatment 

temperature. In addition, the optimized Ag/Ag-Ta2O5 nanocomposite thin film showed 

antibacterial activity against the pathogens Escherichia coli (ATCC 15597) and 

Staphylococcus aureus (NCTC 6571). The Ag/Ag-Ta2O5 thin film developed displayed 

good biocompatibility with human mesenchymal stromal cells. Therefore, these 

favorable mechanical and biological properties of Ag/Ag-Ta2O5 nanocomposite thin 

film make a large contribution to the area of medical applications for preventing 

infections, particularly regarding surgical instruments.  

1.7 Outline of thesis 

This thesis is written in five chapters. Chapter one presented the background of the 

study, problem statement, research objectives, research questions, significance of the 

study, scope of study and contributions to knowledge. Chapter two covers an 

introduction to biomaterials, SS 316L for surgical instruments and functional coatings 

for surgical tools as well as a literature review for the thin film deposition method of 

PVD magnetron sputtering. The second chapter also includes a literature review 

pertaining to antibacterial coating types, thin films for surgical instruments developed 

previously, silver nanoparticles and bulk particles, tantalum oxide, the thermal treatment 
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of Ag and TaO-based ceramic system, and antibacterial and biocompatibility tests. 

Chapters three and four present the methodology and results and a discussion involving 

different methods (A, B and C) of fabricating Ag-Ta2O5 thin film: 

i. Method A: a combination of depositing a single-layer Ag-Ta2O5 thin 

film and annealing the as-deposited film at temperatures of 300, 400, 500 

and 600 °C. 

ii. Method B: a combination of depositing a multilayer Ag/Ag-Ta2O5 thin 

film and annealing the as-deposited film at 400 °C. 

iii. Method C: a combination of depositing a multilayer Ag/Ag-Ta2O5 thin 

film and annealing the as-deposited film at 250, 400, 550, 700 and 850 

°C. 

Chapter five delivers the conclusions of the thesis and future work suggestions. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

Metallic materials have been used as biomaterials on a large scale for many decades. 

Unlike polymeric and ceramic materials, they have superior tensile strength, fatigue 

strength, and fracture toughness, which are paramount properties required in replacing 

structural human body components. Accordingly, metallic biomaterials are used in 

medical devices, such as artificial joints, bone plates, screws, intramedullary nails, 

spinal fixations and spacers, external fixators, pacemaker casings, artificial heart valves, 

wires, stents and dental implants. Type 316L stainless steels, cobalt-chromium alloys, 

commercially pure titanium and Ti6Al4V alloys are typical metallic biomaterials used 

in biomedical applications.  

2.2 316 L Stainless steel for surgical instruments  

316L surgical grade stainless steel (SS 316L) has been widely used in biomedical 

applications for many decades. SS 316L exists as a low-carbon version (0.03 %) 

compared to the 316 straight grade with 0.08 % maximum carbon content. Carbon is 

found to cause the formation of chromium carbides at the grain boundaries, leading to 

localized corrosion (Srinivasan et al., 2015). Thus, decreasing the carbon content boosts 

the corrosion resistance of stainless steel (Chen & Thouas, 2015). In addition, SS 316L 

displays excellent tensile strength of 400 MPa and hardness of 42 HRA on the Rockwell 

scale  (Abenojar et al., 2002). According to Sumita et al. (2004), SS 316L is available 

commercially for implantable devices because SS 316L is 10-20 % cheaper than other 

metallic biomaterials.  

Owing to its outstanding chemical composition, mechanical properties and monetary 

advantage, SS 316L was introduced for medical devices, orthopedic implants and 
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surgical instruments (De Las Heras et al., 2017; Plecko et al., 2012). Regarding surgical 

instrument applications, SS 316L is used extensively in manufacturing a variety of 

devices and tools, such as sutures, needles, catheters, plates and tooth fillings. Even 

though SS 316L exhibits properties favorable for surgical instrument applications, the 

unmodified instruments are unable to perform effectively. For instance, an uncoated SS 

316L surgical tool poses high risk of variant Creutzfeldt-Jakob disease infection caused 

by tissue contamination during neurological surgery  (Bruce et al., 2001). Hence, 

surface modification to achieve more desirable mechanical properties and biological 

responses is essential to assure the surgical instruments are safe, reliable and bio-

friendly for human health. Researchers have discovered a new material by combining 

metals with ceramic (silver + Ta-based ceramic) that improves product functionality 

(Alias et al., 2018). Thus, the performance of SS 316L for surgical instrument 

applications is comprehensively studied and investigated in this research.  

2.3 Functional coating for surgical instruments  

Surgical site infections may develop when pathogens like coagulase-negative 

staphylococci and Bacillus subtilis attach onto the instruments during surgical 

procedures (Dancer et al., 2012).  Approximately 724,000 surgical procedures are 

performed in the United States each year, with up to 1 % resulting in such infections (de 

Lissovoy et al., 2009). This figure is considered a catastrophe because contracted 

infections can lead to mortality and escalating care costs. Therefore, various potential 

surgical instrument coatings have been developed to combat infection issues. Polymer 

and nonmetal-based material coatings are employed in several surgery specialties. The 

metal composite-based coating technology has received exceptional attention for its 

potential to be conveyed to general surgical instruments. 
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2.3.1 Instruments coating for neurosurgery  

A common instrument used in neurological surgery is the stainless steel forceps. This 

tool can easily be contaminated with microbes associated with prion protein in tissue. 

Because it is clearly so challenging to remove attached microbes, researchers have 

initiated a prevention step by depositing diamond-like carbon (DLC) on the surface of 

bare stainless steel. When such DLC-coated surgical instrument comes in contact with 

tissue, it has a good tendency to resist bacterial attachment. Besides, this coating is not 

easily damaged by rough use (Secker et al., 2012). Previous studies on coating forceps 

with Teflon (Ceviker et al., 1998) and Gold-1,1,2,2-tetrafluoroethylene (gold-PTFE) 

(Mikami et al., 2007) have indicated satisfactory hydrophobicity properties. The Teflon 

coating developed can avoid sticking to tissue during cauterization, while the metal-

polymer Gold-1, 1, 2, 2-tetrafluoroethylene (gold-PTFE) coating helps repel protein.  

2.3.2 Instruments coating for cardiovascular surgery 

The most important instruments in cardiovascular surgery are clamps, cutting 

instruments, needle holders, retractors, forceps and guide wires. Hergenrother et al. 

(1995) discovered that photoactive polymer coating on a metallic guide wire exhibited 

hydrophilicity. This coating also demonstrated tight polymer-metal bond, and good 

lubricity and maneuverability. 

2.3.3 Instruments coating for orthopedic surgery 

Bone hooks, screws, plates, drill bits and tendon instruments are vital utensils in 

orthopedic surgery. The poor hemocompatibility properties of uncoated stainless-steel 

surgical instruments lead to adverse effects when uncoated stainless steel makes direct 

contact with patient blood. Hence, it is essential to modify the surfaces of these surgical 

instruments by adding materials to sustain rugged use and sterilization for better 

adhesion strength and hemocompatibility.  
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2.3.4 Instruments coating for dentistry surgery 

Oral health practice often involves chisels, elevators, iris curved scissors and sutures. 

The life span of chisels can be extended by applying chromium oxide to the surface 

(Kumar et al., 2017a). Sutures are extremely valuable clinical kit components for 

dentists and are highly praised for easing surgical procedures. Layering ethylene 

propylene on sutures is promoted and according to research results this type of coating 

has lower surface roughness and improved suture performance (Pokropinski et al., 

2000).  

However, instruments coated with non-metal polymers are recognized as having poor 

thermal stability (Heim & Brassell, 2017). For example, blades coated with at least one 

polydiorganosiloxane or PTFE mix confer stickiness properties when introduced to 

elevated temperatures. Consequently, researchers have found new alternatives to attain 

better thermal stability, such as applying metals or metal-ceramic composites as coating 

materials. 

2.3.5 Metal and metal-ceramic composite based surgical instruments coating  

There are few scientific information sources about the shortcomings and impacts of 

surgical instrument coatings on human health. Nonetheless, Bruce et al. (2001) 

addressed this issue and found that SS 316L surgical blades coated with TiO2 and TiN 

had poor bonding between the coating and substrate. The metal elements Cr, Fe and Ni 

leached into blood and body fluids, thus reducing the functional coating performance. 

Previous investigations generally present several limitations when it comes to 

describing findings for coated surgical tools in terms of adhesion strength performance, 

cytotoxicity and antibacterial activity. In one study, Park et al. (2003) studied TiN-

coated surgical instruments and found improvements in the cytocompatibility properties 
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through the in-vitro standard cytotoxicity test ISO10993-5. However, their article did 

not cover the antibacterial performance and adhesion strength evaluation results for 

TiN-coated surgical instruments, both of which are essential properties for excellent 

instrument performance. In fact, studies on TiAlN and TiCN coatings have 

demonstrated strong film-substrate bonding as well as biocompatibility with hog’s 

kidney cell, which only highlights the void in research on TiN regarding antibacterial 

function (Hollstein & Louda, 1999). Other researchers have investigated a similar 

subject, but more specifically, zirconium nitride-coated surgical instruments. Although 

the modified instruments can attain satisfactory hardness and enhanced wear life, no 

antibacterial properties have been reported (Navarre & Steiman, 2002; Rhandhawa, 

1991). 

The PVD antibacterial Zr-Cu-Ag thin film coating introduced by  Bouala et al. 

(2018) is not described much in terms of toxicity. The subject of toxicity to the human 

body is highly controversial due to concerns about Ag nanoparticles (AgNPs) being 

used in thin film. AgNPs exhibit cytotoxicity at higher concentrations primarily because 

of their small size and variable properties (Burd et al., 2007; Hussain et al., 2005).  

2.4 Thin film deposition 

Thin film deposition methods can be divided into two types: chemical vapor 

deposition (CVD) and physical vapor deposition (PVD). PVD has attracted extra 

attention for the great diversity of deposition techniques. For instance, several PVD 

coating techniques implemented in industry include vacuum thermal evaporation, 

electron beam heating, ion beam deposition and magnetron sputtering. Each process has 

unique, specific features designated to effectuate target applications. 

Univ
ers

ity
 of

 M
ala

ya



 

 

13 
 

2.4.1 Physical Vapor Deposition (PVD) 

Physical vapor deposition (PVD) is primarily used to deposit thin layers of material 

within a certain size range from nanometers to micrometers (Huff & Sunal, 2015; Mazzi 

et al., 2016; Qi et al., 2016). PVD is used extensively for industrial applications, such as 

microelectronic devices, cell electrodes, optical instruments, conductive coatings and 

surface modifications (Dixit et al., 2016; Elahi & Ghoranneviss, 2016; Pozio et al., 

2016; Raniero et al., 2016; Zhang et al., 2017a). Three main concepts involved in this 

process are vaporization, transportation and condensation. High-temperature plasma 

vaporizes the target material, after which the vapor is transported in vacuum condition 

to the substrate surface (Gassner et al., 2016). The most common PVD types are thermal 

evaporation, ion beam sputtering and magnetron sputtering (Alishahi et al., 2016; ��ke 

et al., 2016; Mahan, 2000). In the present investigation, the magnetron sputtering 

technique is chosen and discussed in detail. 

2.4.2 PVD magnetron sputtering 

A wide range of industrial coating technologies are available. The preferred 

technique is physical vapor deposition (PVD) magnetron sputtering because it assists 

with attaining good coating performance. Magnetron sputtering offers unique 

advantages through the ability to operate at low temperatures and high material 

deposition rate(Reddy & Udayashankar, 2016; Zhang et al., 2017b).  

PVD is one of the most favorable techniques for producing uniform coating 

thicknesses on flat substrates, homogenous coatings and most importantly, high-

adhesion coatings (Li et al., 2017; Mohseni et al., 2014; Popa et al., 2015). The three 

main PVD process steps are vaporization, transportation and condensation (Gassner et 

al., 2016). Evaporation and magnetron sputtering are the most popular PVD forms. 
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Magnetron sputtering is appropriate for depositing a wide range of thin films (Aijaz 

et al., 2016; Raj et al., 2014; Wang et al., 2014) . With this method, deposition entails 

expelling the material (target) onto the substrate in vacuum condition. This process is 

associated with a carrier gas in the plasma chamber, such as argon, neon, krypton or 

xenon (Gu et al., 2014; Mohseni et al., 2014). The schematic diagram in Figure 2.1 

shows the mechanism of PVD magnetron sputtering. The strong magnet across the 

target creates a magnetic field. When direct current (DC) or radio frequency (RF) power 

is applied, the gas becomes ionized and plasma forms in front of the target. In the 

plasma, free electrons hit the gas atoms, thus producing positively charged gas atoms 

and secondary electrons as well. These positively charged atoms accelerate towards the 

negatively charged target material, bombarding and then expelling the target. The 

ejected atoms condense onto the substrate surface, ultimately forming a thin film 

(Velasco et al., 2016).  

 

Figure 2.1: Schematic diagram of magnetron sputtering 
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According to the literature, a number of researchers have developed functional 

coatings via PVD magnetron sputtering (Chang et al., 2014; Huang et al., 2014; Lee et 

al., 2013a; Rahmati et al., 2015b; Siegel et al., 2015; Zhao et al., 2007). The sputtering 

conditions that receive the greatest attention include sputtering pressure, DC/RF 

sputtering power, gas flow rate, and substrate temperature. Results from literature have 

shown that different magnetron sputtering conditions produce varying surface 

morphologies and mechanical properties. 

In magnetron sputtering, the deposition power has a central role in plasma 

formation as it determines the target ion bombardment (Peng et al., 2016). A number of 

researchers have studied the deposition of Ta/Ta2O5 multilayer coating on Ti substrate 

using 200 W (Ta) and 100 W (Ta2O5) DC power (Chang et al., 2014; Huang et al., 

2014). Findings indicate that the deposited coatings showed a crystalline phase of the Ta 

layer and an amorphous phase of nanostructured Ta2O5 film. In preceeding published 

work, Gnanarajan et al. (2007) reported that the crystallized Ta2O phase can be obtained 

at higher substrate temperature and through post thermal treatment, which is explained 

further in the next section. Low deposition temperature cannot provide sufficient energy 

to stack the TaO atoms in solid form. A similar result was obtained by  Rahmati et al. 

(2015b). An amorphous TaO coating was achieved by using 200 W DC power, leading 

to low adhesion strength between the TaO and Ti6Al4V. Furthermore, the 100-200 W 

deposition power range has a good tendency to produce small deposited particle size 

with low surface roughness. Yet with increasing sputtering power, the deposited particle 

size and surface roughness increase according to Wang et al. (2017a). However, the 

deposition of molybdenum coating carried out by Dai et al. (2014) at 100-250 W power 

suggests that a much more compact and smooth surface can be achieved at higher 

sputtering power (200-250 W). Zhao et al. (2007) revealed that the coating surface 
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roughness is relative to the arrangement of the structural film stacks. The Ag/Ta2O5 

structure resulted in lower surface roughness than Ta2O5/Ag/Ta2O5. Increasing the 

target material power exhibited a substantially better chance of depositing a larger 

amount of material. A study by  Huang et al. (2014) showed that Ta2O5/Ag coating 

containing 23.3 atomic percentage of Ag deposited at 40 W DC power yielded a bigger 

contact angle than the sample deposited at 20 W DC. The greater contact angle attained 

due to the higher Ag content that exhibits hydrophobicity is a favorable characteristic 

for related biomedical applications.  

Oxygen flow rate also has an important effect on the formation of tantalum oxide in 

magnetron sputtering. According to  Achache et al. (2018) study, the addition of oxygen 

during sputtering has a strong influence on the microstructure, texture and mechanical 

properties of quaternary TiNbZrTa coating. Raising the oxygen flow rate from 0 to 10 

standard cubic centimeters per minute (sccm) reduced the crystallite size by about 83 %. 

This grain refinement resulted from compressive stress and led to an increase in 

hardness. 

Another vital parameter in magnetron sputtering is the substrate temperature, which 

alters the mechanical properties of the coating. A recent investigation carried out by 

Gleich et al. (2018) proved that raising the substrate temperature resulted in very good 

hardness and Young’s modulus of molybdenum-boron-carbon (Mo2BC) film. The 

substrate temperature can also influence the crystallinity and surface roughness. 

Increasing the substrate temperature from RT to 200 °C generated better crystallinity 

but a rougher ZnO film.  

Sputtering pressure of Ar gas can meaningfully affect the surface characteristics of 

coated materials. The contact angle and surface roughness of diamond-like carbon 
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coating deposited at various pressure values had a nonlinear relationship. In an early 

stage when the sputtering pressure was increased from 0.2 to 1.0 Pa, the contact angle 

decreased. However, beyond 1.0 Pa, the contact angle increased. When the sputtering 

pressure was increased from 0.2 to 1.0 Pa, the surface roughness value gradually 

increased and once the sputtering pressure reached 1.4 Pa, the surface roughness slightly 

decreased (Liu et al., 2018a). found that raising the sputtering pressure (0.4–0.8 Pa) 

decreased the surface roughness of coated Ta2O5. According to Stan et al. (2013) work, 

increasing the sputtering pressure (0.2-0.4 Pa) decreased the coating thickness 

gradually.  

Generally speaking, the sputtering conditions have a strong relationship with the 

coating crystallinity, particle size, surface roughness, elemental composition, hardness, 

wettability and thickness. The literature contains an insufficient number of studies on 

the effect of magnetron sputtering conditions on the adhesion strength of TaOAg 

coating with antibacterial performance.   

2.4.3 Ag and Ta-O based thin film of deposited by PVD magnetron sputtering 

The literature indicates that a variety of thin films have been developed by 

magnetron sputtering for medical device applications as listed in Table 2.1. However, a 

large number of thin films such as tantalum (Ta), tantalum oxide (TaO and Ta2O5), 

silver nanoparticle-hydroxyapatite (AgNPs-HA), titanium-silver (TiAg) and zirconium-

cuprum-silver (ZrCuAg) have been considered for implantation purposes. Although this 

class of functional thin films has satisfactory mechanical properties, antibacterial 

performance and proliferation cell activity, available research on Ag and TaO coated 

surgical instruments is still in emergent stages. 
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Table 2.1: Ag and Ta-O based thin film of deposited by PVD magnetron sputtering 

Coated 

material/ 

substrate 

Application Mechanical and/ or biological 

properties 

References 

Ta-O/ Ti Orthopedic & 

dental 

The as-deposited Ta-O exhibit good 

antibacterial performances & 

cytocompatibility  

(Chang et 

al., 2014) 

Ta2O5-Ag/ 

SS 304 

Biomedical 

materials & 

devices 

Ta2O5 and Ta2O5-Ag coatings with 

12.5 at. % of Ag 

has improved antibacterial effects & 

cytocompatibility  

(Huang et 

al., 2014) 

Ta-O/ 

Ti–6Al–4V 

Implant 

applications 

The adhesion strength of annealed 

Ta-O film increased 

(Rahmati et 

al., 2015a) 

Ta2O5/ ZK60 Orthopedic 

implants 

The Ta2O5 layer enhanced the 

corrosion resistance of ZK60 

(Jin et al., 

2017) 

Ta/  

SS 316L 

Implant Ta and TaO coatings were non-

cytotoxic 

(Moreira et 

al., 2017) 

Ta 

Ti–6Al–4V 

Biomedical Ta films improved the corrosion 

resistance and adhesion strength of 

SS 316L 

(Hee et al., 

2016) 

AgNPs-HA/ 

Ti 

Medical 

implants 

AgNPs-HA coating exhibited better 

nanohardness and elastic modulus 

(Ivanova et 

al., 2016) 

Ti-Ag/  

Ti 

Orthopedic &  

dental 

implant 

Ti-Ag film showed a very good 

antibacterial effect & enhanced 

osteoblast functions. 

(Bai et al., 

2015) 
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Table 2.1 continued: Ag and Ta-O based thin film of deposited by PVD 

Zr-Cu-Ag/ 

Si 

Implants & 

surgical 

instruments 

Durable &  has bioactivity effect at 

11 at.% of Ag content. 

(Bouala et 

al., 2018) 

Zr-Cu-Al-

Ag-N/ 

Bulk metallic 

glass (BMG) 

Biomedical Excellent nanohardness and elastic 

modulus & superior antimicrobial 

properties with minor Ag content 

(Lee et al., 

2017) 

Ti-Ag-N/Ag/ 

Ti6Al4V  

Implant Antimicrobial activity & 

biocompatibility properties 

(Yu et al., 

2017a) 

Ag-

Au/PTFE/ 

Si 

Medical 

polymer 

device 

Extreme antibacterial effect (Zaporojtch

enko et al., 

2006) 

Ag/  

Polyimide 

Medical tool Ag demonstrated a good antibacterial 

effect 

Siegel et al. 

(2011) 

Ti-Ag and 

Nb-Ag/ Si 

Bone implant 

& dental 

device 

Superior  antibacterial performance (Wojcieszak 

et al., 2016) 

Ag-HA/ Ti Implant Ag-HA layer has shown good 

antibacterial effect 

(Chen et al., 

2006) 

Ag doped 

TiO2/ SS 

Implant Lower Ag ion released showed good 

antimicrobial activity & non-

cytotoxicity 

(Jamuna-

Thevi et al., 

2011) 

Ag-HA/ Ti Implant HA coating enhanceded adaptation 

& proliferation cells 

(Surmeneva 

et al., 2017) 
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Table 2.1 continued: Ag and Ta-O based thin film of deposited by PVD 

Zr-Cu-Ag/ 

Metallic glass 

Dental & 

orthopaedic 

implant 

Zr-Cu-Ag has strong biocide effect (Etiemble et 

al., 2016) 

 

2.5 Types of antibacterial coating 

Antibacterial coatings have a tendency to be therapeutic at specific sites and are 

thus more efficient at inhibiting biofilm development than oral administration, which is 

leads more to side effects and toxicity (Kumar & Madhumathi, 2016). There are three 

primary types of antibacterial coatings: i) antiadhesive, ii) contact killing, and iii) 

antibacterial agent release coatings (Cloutier et al., 2015). For bacteria to grow, they 

need to adhere to the implant surface. Although polymer brushes are the most efficient 

against bacterial adhesion, total inhibition of adhesion is still not possible. Bacteria that 

evade brushing get the chance to adhere and develop biofilms on the implant surface 

(Nejadnik et al., 2008). With the contact killing method, antimicrobial compounds 

attract and kill bacteria upon contact (Alvarez-Lorenzo et al., 2016). These compounds, 

for instance antimicrobial peptides, attach to the implant surface through covalent 

bonding and kill bacteria by disrupting the microbial membrane (Coad et al., 2016). The 

effectiveness of the membrane disruption mechanism has been challenged and is still 

controversial. It has been suggested that membrane disruption is a temporary effect 

rather than a permanent solution (Salwiczek et al., 2014). Moreover, the ability to kill 

only those microbes that come in direct contact limits the compounds’ effectiveness 

(Jain et al., 2016). Out of these three techniques, antimicrobial agent release has drawn 

the most attention. The antimicrobial agent release technique not only eliminates 

microorganisms directly attached to surgical instrument surfaces but can also attack 

other unwanted pathogens nearby  (Swartjes et al., 2015). Amongst the antibacterial 
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coatings established, the silver and tantalum oxide types will be discussed further in the 

next section regarding surgical instrument applications. 

2.6 Silver nanoparticle (AgNPs) and Silver bulk particle (Ag) 

Silver nanoparticles (AgNPs) refer to particles smaller than 100 nm in at least one 

dimension. These nanoparticles have the potential to serve as an antibacterial agent and 

are widely used for biomedical purposes involving devices, clinical applications, 

pharmaceutical products, etc. (Franci et al., 2015; Tran et al., 2015). Due to the 

antibacterial character of AgNPs, they have shown interesting antibacterial activities 

against many pathogens, such as S. sanguinis, L. salivarius, Escherichia coli, 

Pseudomonas aeruginosa and Staphylococcus aureus (Guzman et al., 2012; Pal et al., 

2007; Shahverdi et al., 2007). AgNPs possess a unique set of chemical and/or physical 

properties due to the small size (Soenen et al., 2015). In fact, the nanosize proportions 

facilitate greater bacteria killing effectiveness and slowed nucleus growth (Hajipour et 

al., 2012). Ivanova et al. (2015), embedded AgNPs in HA coating and observed 

antibacterial effects without cytotoxicity if appropriate AgNPs content was used. Huang 

et al. (2014) discovered that 12.5 % AgNPs in Ag-Ta2O5 coating is the maximum limit 

to achieve effective antibacterial behavior without causing cytotoxicity. Yu et al. 

(2017a) attained enhanced cytocompatibility by controlling the Ag content in 

TiAgN/Ag multilayer coating. Therefore, it can be concluded that a controlled dosage of 

AgNPs ensures the right bactericidal effect without causing toxicity. However, in a very 

recent study by Shevtsov et al. (2018) AgNPs were found to be totally cytocompatible 

with a variety of cell types.  Furthermore, Liao et al. (2010) showed that AgNPs did not 

exhibit any cytotoxicity during testing of human gingival fibroblasts. Physiochemical 

aspects, such as particle size, degradability and agglomeration have a central role in cell 

viability  (Gliga et al., 2014; Lankoff et al., 2012). Moreover, the effectiveness of AgNP 
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toxicity is determined by size, contact duration and environmental aspects (Akter et al., 

2017).  

Silver has been recognized for its strong antibacterial behavior for centuries and 

therefore used in various medicinal forms to treat infections and burns (Rai et al., 2009). 

Using Ag in biomedical applications is usually considered safe unless open wounds are 

exposed to a very high content of Ag, which may lead to argyria (Leaper, 2006). Bosetti 

et al. (2002) studied the in vitro behavior of Ag on fibroblasts (NIH 3T3) and 

osteoblast-like cells and found it to be absolutely cytocompatible. Recently, Shevtsov et 

al. (2018) confirmed the non-cytotoxic and antibacterial behavior of an Ag layer 

through an in vitro study of MG-63 cells, mesenchymal stem cells (MSCs) and bacterial 

growth. Furthermore, an in vivo analysis was also carried out for 6 months on a model 

of above-knee amputation in rabbits with no complications observed during the 

postoperative period (Shevtsov et al., 2018).      

2.7 Tantalum oxide (TaO) 

Different modification techniques facilitate different chemical bonding structures 

and functional properties of TaO. For one, a thin layer of TaO forms naturally on 

tantalum metal surfaces in air. The reaction between tantalum (Ta) and oxygen (O2) 

forms a stable oxide part called tantalum oxide (TaO, Ta2O5). Nevertheless, the 

biological function of TaO films has not been researched frequently. 

 Recent studies have shown that TaO exhibits excellent durability, hardness, 

strength, and corrosion resistance. Besides, TaO has good biocompatibility properties, 

making it a viable candidate for material coatings on clinical instruments (Bah et al., 

2016; Hee et al., 2016; Jin et al., 2017; Köse & Kacar, 2016). 
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Tantalum oxide coatings exist in amorphous and crystalline phases (Chang et al., 

2014; Mungchamnankit et al., 2016). Both amorphous and hydrophilic crystalline 

Ta2O5 coatings are good antibacterial agents (Chang et al., 2014). From the two, 

crystalline Ta2O5 showed good cellular biocompatibility with human skin fibroblasts 

(Chang et al., 2014).  

TaO is an emerging biomaterial due to its extraordinary blood compatibility, good 

cytocompatibility and antibacterial response (Chang et al., 2014). The wide band gap of 

TaO is primarily responsible for its excellent antithrombotic performance (high 

resistance against blood clotting), hence rendering it a strong candidate as a coating 

material on SS 316L and Ti-based blood-contacting devices (e.g. stents) (Leng et al., 

2006). The antithrombotic nature and cytocompatibility of TaO films has been 

confirmed by researchers through in vitro analyses of human skin fibroblast cells (CCD-

966SK) and human umbilical vein endothelial cells (HUVEC) (Huang et al., 2014; Leng 

et al., 2006).  

Although both Ag and TaO display excellent biological performance, which is 

required for surgical tool applications, the mechanical aspect needs serious attention. It 

is known that surgical instruments must be hard enough to take and hold a cutting edge, 

for example scissors. Poor coating quality or low coated material crystallinity have been 

found to affect surgical instrument life. 

2.8 Thermal treatment of Ag and TaO-based ceramic system 

Since adhesion is a vital factor in evaluating the performance and durability of 

coatings, the post annealing treatment seems to be a good solution  (Zhang et al., 2018). 

This treatment is credited for being the most desirable treatment technique because it is 
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inexpensive, easy to incorporate into a process device and yields better mechanical 

properties and microstructural stability.  

According to literature, several annealing experiments have been conducted to 

study the influence of thermal treatment on the behavior and morphology of coatings 

(Lopes et al., 2015; Siegel et al., 2015; Velasco et al., 2016). This essential process, 

thermal treatment, under certain conditions can help the metal/ceramic coating material 

attain well-structured of nanocrystal (Tong et al., 2015), improved adhesion strength 

(Boi et al., 2015; Fang et al., 2014; Sidane et al., 2015)  and a crystalline structure 

(Chou & Hsu, 2016; Dualeh et al., 2014; Hu et al., 2014; Tang et al., 2017; Zhao et al., 

2016). 

Low temperatures and low-energy ion bombardment are generally utilized in the 

sputtering process, which allow limited growth of the film morphology and 

microstructure. Outcomes such as the attachment of impurities, small particle size and 

formation of lattice point defects influence the metastable phase of the film. According 

to earlier work, annealing is one of the simplest treatment methods used to improve film 

phase stability. The recovery effect associated with the annealing process generates the 

migration, recombination and eradication of point defects, rearrangement and 

annihilation of dislocations, and growth (Lopes et al., 2015). 

Several published works reported annealing Ag or TaO-based films under various 

conditions for biomedical applications. A range of annealing temperatures and various 

conditions have often been employed to improve as-deposited film performance. In a 

study of as-deposited AgNPs annealed at 250 °C for 15 minutes in air and Ar ambient, 

Otieno et al. (2016) demonstrated the significant AgNP size enhancement, increased 

surface roughness and reconstructed shape. This is consistent with the results reported 
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by Siegel et al. (2015). Using the same temperature and annealing the AgNP nanolayer 

in air for 1 hour showed a transformation of the AgNP structure into larger spherical-

shaped particles. The individual larger and spherical particles together provided a 

greater surface area for the annealed Ag film, which presented a stronger antibacterial 

effect against the E. coli and S. epidermidis pathogens. 

In Lopes et al. (2015) work, TiAgx thin film annealed at 500 °C in vacuum 

condition for one hour encouraged good stability of the TiAg intermetallic phase with 

higher crystallinity, better mechanical properties and grain refinement  (Lopes et al., 

2015). The results from Rahmati et al. (2015b) study indicate that the adhesion strength 

of the coated film to the substrate is directly proportional to the annealing temperature 

according to a micro-scratch testing evaluation. The adhesion strength of as-deposited 

TaO film improved by about 63 % after annealing at 500 °C in air for 1 hour. The 

reaction between TaO film and air during annealing influences stable Ta2O5 formation. 

A recent study by Perez et al. (2018) of TaO pointed out that annealing at 1000 °C is the 

optimal condition to produce Ta2O5. Lee et al. (2013a) reported that the annealing of as-

deposited Ag-Ta2O5 nanocomposite at 700 °C in atmosphere for 1 hour facilitates the 

formation of Ag nanoparticles.  

Tantalum oxide crystallization can be achieve above 600 °C, or more specifically at 

700 °C. The formation of  crystallized Ta2O5 has been reported elsewhere (Donaldson et 

al., 2016; Gnanarajan & Lam, 2008; Huang et al., 2014; Mungchamnankit et al., 2016; 

Zhabrev et al., 2004). Annealing amorphous Ag-Ta2O5 at 700 °C for 30 s with a rapid 

thermal annealing system keeps the AgNPs at the surface. Nano-crystallized Ag-Ta2O5 

film with 12.5 % Ag has good antimicrobial activity against S. Aureus and is 

biocompatible with skin fibroblast cells. However, the biocompatibility decreases if 
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double the amount of Ag is added to the Ag-Ta2O5 film due to the higher AgNPs 

fraction (Huang et al., 2014).  

Furthermore, annealing at 700 °C enhances the crystallinity of Ta2O5, as reported by 

Mungchamnankit et al. (2016). In their study, the crystallized Ta2O5 showed greater 

surface roughness but no antibacterial effect. The S. Aureus colonies survived neither on 

amorphous nor crystallized Ta2O5 surface film. 

In  Chang et al. (2014) study, rapid annealing of as-deposited Ta2O5 at 700 °C in air 

for 1 hour stimulated the crystallization of β-Ta2O5 with lower hydrophobicity 

properties. The amorphous Ta2O5 exhibited good antimicrobial performance against S. 

aureus and A. actinomycetemcomitans and thus has potential for use in medical device 

applications for the purpose of decreasing the risk of infection. Hydrophilic β-Ta2O5 

coatings encourage excellent viability of human skin fibroblast cells and can be used as 

a surface modification for Ti implant applications to increase biocompatibility. Thus, 

amorphous Ta2O5 evidently has potential to reduce infections, while crystallized β-

Ta2O5 can increase biocompatibility, both of which are helpful for medical applications. 

The annealing of Ta film at thermal oxidation with low pressure for 15 minutes 

shifts the amorphous phase into crystallized epitaxial Ta2O5 and Ta2O films. However, 

further annealing up to 1 hour transforms the film to the single Ta2O5 phase (Gnanarajan 

& Lam, 2008). 

Amorphous TaO film was isothermally annealed by Donaldson et al. (2016). A 

series of metastable tetragonal tantalum dioxide (TaO2) phases formed due to 

insufficient oxygen. However, Donaldson et al. (2016) observed that Ta2O5 was not 

produced at all when annealing at temperature and time ranges of 900-1100 °C and 1–

100 h, respectively. 
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2.9 Ostwald Ripening 

Ostwald ripening process of the nanocomposite film describes the growth of the 

unstable nano-size particle. Since the nano particles are more vigorously and not stable 

rather than the larger particle, the Ostwald ripening process occurs spontaneously. The 

numerous of Ostwald ripening studies concerning the evolution of the surface 

morphology when the annealing temperature was applied (Jiang et al., 2016; Kyaw et 

al., 2019). By referring to Figure 2.2, the annealing temperature influences the smaller 

particles to combine and contribute to a larger and stable form. As the kinetic energy per 

time or annealing temperature increases, the higher surface energy of nano-size particle 

will pursue its neighbours to aggregate progressively. As a result, the number of nano 

particles decrease while larger particles grow with time. The larger particles tend to 

exhibit more stable structure, crystal phase and enhanced mechanical properties.   

 

Figure 2.2: Ostwald Ripening process 

2.10 Antibacterial Test 

There has been rising a number of research works aimed at developing antibacterial 

agents to solve the multidrug resistance issue (Xu et al., 2018). Therefore, with respect 

to the surgical field, it is compulsory to advance knowledge about screening for the 

performance of antibacterial coatings. Arias and Murray (2015) proposed that the 
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antimicrobial susceptibility test (or antibacterial test) developed in the 1940s seems to 

be a good platform to screen microorganisms for whether they are sensitive or resistant. 

Antibacterial testing is conducted to evaluate antimicrobial activity and encompasses a 

series of methods. Common laboratory methods developed previously are disk-diffusion 

(Chandrasekaran et al., 2018)  well diffusion (Kaviyarasu et al., 2017), plug diffusion 

(Balouiri et al., 2016) and antimicrobial gradient (Salman et al., 2017). These in 

vitro antimicrobial activity methods require modest equipment and simple standardized 

techniques. The agar disk-diffusion method (Kirby-Bauer) has several advantages: it is 

economical, easy to interpret the results and can be used to test a large array of 

microorganisms and antibacterial agents  (Köser et al., 2012).  Zaporojtchenko et al. 

(2006) used Staphylococcus epidermidis, Staphylococcus aureus, Enterococcus faecalis, 

Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae and Candida 

albicans  as test microorganisms to evaluate the antibacterial potency of Ag/PTFE and 

Ag–Au/PTFE coated medical device. They found that their composite material is more 

susceptible to Staphylococcus aureus, which is the largest contributor to surgical site 

infections (Dolgin, 2010). In other study, AgNPs-HA exhibited good antibacterial 

activity against Escherichia coli and Staphylococcus aureus (Iconaru et al., 2014). 

In the disk-diffusion procedure, an antibacterial agent and a bacteria test sample are 

diffused onto an agar plate. A good antibacterial agent will inhibit the growth of the test 

bacteria. The antibacterial activity (performance) of the agent is measured against the 

test bacteria according to the diameter of the inhibition zones surrounding the test 

sample. 

2.11  Biocompatibility Test 

Modifying surgical instrument surfaces by adding functional coatings has become 

increasingly common to improve instrument performance. Since an instrument may 
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react with living cells upon contact, the patient’s safety should be emphasized. The 

surgical instrument must be compatible with the biological system, otherwise it attracts 

possible harm, such as inflammation, fibrosis, thrombosis or infection (Campa et al., 

2018; Wen et al., 2018). Thus, surgical instruments must undergo a systematic 

measurement generally known as a biocompatibility test to meet the International 

Standard ISO 10993-1 requirement (Hou et al., 2017; Wettlaufer & Penn, 2018). 

Biocompatibility testing is intended to check how compatible an instrument is with an 

organ system and to determine the harmfulness of the instrument to body part functions. 

Various biocompatibility test methods have been proposed since decades ago to 

assess the biocompatibility of medical devices in terms of cytotoxicity (tissue culture) 

(Nouri & Wen, 2015), sensitization assays (Kleinstreuer et al., 2018), irritation tests 

(Sugiyama et al., 2018), genotoxicity (Velickova & Milev, 2017), and 

hemocompatibility (Yilmaz et al., 2018). Among these, the cytotoxicity test is the most 

attractive means of evaluating the biocompatibility of medical instruments. It is used to 

measure cell viability in parallel with the release of toxic substances at different 

concentrations. Prior to the in vivo biocompatibility test, the cell culture is isolated from 

two types of groups: adherent and suspension cells (Lyness et al., 2018). Fibroblasts and 

mesenchymal cells from the adherent cell type group have been the center of attention 

in determining the biocompatibility of functional coatings (Chen et al., 2018; Meran et 

al., 2018; Surmeneva et al., 2015). Many studies have demonstrated that mesenchymal 

and fibroblast cells can be derived from bone marrow (Imamura et al., 2018; Jiang et al., 

2002) 

In earlier work, the attachment of MG-63 osteoblast cell (Maheshwari et al., 2014) 

and human mesenchymal stem cells (Lee et al., 2013b) has been observed through SEM 

micrograph. The appearance of the F-actin cytoskeleton on the tested zinc oxide surface 
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coating is a good sign of biocompatibility properties (Alves et al., 2018). This is further 

supported by the F-actin morphology organization by alloy steel-seeded human 

epithelial cell line after 72 h of interaction (Balas et al., 2018). The material surface 

properties, including chemical substance, surface charge, wettability and surface 

roughness influence the biocompatibility results (Chang & Wang, 2011). It is 

considered that a positive charge, hydrophobicity and rough surface indicate positive 

results (Xu & Siedlecki, 2007). Ponsonnet et al. (2003) found that cell proliferation is 

better at  60.4 ± 5.8 ° of contact angle while cell attachment is ideal under 1 µm surface 

roughness. Research by Mishra et al. (2017) demonstrated that osteoblasts proliferating 

on AgNPs cored in polyvinyl alcohol nanocapsules are superior to other test materials 

and are recommended for orthopedic applications. 

2.11.1 Summary 

This literature review highlighted that the SS 316L biomaterial boasts favorable 

chemical composition, low production cost and good strength, all of which are essential 

in related surgical instrument applications. Various surgical instrument coatings 

developed in the past exhibit desirable characteristics for surgical instrument 

performance. PVD magnetron sputtering with the multitude of advantages is utilized to 

develop antibacterial coatings containing for example Ag and Ta2O5. Ag, amorphous 

Ta2O5 and crystalline Ta2O5 exhibit good antibacterial responses, while crystalline 

Ta2O5 outperforms these in terms of cellular biocompatibility. It has been found that the 

post thermal treatment of Ag significantly changes the particle size, shape, surface 

roughness and phase. Thermal treatment at 700 °C crystallizes the Ta2O5 phase for 

better hydrophilic properties and greater compatibility with human skin cells. Earlier 

research works have also been conducted with cytotoxic testing to evaluate the 

harmfulness of medical devices to the living cell system. Not only is the compatibility 
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of instruments with living cells of great interest, but so is the sensitivity of 

microorganisms to devices/instruments. Antibacterial activity testing of coated medical 

devices is routinely carried out by disk-diffusion. To the date, there is no comprehensive 

work to address Ag-Ta2O5 nanocomposite on stainless steel as surface modification for 

surgical instruments application. Thus, this study is justified due to the insufficient 

research to date, particularly AgTa2O5 based films, to describe a physicochemical, 

biocompatibility and antibacterial properties. 
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

This chapter introduces the three experimental methods used in this research to 

develop durable Ag-Ta2O5 thin film, namely Methods A, B and C. The material and 

substrate preparation, an overview of the experimental methods, PVD magnetron 

sputtering for thin film deposition, thermal treatment and characterization are also 

explained in this chapter. .  

3.2  Materials and sample preparation 

Commercial tantalum (Ta) and silver (Ag) 99.99 % pure targets produced by Kurt J. 

Lesker Company were used for deposition. The diameter and thickness of the targets 

were 101.6 and 3.1 mm, respectively. Stainless steel (SS 316L) sheets as substrates of 

20 x 10 x 2 mm were ground with SiC paper (1500–2500 grit). Then the surfaces were 

polished to a mirror-like finish using 3 µm polycrystalline diamond suspension. The 

next step entailed washing the samples with distilled water and then air blow drying. 

The specimens were subsequently cleaned ultrasonically in acetone and then in ethanol 

for 10 minutes, after which they were dried again. 

3.3 Overview of overall methodology  

 The overall Ag-Ta2O5 thin film development methodology comprising Methods A, 

B and C is summarized in the flowchart in Figure 3.1. After substrate (sample) 

preparation, the Ag-Ta2O5 thin film was deposited by PVD magnetron sputtering. With 

Method A, a single layer Ag-Ta2O5 thin film was deposited onto the sample called “S1”. 

With Method B, a multilayer Ag/Ag-Ta2O5 thin film was deposited onto four specimens 

called “S2”, “S3”, “S4”, and “S5”. Then with Method C, a multilayer Ag/Ag-Ta2O5 thin 

film was deposited on five samples, namely “S6”, “S7”, “S8”, “S9” and “S10”. Methods B 
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and C involved different magnetron sputtering setups, which are presented in the next 

section (3.4). Afterward, thermal treatment was applied with each Method (A, B and C) 

for different conditions, as explained further in subsection 3.5.1. Next, physicochemical 

characterization of the microstructure, elemental structure, hydrophobicity, micro-

mechanical properties, topography, phases and surface chemistry was carried out. The 

biological test results were also examined. Each method is explained in detail in the 

following section. 
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Development of Ag-Ta2O5 film

Substrate preparation

Physicochemical characterization

Biological  Test

Data collection and analysis

Start

End

Method A Method B Method C 

Deposition of single 
layer Ag-Ta2O5

 film of method A
( S1 )

 
Deposition of 

multilayer Ag/AgTa2O5  
    film of method B

( S2 , S3 , S4 , S5 )

Thermal treatment 
of method A 

Thermal treatment 
of method B

Deposition of multilayer 
Ag/AgTa2O5  

    film of method C
( S6 , S7 , S8 , S9 , S10 )

Thermal treatment 
of method C

 

Figure 3.1: Flowchart of the overall methodology: Method A, B and C for 

developing Ag-Ta2O5 thin film 
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3.3.1 Experimental procedure of Method A 

   The procedure with Method A is illustrated in Figure 3.2. After the substrate 

preparation step, “S1” was deposited with a single layer Ag-Ta2O5 thin film by PVD 

magnetron sputtering. A schematic of the single layer Ag-Ta2O5 thin film is shown in 

Figure 3.3. The as-deposited “S1”  was then annealed at a range temperature of 300 to 

600 °C at 5 °C/min ramp rate. The microstructure, element, hydrophobicity, adhesion 

strength, micro hardness, topography and phase of the as-deposited “S1” and all 

annealed “S1”  Ag-Ta2O5 thin film were characterized. The as-deposited “S1” and “S1” 

annealed at 400 °C with the highest adhesion strength were kept on for structural 

analysis. Then the antibacterial performance of  “S1” annealed at 400 °C was 

determined . At the same time, “S1” annealed at 500 °C, which had an AgTaO3 phase 

available (found initially), was further investigated by changing the ramp rate to 2 

°C/min. The microstructure, elemental structure, adhesion strength, hardness and phases 

of the new sample (“S1” annealed at 500 °C and 2 °C/min) were characterized. Data 

collection and analysis were then executed for all samples. 
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Yes

No

Start

 Deposition of single layer Ag-Ta2O5  S1  

Substrate preparation

Highest adhesion 
strength

Annealing as-deposited S1 at 300, 400, 500 and 600 °C at 5°C /min

Characterization of microstructure, element, hydrophobicity, adhesion 
strength, hardness, morphology and phase

Structure characterization

Antibacterial Test

      Data collection and analysis

End

No
Yes

As-deposited S1, 
300, 500 and 

600°C annealed 
 S1   

400°C 
annealed 

 S1  

300, 400, 500 and 600 °C annealed  S1  

As-deposited  S1  

AgTaO3 phase
(first found)

500°C 
annealed

 S1   

300,400 and 
600°C 

annealed
 S1  

Annealing at 500 oC, 2 oC/min

Characterization of microstructure, 
element, adhesion strength, hardness 

and phase

 

 

Figure 3.2: Flowchart of Method A for Ag-Ta2O5 thin film development 
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Figure 3.3: Schematic diagram of reactive magnetron sputtering deposition of single 

layer Ag-Ta2O5 thin film on SS 316L substrate 

3.3.2 Experimental procedure of Method B 

The procedure with Method B is illustrated in Figure 3.4. Following substrate 

preparation, “S2” to “S5” were deposited with multilayer Ag-Ta2O5 thin film method B 

by PVD magnetron sputtering. A schematic drawing of the multilayer Ag/Ag-Ta2O5 is 

displayed in Figure 3.5. The microstructure, elemental structure, hydrophobicity, 

adhesion strength, microhardness and phases of the as-deposited “S2” to “S5” were 

characterized. The as-deposited “S4” was then annealed at 400 °C and 2 °C/min ramp 

rate because it had the highest adhesion strength amongst the as-deposited “S2” to “S5”. 

Subsequently, the microstructure, elemental structure, hydrophobicity, adhesion 

strength, microhardness and phase characterization was repeated for the 400 °C 

annealed “S4”. Data collection and analysis were then done for all samples. 
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Highest adhesion 
strength

Data collection and analysis

Annealing at 400 °C at 2°C/min

Characterization of microstructure, element, hydrophobicity, 
adhesion strength, hardness and phase

Start

Deposition of multilayer Ag-Ta2O5 films
method B ( S2 , S3 , S4  and  S5 )

As-deposited 
 S4 

Yes No

400 °C annealed  S4 

As-deposited 
 S2 , S3 and  S5 

End

As-deposited  S2 , S3 , S4  and  S5  

Substrate preparation

Characterization of microstructure, element, hydrophobicity, 
adhesion strength, hardness and phase

 

Figure 3.4: Flowchart of Method B for Ag/Ag-Ta2O5 thin film development 
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Figure 3.5: Schematic diagram of reactive magnetron sputtering deposition of 

multilayer Ag/Ag-Ta2O5 thin film on SS 316L substrate 

3.3.3 Experimental procedure of method C 

The procedure of Method C is illustrated in Figure 3.6. After the substrates were 

prepared, multilayer Ag-Ta2O5 thin films were deposited on  “S6” to “S10” with Method 

C by PVD magnetron sputtering. The microstructure, hydrophobicity, adhesion strength 

and phases of as-deposited  “S6” to “S10” were characterized. The as-deposited “S7” was 

then annealed at temperatures ranging from 250 to 850 °C and 2 °C/min ramp rate 

because it had the highest adhesion strength amongst as-deposited  “S6” to “S10”. 

Subsequently, the as-deposited “S7” and annealed “S7” thin films were characterized for 

their microstructure, hydrophobicity, adhesion strength, phases and nanohardness. X-ray 

photoelectron spectroscopy (XPS) was also done to analyze the surface chemistry of as-

deposited “S7” and 400 °C annealed “S7” (highest adhesion strength among annealed 

samples). Antibacterial and cytotoxicity tests were then carried out on the 400 and 700 

°C annealed “S7” samples (exhibiting comparable AgTaO3) before data collection and 

analysis for all samples. 
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Highest adhesion 
strength

Annealing at 250,400,550,700,850 °C at 2 °C/min

Start

Deposition of multilayer Ag/Ag-Ta2O5 films
method C ( S6 , S7 , S8 , S9 and  S10 )

As-deposited  S7 

Yes No

400 °C annealed  S7 

As-deposited 
 S6 , S8 , S9 and  S10  

Highest adhesion
strength

Characterization of microstructure,hydrophobicity, adhesion 
strength and phase 

250,550,700,850 °C 
annealed  S7 

Yes

No

Data collection and analysis

End

Surface 
chemistry

characterization

Antibacterial and 
Cytotoxicity Test

comparable 
Ta2O5

250,550,
850 °C 

annealed 
 S7 

700 °C 
annealed  S7 

Yes No

250,400,550,700,850 °C annealed  S7  

Substrate preparation

As-deposited  S6 , S7 , S8 , S9 and  S10 

Characterization of microstructure,hydrophobicity, adhesion strength, phase and nano hardness 

 

Figure 3.6: Flowchart of Method C for Ag/Ag-Ta2O5 thin film development 
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3.4 PVD magnetron sputtering experimental set up 

A PVD (TF450 Sputtering System, SG Control Engineering Singapore) series 

magnetron sputtering system was utilized to deposit single layer Ag-Ta2O5 and 

multilayer Ag/Ag-Ta2O5 thin films. The prepared specimens were placed in the 

deposition chamber of the PVD magnetron sputtering system. The base pressure of the 

chamber was evacuated down to about 2.67 x 10 -3 Pa. The surface of the target was pre-

sputtered in Argon gas prior to deposition to reduce contamination in the vacuum 

chamber (Khaydukov et al., 2017). Oxygen (O2) gas was introduced into the chamber to 

develop an Ag-containing ceramic layer on the substrate by reactive magnetron 

sputtering (Alias et al., 2018). The distance between the substrate and the targets was set 

at a constant 15 cm. Zero bias voltage was applied to the substrates. The Ta and Ag 

targets were energized with direct current (DC) and radio frequency (RF) power supply, 

respectively. The thin film deposition was carried out for 120 mins. For the multilayer 

Ag/Ag-Ta2O5 thin films, the Ag interlayer was deposited in the early stage for 20 mins, 

followed by Ag-Ta2O5. Once deposition was complete, the specimens were taken out 

and kept in a dry box for subsequent processing/characterization.   

The magnetron sputtering setup for Methods A, B and C is summarized in Table 3.1. 

The table indicates that with Method A, a single layer of Ag-Ta2O5 was deposited on  

“S1”. With Method B, multilayer Ag/Ag-Ta2O5 was placed on “S2” to “S5”. Each sample 

was deposited with a different magnetron sputtering setup (Table 3.1). The effect of the 

combination of power and argon flow rate on “S2” and “S3” was studied first, followed 

by the effect of the combination of argon flow rate and substrate temperature on “S4” 

and “S5”. Method C involved depositing multilayer Ag/Ag-Ta2O5 on “S6” to “S10” by 

considering the power and substrate temperature variables (Table 3.1). The ratio of 
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Ar:O2 is calculated in terms argon and oxygen flow rate and the measured working 

pressure is dependent on the argon feeding system. 

Table 3.1: Experimental setup (deposition power, gas flow rate, substrate 

temperature) for Method A, B and C during deposition of single layer (SL) Ag-Ta2O5 

thin film and multilayer (ML) Ag/Ag-Ta2O5 thin film, at O2 flow rate of 6 sccm  

 
Method 

 
Layer 

 
Sample 

PVD operating parameters 

Power 
(W) 

Ar flow 
rate 

(sccm) 

Ratio 
Ar: O2 

 

Substrate 
temperature 

(°C) 

Working 
Pressure 

(Pa) 

A SL “S1” 200 60 10.0:1 140 1.13 

 
 

B 

 
ML 

“S2” 200 60 10.0:1 
140 

1.13 

“S3” 

300 

30 5.0: 1 0.53 

“S4” 45 7.5: 1 250 0.83 

“S5” 60 10.0:1 280 1.13 

 
 

C 

 
ML 

 

“S6” 100 

45 7.5: 1 

250 

0.83 

“S7” 200 

“S8” 300 

“S9” 
200 

150 

“S10” Ambient 

 

3.5 Thermal treatment condition of as-deposited thin film  

As the thin film deposition by magnetron sputtering was completed, the thermal 

treatment (annealing) process was carried out with each method. The crystallization of 

the as-deposited samples morphology was stabilized in a tube furnace chamber (ELITE 
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Thermal Systems Limited, UK) to improve the adhesion strength between the thin film 

and SS 316L substrate.   

Preliminary studies and published literature on magnetron sputtering deposition with 

respect to Ag and Ta2O5 coatings indicate that the coatings have relatively low adhesion 

strength, high surface roughness and low hydrophobicity properties, which are not 

applicable for biomedical applications (Chen et al., 2006; Meng & Sun, 2009; Rahmati 

et al., 2015a; Sarraf et al., 2017). In this study, a thermal treatment annealing process 

was carried out in atmospheric condition to compensate for such shortcoming. All 

samples were annealed for one hour and held at 200oC for 15 mins to attain 

homogenization. Lastly, the samples were left in the furnace to cool down naturally to 

room temperature. The details of the thermal annealing conditions for each method are 

tabulated in Table 3.2. The treatment temperature profile for each method is illustrated 

in Figure 3.7.  

 

 

Figure 3.7: Temperature vs. time profile graph of the annealing process for the as-

deposited Ag-Ta2O5 thin film  
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Table 3.2: Thermal treatment (annealing) parameters of as-deposited S1, S4 and S7 

with each Method. The annealing process started at T1 = ambient (° C), t0 = 0 min  

 
Method 

& 
Sample 

ID 

Ramp 
Rate 

(°C/min) 

Temperature 
(° C) 

Time (min) 
Δt 

T2 Heating Cooling 
t (ramping) 

t3-t2 
t (steady) 

t2-t1 
t (ramping) 

t3-t2 
t (steady) 

t4-t3 
t (cooling) 

t5-t4 

A 

& 

“S1” 

5 

300 40 55 75 135 175 

400 40 55 95 155 209 

500 40 55 115 175 244 

600 40 55 135 195 278 

2 500 100 115 165 225 294 

B 

& 

“S4” 

2 400 

 

100 

  

115 215 275 329 

C 

& 

“S7” 

2 

250 100 115 140 200 233 

400 100 115 215 275 329 

550 100 115 290 380 459 

700 100 115 365 425 522 

850 100 115 440 500 619 

 

3.6  Characterization 

The physicochemical properties (microstructure, elemental composition, 

hydrophobicity, micro mechanical, topography, phase, crystal structure analysis, and 

surface chemistry) were characterize by using Field emission scanning electron 

microscopy (FESEM), Energy dispersive x-ray spectrometry (EDX), Video-based 
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optical contact angle measuring system, Atomic force microscopic (AFM), X-ray 

diffraction (XRD), Micro-scratch, Microhardness, Field emission scanning electron 

microscopy-Focus ion beam (FESEM-FIB), Transmission electron microscopic (TEM), 

Nano-indenter, and X-ray Photoelectron Spectrometry (XPS). 

3.6.1 Microstructure and elemental analysis 

The microstructural characterization of the developed layers was carried out using 

FESEM (FEI-QUANTA FEG 650, US & Auriga, ZEISS, Germany) with an 

acceleration voltage of 1-5 kV. To view the cross-sectional images, the specimens was 

grinded on edge when holding the sample vertical. When the thickness was measured by 

SEM, three readings of the cross sections of the specimens were taken into account. The 

chemical element concentration was determined using FESEM equipped with EDX.  

3.6.2 Hydrophobicity  

The hydrophobicity (surface wettability) of Ag-Ta2O5 film was examined by 

measuring the contact angle with a sessile drop of distilled water using a video-based 

optical contact angle measuring system (OCA 15EC; DataPhysics Instruments GmbH; 

Germany). The liquid volume and dropping velocity were fixed at 3 μl and 2 μl.s−1, 

respectively. For surgical tool applications, hydrophobicity is considered a favorable 

criterion. A water-repellant coating surface can prevent blood, lipids and other liquids 

from adhering to surgical instruments. This provides surgeons better visibility, prevents 

excessive patient blood loss, can keep instruments cleaner and prolong their life, and 

most importantly, it can prevent bacterial attachment (Wendlandt et al., 2016). On the 

contrary, a hydrophilic surface that forms a low contact angle can be an ideal place for 

bacteria to grow due to the adherence of fluids. The physical surface features and the 

surface energy can be specified by the wettability and contact angle of a liquid with the 
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surface. The contact angle equilibrium of a droplet on a flat surface, θ0, is given by 

Young’s equation as follows (Suzuki & Ueno, 2016):  

𝜃 =
γLV− γSL

γLV
                                                                                                                                                            (3.1) 

Where ƔSV, ƔSL and ƔLV are interfacial tensions per unit length of solid-vapor, solid-

liquid and liquid-vapor interfaces, respectively. The surface wettability was analyzed by 

sessile drop test, which measures the contact angle between the distilled water drop and 

specimen at the point where the liquid–vapor (ƔLV) interface meets the solid–liquid 

interface (ƔSV), as shown in Figure 3.8. 

 

Figure 3.8: Schematic illustration of the wettability study using the ultra-pure double 

distilled water contact angle 

3.6.3 Micromechanical analysis 

Micro-scratch testing was performed to measure the adhesion strength between the 

film and substrate using a micro-scratch system (Micro Materials Ltd, Wrexham, U.K.).  

In general, the most important features of coated surgical instruments are their stability 

and durability over the long term. For a surgical tool to perform efficiently, it is 

mandatory that its surface does not spall or leach out particles during operation. Hence, 
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a strongly adhering layer of an antibacterial agent that can prevent contamination and 

infection could improve process efficiency significantly (Sharratt, 2006). For this 

purpose, the thin film-substrate adhesion strength was measured quantitatively with a 

micro-scratch tester. Thereby, a friction curve and microscopic observations were 

employed to obtain the critical load (Lc) (Othman et al., 2015). Initially, a load of 0 mN 

was applied with the diamond tip onto the sample. Then the load was gradually 

increased by 1.5 mN/s at a sliding velocity of 6.0 µm/s until a range of 1500-3500 mN 

was achieved over a 1000 µm path line. The morphology of the scratch track profile was 

studied by FESEM. The scratch path line and the damage spot can be measured and 

directly correlated to the load. The critical loads can be determined from the scratch 

profile of the load-displacement graph. For all samples, the scratch direction was set 

from left to right, and three critical loads (Lc1, Lc2 and Lc3) were defined for thin film 

failure  (Hassan et al., 2015). These critical loads are illustrated in Figure 3.9. Lc1 is a 

type of cohesive failure characterized by trackside scratches, followed by mild tensile 

cracking along the scratch path. With a gradual increase in load, delamination was 

dominant on the trackside and this load was denoted Lc2. With further load increment, 

the trackside cracking and delamination became more severe and eventually the thin 

film completely peeled off the substrate along the scratch path (Stuart et al., 2017). This 

critical load was expressed as Lc3.   

         

Figure 3.9: Determining Lc1, Lc2 and Lc3 for measuring the adhesion strength 
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The microhardness was measured with a Vickers microhardness tester 

(Shimadzu, Japan).  Both critical load (adhesion strength) and hardness measurements 

were repeated three times and the average reading was taken to ensure enhanced 

accuracy. 

3.6.4 Topography  

The extended surface topography was measured by noncontact AFM (Park NX 10, 

Korea). AFM allows scanning object surfaces at very high resolution (in the order of a 

few tenths of a nanometer) and translating into numerical and visual surface data. Here, 

the roughness average (Ra; the arithmetic average of absolute values) is used.  

3.6.5 Phase and crystal structure analysis   

The phases were identified by XRD (PANalytical Empyrean, Netherlands) with 

Cu-Kα radiation. The operating voltage and current were set to 40 kV and 40 mA 

respectively over a 2θ range of 10 o to 90 °.  

Crystal structure analysis comprised lamella preparation and selected area electron 

diffraction (SAED). Focus ion beam (FIB) milling (FEI, Helios NanoLab, G3 UC, 

Japan) was utilized to prepare very thin lamellae for transmission electron microscopy 

(TEM). Ion beam platinum (Pt) deposition was performed at 30 kV on the area of 

interest. The Pt deposition dimensions were 10 x 1.5 x 1 µm and the current was 

controlled at 1.6–3.2 nA. High current beams of 6.5–32 nA were then applied to mill 

large amounts of material away from the front and back of the region of interest. The 

bottom and right edge were cut free, leaving just a tab of material on the left side 

holding the lamellae. The easy lift needle was attached to the lamellae using Pt 

deposition, and the sample was lifted out of the bulk material. The lamellae were 

attached to the Cu Grid. Once the probe was secured to the grid, the probe was milled 

free from the lamellae. The lamellae were then thinned to <100 nm with 0.79 nA 
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current. The current was reduced to 80 pA when the thickness approached 100 nm. 

Finally, low energy milling was used to remove the damaged layer developed by FIB 

during lamella formation and to further reduce the lamella thickness. The voltage and 

current used for this milling were 1–5 kV and 100 pA, respectively. 

Approximately 60 nm lamellae were used for selected area electron diffraction 

(SAED). SAED was performed to reveal the phase and crystallinity of the thin film by 

using a transmission electron microscope (JEOL TEM-2100F HRTEM, Japan) at 200 

kV. The value of inter planar spacing (dhkl) was determined using equation (3.2) and 

applied to assign the respective planes as follows: 

𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2+𝑘2+𝑙2
                                                                                                     (3.2) 

Where ‘a’ is lattice parameter and, h, k, l are plane indices. 

3.6.6 Nano-Mechanical analysis 

Nano-indentation test was performed to measure the film’s surface hardness and 

strength using a Nano indenter Device (Hysitron Ubi TI 750H, US).  The experiments 

were conducted using a Berkovich diamond tip with a radius of 100 nm and constant 

displacement control depths of 100 nm. The indentation velocity (displacement rate) 

was 3 nm s -1; once the maximum prescribed depth was reached, loading was stopped 

and the load was kept constant for 10 s. Each indentation was repeated three times and 

the average value was determined. The elastic modulus was calculated using equation 

(3.2) according to the data retrieved (Saha & Nix, 2002). 

1−𝑣𝑠
2

𝐸𝑠
=

1

𝐸𝑟
− 

1−𝑣𝑖
2

𝐸𝑖
                                                                          (3.2) 

Where 𝑣𝑖  , 𝐸𝑖  , 𝐸𝑟 , 𝐸𝑠 , and 𝑣𝑠    are the Poisson′s ratio of the indenter (0.07), 

Young's modulus of the indenter (1140 GPa), reduced modulus, Young’ modulus of the 
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sample, and Poisson′s ratio of the sample (0.342), respectively. 

3.6.7 Surface Chemistry 

The exact elemental composition of the developed thin film was determined by X-

ray photoelectron spectroscopy (XPS, ULVAC-PHI Quantera II, JAPAN). XPS is an 

analysis technique to acquire chemical information of the solid materials’ surface under 

study. XPS can determine composition and the chemical state of surface constituents. 

The material can be characterized by the energy of core electron photoemission as a 

function of its binding energy and the characteristic of the elements from which it was 

emitted. 

3.7 In vitro antibacterial activity 

The antibacterial activity of the coated thin films (400 °C annealed “S1”, 400 °C 

annealed “S7”, 700 °C annealed “S7” and uncoated SS 316L control sample) were tested 

by  halo inhibition zone method. Before the antibacterial activity was performed, the 

control sample, 400 °C annealed “S1”, 400 °C annealed “S7” and 700 °C annealed “S7” 

were sterilized using 70 % ethanol. The measurement of the inhibition zone diameters 

across the short axis (A) and long axis (B) are provided in Figure 3.10. 

 

Figure 3.10: Diameter of inhibition zone measured across the short axis (A) and the 

long axis (B) 
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3.7.1 Evaluation of antibacterial activity in vitro 

The antibacterial activity of the 400 °C annealed “S1”, 400 °C annealed “S7” and 

700 °C annealed “S7” was assessed in comparison to the control sample through halo 

inhibition zone tests using  Gram-negative (Escherichia coli, ATCC 15597) and a 

Gram-positive (Staphylococcus aureus, NCTC 6571) bacteria. Both bacteria were 

cultured overnight in Luria Bertani (LB) broth at 37 °C with 180 rpm agitation. The 

bacterial density was adjusted to 1 x 105 colony-forming units per gram (cfu)/ml using 

LB broth. A sterile cotton swab was used to lawn the bacterial culture on the nutrient 

agar (NA) plate. The control sample, 400 °C annealed “S1”, 400 °C annealed “S7” and 

700 °C annealed “S7” were placed face down on the lawn. The samples were then 

incubated at 37 °C for 17-20 hours and the resulting inhibition zones were measured 

afterwards. All tests were performed in triplicate. 

3.7.2 Sterilization 

Prior to the evaluating the antibacterial activity, the control sample, 400 °C annealed 

“S1”, 400 and 700 °C annealed “S7” were sterilized using 70 % ethanol. The samples 

were soaked in 70 % alcohol for 24 hours followed by washing and soaking in sterile 

distilled water three times for a duration of 4-6 hours each time. The samples were then 

dried at 70 °C for 24 hours and stored in a desiccator until use. 

3.8 In vitro biocompatibility Test 

3.8.1 hBMSCs isolation, culture & seeding 

The University of Malaya Medical Centre (UMMC) Research Ethics Committee 

(ethics number 967.10) granted ethical approval to acquire patient bone marrow 

samples. Human bone marrow aspirate was obtained from subjects (50–70 years old) 

undergoing total knee replacement. Written informed consent was obtained from the 

patients prior to acquiring the samples. The hBMSCs (human bone marrow-derived 
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mesenchymal stromal cells) were isolated as described previously (Bruce et al., 2001). 

The cells were cultured in low glucose Dulbecco’s modified Eagle’s Medium (DMEM, 

Invitrogen, U.S.) supplemented with 10 % fetal bovine serum (FBS, Invitrogen, U.S.), 

100 U/mL penicillin (Invitrogen) and 100 mg/mL streptomycin (Invitrogen) in a T75 

tissue culture flask at 37 °C in a humidified atmosphere with 5 % CO2. The medium 

was renewed at three-day intervals. When the cells grew to near confluence (80-90 %), 

they were detached by trypsin/EDTA (Invitrogen) and then sub-cultured into the next 

passage. For cell attachment and proliferation analyses, passage 2 hBMSCs were seeded 

onto all sample groups in 12-well plates with seeding density of 1×106 cells/ml. 

3.8.2 Cell attachment analysis 

3.8.2.1 Scanning electron microscopy analysis 

Scanning electron microscopy (SEM) analysis was performed to observe surface 

topography of hBMSCs (n=3) seeded on 400 and 700 °C annealed “S7” and uncoated 

SS 316L (control sample). The samples at day 14 were fixed overnight in 4 % 

glutaraldehyde in 0.1M cacodylate buffer and post-fixed for 1 h in 1 % aqueous osmium 

tetroxide. These samples were washed with distilled water in three consecutive steps 

before dehydration through a graded ethanol series (50, 70, 80, 90, 95 and 100 %). The 

samples were subsequently critical point-dried with a Bal-Tec CPD030. The samples 

were mounted on aluminum stubs and sputter coated with gold before examination 

using a tabletop scanning electron microscope (Phenom proX, Desktop SEM). 

3.8.2.2 Confocal microscopy analysis 

Confocal laser microscopy analysis was performed to determine the cell density as 

well as the F-actin remodeling of seeded cells seeded on the material surfaces. The 

hBMSCs seeded on the 400 °C annealed “S7”, 700 °C annealed “S7” and SS 316L (Day 

14; n = 3) samples were stained with green-fluorescent Alexa Fluor 488 phallotoxins F-
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actin and counterstained with blue fluorescent 460 Hoechst 33342 nucleic acid staining 

(Invitrogen). The samples were stained according to the protocol provided by the 

manufacturer. After 20 min of incubation, the samples were washed with phosphate 

buffer saline (PBS) and observed using an inverted confocal laser microscope (Leica 

TCS SP8 X, UK). 

3.8.3 alamarBlue ™ cell viability and proliferation assay 

The cell proliferation (n=4) in 400 °C annealed “S1”, 400 and 700 °C annealed “S7” 

and the control sample was assessed using the colorimetric indicator alamarBlue™ 

assay (Gibco, USA). The assay was carried out based on the percentage of 

alamarBlue™ (AB) reduction on day 1, 3, 7 and 14. The percentage of AB reduced by 

the cells was calculated using the formula provided in the manufacturer’s protocol 

(Gibco, U.S.). AB was directly added into the DMEM in all preparations at a final 

concentration of 10 % and incubated for 10 h. After incubation, 100 μl of medium from 

each plate were transferred into a 96-well plate in duplicates. AB added to media 

without cells served as a negative control. The absorbance in each well was measured at 

570 and 600 nm (reference wavelength) using a microplate reader (Epoch, U.S.). 
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CHAPTER 4: RESULTS & DISCUSSION 

This chapter presents the results and a discussion of the as-deposited and annealed 

single layer (SL) and multilayer (ML) samples of Ag-Ta2O5 and Ag/Ag-Ta2O5 thin film. 

The results are summarized  in Table 4.1. 

Table 4.1: Summary of as-deposited and annealed samples of Ag-Ta2O5 and Ag/Ag-

Ta2O5 thin films 

Method Sample Preparation 

 

A 

“S1” SL deposited at 200 W, 60 sscm, 140 °C 

300 °C annealed“S1” Annealed at 300 °C and 5 °C ramp rate 

400 °C annealed“S1” Annealed at 400 °C and 5 °C ramp rate 

500 °C annealed“S1” Annealed at 500 °C and 5 °C ramp rate 

600 °C annealed“S1” Annealed at 600 °C and 5 °C ramp rate 

 

B 

“S2” ML deposited at 200 W, 60 sscm, 140 °C 

“S3” ML deposited at 300 W, 30 sscm, 140 °C 

“S4” ML deposited at 300 W, 45 sscm, 250 °C 

400 °C annealed“S4” Annealed at 400 °C and 2 °C ramp rate 

“S5” ML deposited at 300 W, 60 sscm, 280 °C 

 

 

 

C 

“S6” ML deposited at 100 W, 45 sscm, 250 °C 

“S7” ML deposited at 200 W, 45 sscm, 250 °C 

250 °C annealed“S7” Annealed at 250 °C and 2 °C ramp rate 

400 °C annealed“S7” Annealed at 400 °C and 2 °C ramp rate 

550 °C annealed“S7” Annealed at 550 °C and 2 °C ramp rate 

700 °C annealed“S7” Annealed at 700 °C and 2 °C ramp rate 
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Table 4.1 continued: Summary of as-deposited and annealed samples of Ag-Ta2O5 

and Ag/Ag-Ta2O5 thin films 

 850 °C annealed“S7” Annealed at 850 °C and 2 °C ramp rate 

“S8” ML deposited at 300 W, 45 sscm, 250 °C 

“S9” ML deposited at 200 W, 45 sscm, ambient 

“S10” ML deposited at 200 W, 45 sscm, 150 °C 

4.1 Method A: “S1” and annealed “S1” of Ag-Ta2O5 thin films 

This section confers the data analysis for the experimental results obtained with Method 

A. The surface microstructure, element composition, cross-sectional view, surface 

wettability, adhesion strength evaluation, surface topography and phase analysis of the 

as-deposited and annealed “S1” samples of single layer Ag-Ta2O5 thin film are 

discussed. Later, the microstructures of the focused ion beam (FIB)-milled section and 

selected area electron diffraction (SAED) of as-deposited “S1” and 400°C annealed Ag-

Ta2O5 thin films are elaborated. The last part addresses an evaluation of the antibacterial 

test for the control and 400 °C annealed “S1” Ag-Ta2O5 thin film samples. 

4.1.1 Surface microstructural analysis of “S1”  

The surface of the as-deposited Ag-Ta2O5 nanocomposite (“S1”) appeared shiny 

black at first. The surface then changed to dull white after annealing, with an increase in 

brightness by increasing the annealing temperature. Figure 4.1(a) presents the FESEM 

microstructural analysis of as-deposited “S1” Ag-Ta2O5 thin film. An even distribution 

of Ag-Ta2O5 nanocomposite particles was observed with the presence of a few Ag 

crystals in the Ag-Ta2O5 matrix.  

.  
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4.1.2 Surface microstructural analysis of  “S1” annealed at 5 °C/min 

 Figure 4.1 (b-f) presents the FESEM microstructural analysis of “S1” Ag-Ta2O5 thin 

film annealed at 300–600 °C and a ramp rate of 5 °C/min. Clustering/segregation of Ag 

initiated in the form of lamellae was observed when the nanocomposite was annealed at 

300 oC. This finding is comparable with Mulligan et al. (2012) work. This is primarily 

due to the high surface energy of the nanosized Ag particles (Figure 4.1(b)). This kind 

of Ag segregation on the surface has been observed by several other researchers. For 

instance, it has been noted that the level of segregation significantly increases with 

increasing Ag content in the thin film and annealing temperature (Lan et al., 2013; 

Velasco et al., 2016). At this stage, the surface of the thin film still had some 

pockets/porosity where the Ag-Ta2O5 composite was found. Annealing further at even 

higher temperatures resulted in Ag phase segregation, as seen in Figures 4.1(c-f). The 

thin film surface was complete covered when these samples were annealed at 

temperatures beyond 400 oC. Such entirely segregated Ag layer with an underlying Ag-

depleted layer has been reported in several ceramic-Ag systems (e.g. CrNAg and 

YSZAgMo) due to the low reactivity of Ag with other constituents and high surface 

energy of AgNPs (Hu et al., 2007; Incerti et al., 2011; Muratore et al., 2005). The effect 

of annealing temperature on the segregation of Ag on the thin film surface was 

confirmed with the help of EDX, as presented in Table 4.1. 

4.1.3 Elemental analysis (EDX) of “S1” and  “S1” annealed at 5 °C/min 

The EDX result of the as-deposited layer shows quite similar contents of Ag and Ta 

with the presence of some oxygen. When the sample was annealed at 300 oC, two 

distinct phases appeared, as seen in Figure 4.1(b). The island regions are Ag segregates 

and the remaining region is slightly leaner in Ag content compared to the unannealed 

sample. Upon annealing at temperatures higher than 300 oC (i.e. 400, 500, and 600 oC), 
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a continuous homogenous layer of Ag segregated on the surface (Figures 4.1(c-f)). This 

layer acts as a barrier preventing the electron beam from accessing the underlying Ta 

and O. Hence, the EDX detector collects minimal (or no) signals from these elements. 

The segregation of Ag as a result of the thermal treatment of the ceramic-Ag layer and 

its morphology were reviewed in detail by (Velasco et al., 2016). 

 

Figure 4.1: FESEM surface morphology of Ag-Ta2O5 thin film. 

(a) as-deposited “S1”, (b) Ag segregation resulting from annealing the as-deposited 

“S1” at 300 °C, (c) image of the 400 °C annealed “S1” and it EDX, (d) magnified image 

of the part highlighted in (c), Ag segregated surface and chemical composition of “S1” 

annealed at (e) 500 °C and (f) 600 °C; EDX of as-deposited “S1”: (g) entire image, (h) 

point 1 and 2, and (i)  300 °C annealed “S1” at point 3 and 4 
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Table 4.2: Elemental analysis of as-deposited “S1”, and annealed combination of Ag-

Ta2O5 thin film corresponding to FESEM surface microstructure in Figure 4.1 

Samples Weight percentage (%) 

Ag Ta O 

As-deposited  

As-deposited (point 1) 

As-deposited (point 2) 

46.92 

76.25 

47.26 

49.30 

17.89 

47.92 

2.64 

3.45 

3.71 

300 °C (point 3) 42.57 49.27 6.95 

300 °C (point 4) 98.44   

400 °C 96.55 1.93  

500 °C 97.00  1.29 

600 °C 97.89  0.63 

 

4.1.4 Cross sectional view of “S1” and  “S1” annealed at 5 °C/min 

Cross-sectional FESEM micrographs of the developed layers are shown in Figures 

4.2 (a-d), while parts (e-f) depict the Ag segregation mechanism schematically. The 

cross section of the as-deposited Ag-Ta2O5 exhibits homogeneous morphology 

throughout the film thickness, as shown in Figure 4.2(a). The thermal treatment 

triggered the diffusion of Ag atoms from the thin film nanocomposite to the surface of 

the specimen. The thermal treatment energy was sufficient for Ag to diffuse but not 

enough for Ta2O5 to fill in the gaps (vacancies) generated by the thermal migration and 

solid-state diffusion of silver atoms (Hu et al., 2007). Actually, the annealing 

temperature was far below the melting point of any of these composite components. The 

generation of porosity as a result of Ag migration from the underlying layer was also 

reported in a previous study (Mulligan et al., 2012). Due to the relatively low reactivity 
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of Ag, almost no intermetallic phase or compound formed between Ag and the other 

constituents, which also led to greater mobility of the Ag atoms (Velasco et al., 2016). 

The XRD and TEM analyses support this argument, as discussed in the subsequent 

section. The thermal treatment increased the thin film thickness because of the porosity 

developed and the stress relief for the constituents of the lower layer. The porosity and 

thin film thickness of the annealed samples increased with the rise in annealing 

temperature (Figures 4.2(b-d)). Samples “S1” annealed at 300, 500 and 600 °C had 

thicknesses of 5.49±0.02, 6.81±0.17, 7.97±0.14 and 8.86±0.05 µm, respectively.  
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. 

 

Figure 4.2: FESEM cross section view of (a) as-deposited “S1”, (b) “S1” annealed at 

300, (c) 500, (d) 600 °C, schematic of Ag particle mobility (e) as-deposited and its 

segregation of (f) annealed sample  
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4.1.5 Surface microstructural and EDX analyses of “S1” annealed at 500 °C 

and 2 °C/min 

Figure 4.3(a-b) presents the FESEM surface morphology and EDX analyses followed 

by the cross sectional microstructure of as-deposited “S1” annealed at 500 °C using 

ramp rate of  2 °C/min. After annealing, Ag apparently segregated in the subsurface as 

depicted in Figures 4.3(c & e), similar to the case of 5 °C/min ramp rate in Figure 4.1.   

However, annealing this nanocomposite at different temperature and time (ramp rate) 

increments displayed distinct surface morphology, elemental composition and film 

thickness results. The effect of ramp rate on the segregation of Ag on the thin film 

surface was confirmed with the help of EDX. Annealing at 2 °C/min showed that the 

thin film still has some morphology (pocket-shaped regions) where Ag-Ta2O5 

composite was present (Figure 4.3(c)). During ramping, the annealing temperature 

encouraged the Ag nuclei to migrate and coalesce with each other, forming larger Ag 

particles (solid-state diffusions). Figure 4.3(c) indicates that the slower ‘Ostwald 

ripening’ rate facilitated the appearance of Ag-Ta2O5 composite pockets.  

In contrast, at a higher ramp rate (5 °C/min) the Ag coalesced faster. Despite the 

segregated Ag being able to cover the film surface at a higher ramp rate, such ramp rate 

could shorten the coalescence time. Since Ag did not have enough time to prolong the 

particle growth, relatively smaller segregated Ag particles are observed, as per Figure 

4.1(e). But Figure 4.3(a) signifies that a lower ramp rate provided Ag sufficient time to 

build relatively bigger segregated particles (Wuu et al., 2000). Accordingly, 

incrementing thin film thickness (7.62±0.02 µm) with microstructure porosity in “S1” 

annealed at 500 °C and 5 °C/min ramp rate is also noted in “S1” annealed at 500 °C but 

at 2 °C/min ramp rate. The thickness increment of “S1” annealed at 500 °C and 2 
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°C/min was 4.6 % lower than “S1” annealed at 500 °C and 5 °C/min to the slower Ag 

coalescence process. 

 

 

Figure 4.3: FESEM surface morphology of Ag-Ta2O5 thin film and its EDS followed by 

cross section views of (a,b) “S1” annealed at 500 °C and 2 °C/ min   

 
4.1.6 Surface wettability of “S1” and annealed “S1”  

Figure 4.4 exhibits an increasing trend in the contact angle as a function of annealing 

temperature, suggesting the suitability of annealing treatment for Ag-Ta2O5 thin films. 

The contact angle of the as-deposited “S1” was 55.8±1.7 °. This low contact angle is due 

to the distribution of Ag-Ta2O5 nanocomposite particles size on the surface. However, 

the angle enlarged upon annealing at 300 °C (58.6±5.0 °), 400 °C (62.3±1.0 °), 500 °C 

(75.4±2.3 °) and 600 °C (91.6±0.8 °). This is positively correlated with the Ag particle 

size which progressively segregated after the annealing thermal treatment.  
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Figure 4.4: Contact angle on as-deposited “S1” and “S1” annealed at 300, 400, 500 

and 600 °C of Ag-Ta2O5 thin films 

4.1.7 Adhesion strength of “S1” and  “S1” annealed at 5 °C/min 

Table 4.3 tabulates the thin film adhesion and hardness results of as-deposited “S1” and 

the samples subsequently annealed at 300–600 °C and 5 °C/min ramp rate. The test 

signified that Ag-Ta2O5 nanocomposite thin film “S1” annealed at 400oC achieved the 

strongest adhesion strength. The as-deposited “S1” exhibited the highest microhardness 

value. The microhardness decreased with an increase in annealing temperature and it 

became constant after the significant Ag segregation on the surface at 400 oC. The 

decreased in microhardness after annealing temperature is attributed to the significant 

change in surface morphology as affirmed in FESEM microstructural and will 

elaborated further in the surface topography section. 
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Table 4.3: Thin film adhesion strength and hardness values of as-deposited “S1” and 

“S1” annealed Ag-Ta2O5 thin films 

 

Samples 

Critical load 

(mN) 

Hardness 

(Hv 0.3) 

As-deposited 728 ±20 178 ±1 

300 °C annealed 2105 ±25 156 ±2 

400 °C annealed 2927 ±84 148 ±0 

500 °C annealed 2259 ±60 148 ±1 

600 °C annealed 946 ±141 148 ±2 

 

Figure 4.5 represents the corresponding adhesion strength analysis graphs of depth 

(I), load (II) and friction (III) versus distance for (i) as-deposited “S1” and (ii) sample 

subsequently annealed at 400 oC (with the highest adhesion strength). The failure points 

on the thin films are marked. The scratch distance denotes the total distance required for 

the scratch track to remove the thin film layer (Blees et al., 2000). The critical load 

determines the amount of load that the thin film layer can withstand before substrate-

thin film transition (failure) occurs to provide the adhesion strength value. 

In order to determine the actual failure point on the coated thin film accurately, 

FESEM images and EDX analysis were employed. In Figure 4.5(a), as the load 

increased progressively abrasion signs were noticed before full failure occurred at a 

distance of 462 µm (SEM micrograph in Figure 4.5(b)) from the circular mark. A load 

of 738 mN was required to remove the as-deposited “S1” thin film. According to Figure 

4.5(c), the scratch progression started with chipping at both edges of the scratch track. 

Point P5 signified the actual failure point where a distance of 822 µm and load of about 
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3000 mN were needed until the substrate was totally exposed (Figure 4.5(d)). The 3000 

mN load value is significantly higher than in any earlier reports. The enhanced adhesion 

strength was achieved on account of the anchoring effect between the thin film coating 

and substrate. Similar findings have been established in other studies on thin films 

(Arslan et al., 2010; Jingjing et al., 2015; Jocham et al., 2011; Xu et al., 2015). It is 

highly possible that solid-state diffusion followed the thermal treatment, which resulted 

in high adhesion strength.   
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Figure 4.5: FESEM images of scratch test on as-deposited “S1” Ag-Ta2O5 layer (a,b) 

and 400 °C annealed “S1” (c,d) followed by respective adhesion strength analysis (depth 

and load versus distance graph) and EDX analysis 

Univ
ers

ity
 of

 M
ala

ya



 

 

67 
 

   Table 4.4 summarizes the elemental analysis of 5 points on the scratches in Figures 

4.5(i) as-deposited “S1” and ii) sample subsequently annealed at 400 oC. At point P1, 

EDX revealed about 60.7, 32.2 and 5.2 % Ag, Ta and O in the thin film, respectively. At 

point P2, EDX primarily identified substrate elements that suggest complete thin film 

removal. Point P2 clearly shows the actual failure point at a scratch distance of 512 µm 

with 738 mN adhesion strength. At point P4, EDX revealed only Ag-Ta2O5 elements 

(40.5 % Ag, 41.2 % Ta) and small concentrations of C (2.8 %) and Fe (1.9 %) similar to 

the untreated sample. However, at P5 only 8.1 % Ag was present with dominant 

substrate elements, suggesting complete thin film delamination. Figure 4.5(b) suggests a 

combination of ductility from Ag and hardness from the Ta2O5 layers in section Lc3 

corresponding to the Ag-Ta2O5 rich layer, which is in agreement with the 

microstructural findings. 

Table 4.4: Elemental analysis of five points corresponding to FESEM surface scratch 

image of as-deposited “S1” and 400 °C annealed “S1” of Ag-Ta2O5 thin film 

Spectrum  Element composition (weight %) 

Thin film 
elements 

Substrate 

 elements 

Ag Ta O Fe Cr Ni C Mo F Si 

P1 60.7 32.2 5.2        

P2    66.8 16.3 13.8  2.3  0.8 

P3    63.8 15.9 14.2 2.1 1.9 1.6 0.7 

P4 40.5 41.2 8.3 1.9   2.8    

P5 8.1   58.6 14.8 9.1 3.1 1.6   
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4.1.8 Adhesion strength of  “S1” annealed at 500 °C and 2 °C/min   

Figure 4.6 represents the corresponding graphs of depth (I), load (II) and friction 

(III) versus distance for the Ag-Ta2O5 sample “S1” annealed at 500 °C and 2 °C/min 

ramp rate. By comparing Figure 4.6(a) and (b), as the load increased progressively 

chipping noticed at distance of 380 µm in (a) and 230 µm (b) suggesting that “S1” 

annealed at 500 °C and 2 °C/min is more resistant to the scratch. The failure points on 

the thin films are marked. As seen in Figure 4.6(a), the failure point on “S1” annealed at 

500 °C and 2 °C/min occurred at 726 µm and about 2700 mN of load. Moreover, after 

the failure point, the delamination on “S1” annealed at 500 °C and 2 °C/min was less 

severe. It is shown that the adhesion strength of this sample (2701±50.74 mN) overrides 

the sample annealed at 500 °C and 5 °C/min ramp rate (Figure 4.6(a)). 

. 
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Figure 4.6: FESEM image of scratch test on “S1” annealed at 500 °C and (a) 2 °C/ 

min and (b) 5 °C/ min followed by respective adhesion strength analysis (depth and load 

versus distance graph) 

4.1.9 Surface topography of “S1” and annealed “S1”  

The surface topography of all layers developed was analyzed via the atomic force 

microscopy (AFM) measurements. Figures 4.7(a-f) illustrate the AFM views of as-

deposited “S1” and the annealed Ag/Ag-Ta2O5 thin film sample “S1”. The AFM surface 

topography is very much in agreement with the topographic features visible in the 

FESEM image in Figure 4.1. Figure 4.7(a) exhibits low surface roughness with several 
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hills and valleys (similar to Figure 4.1(a), which is a characteristic feature of the as-

deposited “S1” layers. Upon exposure to heat during annealing at 300 oC, the peak 

height and surface roughness increased owing to the Ag segregation (Figure 4.7(b)). 

 

Figure 4.7: AFM view, grain height in Z direction and surface roughness value 

(RMS) 

(a) 3 D view of the as-deposited “S1”, (b) 3 D view of the 300 °C annealed “S1” , (c) 

3 D view of the 400 °C annealed “S1” (d) 2 D view of the 400 °C annealed “S1” with 

cross sectional topography and height distribution of grain size in Z direction, (e) 3 D 

view of the 500 °C annealed “S1” , (f) 3 D view of the 600 °C annealed“S1”.  
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With a further increase in annealing temperature (to 400 oC), significant Ag segregation 

started. Thus, Ag did not cover the whole surface, leaving a few pockets and exposing 

the nanocomposite (Figure 4.7(c)). This segregation yielded the lowest combination of 

peak height and roughness primarily due to the fine grain size of the segregated Ag 

crystals. Further annealing at higher temperatures (500 and 600 oC) resulted in Ag 

segregation lamellae with larger crystallite size due to the Ostwald ripening effect 

(Velasco et al., 2016). The excessive crystallization was responsible for the high 

variance in peak height and roughness observed in Figures 4.7(e & f).  

Table 4.5 compares the surface roughness and contact angle values of all samples. The 

observations indicate that increasing the annealing temperature of as-deposited Ag-

Ta2O5 (“S1”) from 300 to 600 °C resulted in a linear increase in contact angle. Due to 

the homogenous sputtering, the roughness of as-deposited “S1” was very low, but it 

increased drastically because hill and valley-like structures developed due to the partial 

agglomeration of Ag particles when annealing at 300 °C (Figure 4.7(b)).  

Table 4.5: Comparison of surface roughness and contact angle values of as-deposited 

“S1” and annealed “S1” Ag/Ag-Ta2O5 thin films 

Samples Surface roughness (nm) Contact angle (°) 

As-deposited 18 55.8±1.7 

300 °C  39 58.5±5.0 

 400 °C 28 62.3±1.0 

500 °C 14 75.4±2.3 

600 °C 66 91.6±0.8 

 

Univ
ers

ity
 of

 M
ala

ya



 

 

72 
 

4.1.10 Phase analysis of “S1” and “S1” annealed at 5 °C/min 

Structural analysis of the developed composite layers was carried out using XRD 

and SAED. The as-deposited Ag-Ta2O5 “S1” layer displayed only the presence of Ag 

(ICSD No. 98-002- 4387) on the surface due to the amorphous nature of as-developed 

TaO. According to the X-ray diffraction pattern, TaxOx crystallizes at temperatures 

above 600 oC, which conforms with other findings (Zhabrev et al., 2004).  

The XRD pattern of the as-deposited “S1” exhibited significant noise, denoting the 

presence of amorphous content in the layer. Annealing the coated samples at 300 oC and 

above presented excessive Ag segregation and crystallization on the surface, which 

exposed only Ag to the X-rays, resulting in peak intensity enhancement. In the sample 

annealed at 500 oC (sufficiently high temperature), Ag near the surface reacted with 

Ta2O5 to form AgTaO3 (ICSD No. 98-004-0830). Very low intensity peaks for this new 

phase appeared at this temperature, but the peaks significantly strengthened for the 

sample annealed at 600 oC (Figure 4.8). 

 Upon annealing at higher temperatures, the individual islands joined together, 

resulting in decreased surface roughness that continued to decrease at 500 oC annealing 

due to further grain growth (Figures 4.7(c, e)). Annealing at 600 oC stabilized the newly 

developed AgTaO3 phase, which is evident in the XRD pattern in Figure 4.8. This new 

phase (rhombohedral crystalline structure) was probably responsible for the greater 

roughness of the sample due to the different crystalline morphologies of Ag (face 

centered cubic). 
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Figure 4.8: XRD patterns of nanocomposite Ag-Ta2O5 thin film of as-deposited “S1”  

and after annealing at 300, 400, 500 and 600 °C 

4.1.11 Phase analysis of “S1” annealed at 500 °C and 2°C/min  

Figure 4.9 shows the XRD patterns of 500 °C annealed “S1”of Ag-Ta2O5 prepared at 

2 °C/min and 5 °C/min ramp rate. “S1” annealed at 2 °C/min ramp rate had greater Ag 

peak intensity than the sample annealed at the same temperature and 5 °C/min ramp 

rate. This result is correlated with the bigger segregated Ag particles (Figure 4.3(a)). In 
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addition, the slower coalescence suggests that the stability of Ag during migration 

prevented the reaction with Ta2O5 from forming AgTaO3 (ICSD No. 98-004-0830). 

 

Figure 4.9: (a) XRD patterns of 500 °C annealed “S1”prepared at 2 °C/ min and 5 

°C/min of Ag-Ta2O5 thin film 

4.1.12 Microstructure of FIB milled section of “S1” and 400 °C annealed “S1” 

An FESEM analysis of the FIB-milled section is presented in Figure 4.10. The FIB 

cross section of the as-deposited “S1” layer is shown in Figure 4.10(b) and that of the 

400 oC annealed “S1” layer of Ag-Ta2O5 is shown in Figure 4.10(d). Figure 4.10(b) 

suggests a homogeneously deposited layer throughout the thin film thickness. The 

sections highlighted in Figures 4.10(b) and (d) were selected for SAED analysis, which 
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is displayed in Figure 4.11. Three (3) regions are recognized in Figure 4.10(d). The 

bottom region is brighter, where Ag was depleted due to the migration of Ag towards 

the surface. The middle region with a contrast still contained some Ag due to the lower 

annealing temperature (400 oC). The top lamellae denote pure segregated Ag that 

migrated from the bottom due to its lower reactivity and higher surface energy, as 

discussed in earlier sections. 

 

Figure 4.10: FESEM image of FIB section, (a,b) as-deposited “S1” layer, (c,d) 400 

°C annealed “S1” 
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4.1.13 TEM-SAED analysis of  “S1” and 400 °C annealed “S1”  

Figure 4.11 presents the SAED analysis of selected sections on the Ag-Ta2O5 thin 

film as-deposited “S1” (a-c) and the 400 oC annealed “S1” (e-f). The zone highlighted 

in Figure 4.11(a) was targeted for high-resolution TEM imaging, after which the SAED 

pattern was determined as shown in Figure 4.11(b).  

 

Figure 4.11: TEM image of targeted section in b (a), SAED ring pattern of 

targeted region in a (b), lattice image of the Ag (1 1 1) plane of the as-deposited “S1” 

(c), TEM image of 400 oC annealed “S1” (d), SAED ring pattern of targeted region in d, 

and (e) lattice image of the Ag (1 1 1) for 400 oC annealed “S1”  

The SAED pattern of the as-deposited “S1” layer confirms the presence of 

polycrystalline, unreacted, pristine Ag in the layer, as affirmed earlier by the XRD 

analysis. From the d-spacing calculation the diffraction rings can be indexed as (1 1 1), 

(0 0 2), (0 2 2), (1 1 3) and (2 2 2) for Ag. The lattice fringes of polycrystalline fcc Ag 

showing the lattice parameter of the Ag (111) plane can be seen in Figure 4.11(c). Due 
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to the amorphous nature of Ta2O5, its diffraction pattern could not be achieved. 

Similarly, a TEM image targeting the segregated Ag zone is presented in Figure 4.11(d). 

The SAED ring patterns of the targeted region are indexed as (1 1 3), (0 2 2), (0 0 2), (2 

2 2) and (1 1 1) Ag planes. The same (1 1 1) plane for fcc Ag with the lattice parameter 

0.229 nm is highlighted in Figure 4.11(f).   

4.1.14 In-vitro antibacterial activity of 400 oC annealed “S1”  

The antibacterial activity of the 400 oC annealed “S1” of Ag-Ta2O5 thin film was 

also examined. This sample demonstrated a halo inhibition zone around both S. aureus 

and E. coli as opposed to the uncoated SS 316L (control sample) with no halo inhibition 

zone (Figure 4.12). Measurements of the inhibition zone diameters across the short axis 

(A) and long axis (B) are given in Table 4.5. The 400 oC annealed “S1” results are (A: 

13.33±0.58; B: 23.67±0.58) for S. aureus and (A: 12.33±1.15; B: 22.00±0.00) for E. 

coli. 

.  
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Figure 4.12: Halo inhibition test showing a (a,c) survived colonies of S. aureus and 

E.coli on the control sample, (b,d) zone of growth inhibition of  of S. aureus and E.coli 

by 400 oC annealed “S1”. The images are representative of three replicates 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

 

79 
 

Table 4.6: Average inhibition zone diameter of 400 °C annealed “S1” and control 

sample against S.aureus and E.coli. 

Test bacteria 

Average inhibition zone diameter (mm) 

Control sample 

(mm) 

400 °C annealed “S1” 

(mm) 

A B A B 

Staphylococcus aureus 

(NCTC 6571) 

No 

inhibition 

No 

inhibition 13.00 ±1.00 12.33 ±1.15 

Escherichia coli (ATCC 

15597) 

No 

inhibition 

No 

inhibition 23.67 ±0.58 22.00 ±0.58 

 

4.1.15 Summary 

The as-deposited “S1” nanocomposite layer exhibited low adhesion strength and 

higher wettability. The annealing process improved its mechanical stability 

significantly. Annealing resulted in significant Ag segregation at the surface, enhanced 

thin film adhesion strength and limited wettability. However, the best thin film adhesion 

strength was achieved by annealing the as-deposited “S1” at 400 °C, which may have 

resulted due to a compromise between excessive Ag segregation and grain growth at 

500 and 600 °C. Moreover, the new phase (AgTaO3) that precipitated in the “S1” 

samples annealed at 500 and 600 °C and 5 °C/min ramp rate may have been responsible 

for the reduced surface integrity. However, in the 500 °C annealed “S1” no AgTaO3 

compound formed at 2 °C/min. Unlike the control sample, the 400 °C annealed “S1” 

acted as an antibacterial agent against the S. aureus and E.coli pathogen. 

Univ
ers

ity
 of

 M
ala

ya



 

 

80 
 

4.2 Method B: “S2” to “S5” and 400 °C annealed “S4” of Ag/Ag-Ta2O5 thin films 

          This section represents the data analysis of the experimental results obtained with 

Method B. The effects of deposition power and argon flow rate, argon flow rate and 

substrate temperature, and thermal treatment on the microstructure of the as-deposited 

samples are discussed first. In the second part, the elemental composition, surface 

wettability, adhesion strength and phase analyses of the as-deposited samples and 400 

°C annealed “S4” are detailed.  

4.2.1 The effect of power and argon flow rate on the microstructure of “S2” and 

“S3” 

FESEM microstructural and elemental analyses were performed to compare the 

characteristics of as-deposited (“S2” to “S5”) and annealed “S4” of Ag/Ag-Ta2O5 in 

terms of morphology and composition. Figures 4.13(a-h) illustrate the surface 

morphology and cross-sectional views of the as-deposited thin film samples in different 

magnetron sputtering conditions. As listed in Table 3.1, in the first case “S2”and “S3” 

were prepared with different combinations of deposition power and Ar:O2 gas flow rate 

ratio. The effects of these combinations on the surface morphology and cross-sectional 

microstructure were studied. A constant substrate temperature of 140 °C was used 

during magnetron sputtering deposition.   

Sample “S2”, which was deposited at 200 W and Ar: O2 flow rate ratio of 10:1, 

exhibited a homogenous distribution of Ag-Ta2O5 composite particles with the presence 

of irregular 0.5–20 µm bumps on the as-deposited thin film surface (Figure 4.13a). It is 

observed that Ag-Ta2O5 nanocomposite particles with average size of 30 nm were 

deposited on the surface, as shown in the magnified image in Figure 4.13(a). According 

to the cross-sectioned view in Figure 4.13(b), the high ratio of Ar:O2 (10:1) is believed 

to have been accounts for the formation of a tilted columnar microstructure with 
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randomly arranged geometry at the very top surface of the film. The high Ar flow rate 

may be attributed to the higher sputtering rate due to the high ionization fraction (Stan 

et al., 2010). Thus, it is proposed that the energetic ion fraction promoted the imbalance 

of incoming particles as a result of the super high kinetic energy and consequent 

glancing angle of the particles (Dervaux et al., 2017; Loch & Ehiasarian, 2016). In this 

way, the 60 ° tilted columnar morphology grew (Figure 4.13(b)).   

 

Figure 4.13: (a, b) FESEM surface morphology, EDX and cross-section views of as-

deposited “S2”; (c, d) “S3” ; (e, f) “S4”; and (g, h) “S5”, respectively, of Ag/Ag-Ta2O5 

thin film  
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For “S3” exposed to DC/RF of 300 W and Ar:O2 flow rate ratio of 5:1, Ag particle 

segregation became dominant. Ag particles strongly tended to segregate on the 

composite surface because Ag has a higher deposition rate than Ta. Figure 4.13(c) 

shows that the increasing deposition power facilitated microstructural change. During 

equilibrium deposition, the Ag and Ta particles were continuously depositing. But 

towards the end of the deposition process, Ag mobility was unrestricted and continued 

moving over the surface as agglomerated Ag (Velasco et al., 2016). As observed in 

Figure 4.13(d), the cross-sectional image of “S3” indicates a perpendicular columnar 

pattern along the coating layer that resulted from the low ratio of Ar:O2 (5:1). This first 

case shows that the deposition power affected the surface morphology and the Ar:O2 

ratio was more significant. 

4.2.2 The effect of Ar:O2 flow rate ratio and substrate temperature on the 

microstructure of “S4” and “S5”   

Since “S3” exhibited uniform surface morphology, the deposition power was kept at 300 

W for the second case as well. The Ar:O2 gas flow rate ratio and substrate temperature 

of “S4” and “S5” were varied (Table 3.1) in order to observe their effects on surface 

morphology and cross-sectional microstructure. As shown in Figures 4.13(c, e & g), the 

compactness pattern of the surface morphology increased with increasing substrate 

temperature. The highest substrate temperature induced the volatilization of the arriving 

sputtered particles. Hence, these particles acquired enough energy to diffuse into the 

substrate  (Li et al., 2009). Moreover, the Ag particles appeared in all sets of as-

deposited “S3”, “S4” and “S5” samples with 6.2±0.3, 5.5±0.3 and 4.7±0.2 µm thickness, 

respectively, and which were deposited at a constant 300 W. In addition, a finer 

columnar structure that formed perpendicular to the substrate’s surface was generated 

on “S3” and “S4” at low and medium (5.0:1 and 7.5:1) Ar:O2 flow rate ratios. The 
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perpendicular coating growth on the top surface was instigated by the lower mobility of 

the arriving particles. The particles were not as mobile as the particles in S2, which 

yielded a stable motion of arriving particles along the sputter flux (Loch & Ehiasarian, 

2016). According to Figure 4.13(h) corresponding to “S5”, the 60 ° tilted columnar 

microstructure was influenced by the high Ar content. This result is similar to the “S2” 

surface obtained with Ar flow rate of 60 sccm and 200 W in Figure 4.13(b). For this 

second case it can be concluded that the substrate temperature has a significant effect on 

surface morphology, while the Ar:O2 ratio has an effect similar to the first case. 

4.2.3 The effect of thermal treatment on the microstructure of “S4” 

After annealing the as-deposited “S4” at 400 °C (400 °C annealed S4), Ag segregation 

and agglomeration were distinguishable at the surface of the Ag/Ag-Ta2O5 

nanocomposite film. This kind of Ag segregation resembles the so-called land-lake 

shape (Figures 4.14(a-c)). The thermal temperature supplied in the annealing process 

was sufficient to enhance the kinetic energy of the Ag particles, which was responsible 

for diffusing Ag to the surface and crystallizing the segregated Ag particles. However, 

although this energy state was not adequate for Ta2O5 migration, it still triggered the 

diffusion of Ag particles to the surface. The Ag particles diffused to the surface also on 

account of the chemical potential, surface energy and strain energy (Velasco et al., 

2016). The low reactivity of Ag with the Ta2O5 ceramic in the as-deposited “S4” yielded 

poor Ag-Ta2O5 bonds. This type of relation is potentiated by the columnar morphology 

of PVD films and the mismatch of thermal expansion between film and substrate, thus 

allowing Ag diffusion and influencing segregation (Bunting & Cheung, 2016).  
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Figure 4.14: (a) FESEM surface morphology, (b) magnified view of square box from 

(a), (c) nano particle size of magnified view of square box from (b), (d) EDS spectrum 

at point 1 of land area (e) EDS spectrum at point 2 of lake area (f) cross sectional  view 

of 400 °C annealed “S4” 

The columnar-like morphology facilitated a smooth path, while the thermal expansion 

mismatch incorporated the strain energy into the film system. This combination induced 

the Ag segregation process. The annealing treatment changed the coating thickness to 

6.5±0.1 µm due to the formation of porosity in the layer below. The magnified square 
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box of the lake shape in Figure 4.14(b) revealed that 50–80 nm Ag-Ta2O5 

nanocomposite assembled on the surface of the 400 °C annealed “S4” as shown in 

Figure 4.14(c). The nanosize Ag-Ta2O5 composite at the surface of the as-deposited 

“S4” and 400 °C annealed “S4” is highly favorable for interaction with micron-size 

bacteria. 

4.2.4 EDX of “S2” to “S5”  and 400 °C annealed “S4”  

 The EDX measurements of the surfaces of all as-deposited Ag/Ag-Ta2O5 thin 

films indicate that Ag, Ta and O were successfully deposited, with Ag as the major 

element (Table 4.6). This indicates the absence of contamination during PVD and 

annealing. In the case of the 400 °C annealed “S4”, 100 % of the Ag element was 

observed in the “land” area, confirming Ag segregation on the surface. In the “lake” 

area, the oxygen percentage as an indication of an oxide layer increased up to 6.58 %, 

which suggests the occurrence of oxidation due to the residual O2 in the annealing 

furnace.  

Table 4.7: EDX of multilayer as-deposited samples as well as 400 °C annealed “S4”  

 

Samples 

 Elemental composition (weight %) 

 Ag Ta O 

“S2”  55.1 42.29 2.61 

“S3” 

“S3” 

 

Ag rich 

60.11 

85.03 

37.00 

14.97 

2.89 

 

“S4” 

“S4” 

 

Ag rich 

58.65 

90.31 

39.01 

9.69 

2.34 

 

“S5” 

“S5” 

 

Ag rich 

54.99 

86.39 

41.93 

13.61 

3.08 
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Table 4.7 continued: EDX of multilayer as-deposited samples as well as 400 °C 

annealed “S4” 

400 °C annealed “S4” Land area 100 - - 

400 °C annealed “S4” Lake area 59.38 34.04 6.58 

 

4.2.5 Surface wettability of “S2” to “S5” and 400 °C annealed “S4”  

Figures 4.15 indicate that the contact angles of SS 316L and as-deposited “S2” to “S5” 

were 41.5±3.2 °, 45.6±1.1 °, 45.7±3.5 °, 43.4±3.3 ° and 68.1±0.7 ° respectively. The 

contact angle increased drastically to 101.2±0.9 ° after heat treating the “S4” thin film. 

This suggests that surface wetting after deposition and annealing was more favorable, 

whereby the hydrophobic properties of the crystallized Ag/Ag-Ta2O5 coating improved 

more than two-fold those of SS 316L.  
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Figure 4.15: Contact angle on the SS 316L bare substrate, as-deposited “S2” to “S5” and 

400 °C annealed “S4” of Ag/Ag-Ta2O5 thin film 

4.2.6 Adhesion strength and hardness of “S2” to “S5” and 400 °C annealed “S4”  

Table 4.8 summarizes the thin film adhesion and hardness results of as-deposited “S2” 

to “S5” and 400 °C annealed “S4”. Sample “S4” was selected for annealing at 400 °C 

due to its comparatively better adhesion strength. 
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Table 4.8: Thin film adhesion strength and hardness values of as-deposited samples 

and 400 °C annealed “S4” of Ag/Ag-Ta2O5 thin films 

 

Samples 

Critical load 

(mN) 

Hardness 

(Hv 0.3) 

“S2” 777 ±37 129 ±1 

“S3” 1022 ±75 146 ±0 

“S4” 1159 ±126 145 ±0 

“S5” 916 ±128 151 ±0 

400 °C annealed “S4” 2916 ±147 156 ±1 

 

According to the adhesion strength results of as-deposited “S2” to “S5” with different 

magnetron sputtering parameters, the optimum combination of 300 W DC and RF, 7.5:1 

argon-oxygen flow rate ratio and 250 °C substrate temperature yielded the highest 

adhesion strength of 1159 ±126 mN (“S4”). The adhesion strength in this study was 

significantly higher than that in a study by Rahmati et al. (2015b), who reported 713 

mN for as-deposited Ta/TaO thin film coated on titanium alloy. In the present study, the 

improved adhesion strength can be attributed to the multilayer Ag-Ta2O5 

nanocomposite’s intrinsic behavior. The optimum adhesion result achieved for S4 shows 

that the ideal combination of parameters is key to enhanced adhesion strength  (Bushroa 

et al., 2011; Sarraf et al., 2016). After annealing the “S4” at 400 °C annealing 

temperature, the adhesion strength increases up to 2916 ±147 mN. 

The corresponding graphs of depth (I), load (II) and friction (III) versus distance as well 

as the sample’s failure points during the scratch experiments are presented in Figure 

4.16. The failure points of the as-deposited “S4” and 400 °C annealed “S4” are labelled 

accordingly in the figure. 
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Figure 4.16: FESEM images from scratch testing and EDX analysis of (a) as-

deposited “S4” and (b) 400 °C annealed “S4” followed by the respective adhesion 

strength analyses (depth and load versus distance graphs) 

According to Figure 4.16(a), when the load was gradually increased, chipping of the 

coating was observed before failure at a distance of 783 µm. At this point, it took a load 

of 1300 mN to delaminate the coating layer from the 316L stainless steel substrate. 

Because such extensive load can cause the coating to peel off from the substrate, the 

steel substrate surface will be exposed at the end of the scratch track. In the 400 °C 

annealed “S4”, failure was initiated when chipping appeared on both tracksides. When 

the load was increased, the thin film delaminated from the substrate at a distance of 845 

µm. It is determined in this study that failure is inevitable when the load reaches 3001 
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mN. The elemental analysis (wt.%) of seven spectra corresponding to the FESEM 

micrograph images of the surface scratches on as-deposited “S4” and 400 °C annealed 

“S4” is summarized in Table 4.9. 

Table 4.9: Elemental analysis of seven point corresponding to FESEM surface scratch 

images (Figure 7) of as-deposited “S4” (P1- P5) and 400 °C annealed “S4” (P6-P7)  

 

 

 

Point 

Elemental composition (weight %) 

Coating elements Substrate elements 

Ag Ta O C Fe Cr Ni Mo S Si 

P1 65.7 27.1 3.8   -    -    -    -    -   -   - 

P2 65.5 29.5 2.0 3.0    -    -    -    -   -   - 

P3    -    -   - 3.4 67.2 17.2 9.7 2.5   -   - 

P4 4.5    -   - 3.4 62.3 16.0 10.8 1.8 0.5 0.8 

P5    -    -   -  65.9 17.6 8.7 2.0 1.9 0.5 

P6 60.96 34.93 4.11   -    -    -    -    - -   - 

P7 41.81 3.15   -   - 40.60 14.44    -    - -   - 

  

At the chipping area (site) designated as point P1, the EDS analysis revealed the 

absence of substrate elements but the coating contained 65.7 % Ag, 27.1 % Ta and 5.2 

% O. Due to chipping, 3 % C was detected at P2, which marked the initiation of coating 

removal. Point P3 is recognized as the point where failure began after applying a scratch 

distance of 783 µm, which is equivalent to a critical load of 1300 mN. However, the 

EDS of P4 shows the presence of 4.5 % Ag because the Ag interfacial layer was not 

completely removed under 1300 mN load. A minor balance of Ag element at P4 
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suggests that the bond between the Ag interlayer and Ag-Ta2O5 coating layer was not as 

strong as the bond between the Ag interlayer and 316L stainless steel substrate. In terms 

of ionic or covalent chemical bonds, it is known that the atomic bond configuration of 

ceramic is different from metal. The outermost electron configuration of ceramic 

material is extremely stable compared to that of metallic material. Therefore, it is not 

surprising that it is difficult to achieve stable bonding between ceramic and metallic 

atoms (Uday et al., 2016). At this point, the entire Ag/Ag-Ta2O5 coating was completely 

removed.  

For the 400 °C annealed “S4”, the elemental analysis in Table 4.9 reveals that the 

coating elements at spectrum P6 comprised 60.96 % Ag, 34.93 % Ta and 4.11 % O. The 

absence of substrate elements indicates that coating failure had not yet occurred. Point 

P7 reflects that actual failure took place at a distance of 845 µm and load of 3001 mN, 

where the annealed coating was delaminated. At this particular point, traces of Fe and 

Cr from the substrate and Ag and Ta elements from the coating were detected. 

However, 42.53 % Ag, 3.94 % and 1.7 2% Ta were still detected in the coating’s scratch 

track. This could be attributed to the fact that heat treatment promoted the diffusion of 

coating elements into the substrate surface, which inevitably improved the magnitude of 

adhesion (Stan et al., 2009; Stan et al., 2013). where heat treatment affected the 

adhesion strength of the Ag/Ag-Ta2O5 coating. Annealing at 400 °C yielded the best 

coating characteristics suitable for target applications. 

4.2.7 Phase Analysis of “S2” to “S5” and 400 °C annealed “S4”  

Figure 4.17 illustrates the XRD pattern of the as-deposited multilayer Ag/Ag-Ta2O5 thin 

film samples referred to as-deposited “S2” to “S5” as well as the 400 °C annealed “S4“. 

All four as-deposited thin films displayed a similar Bragg diffraction angle position for 

each noticeable peak. No peak shift was observed due to the equal lattice parameter size 
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in the crystallographic system of all thin film samples (Chuang et al., 2017). Ag peaks 

appeared at position 2θ of 38.12, 44.40, 64.51, 77.36 and 81.55 °. Meanwhile, the 

orientations of the associated cubic crystal planes were identified as (1 1 1), (0 0 2), (0 2 

2), (1 1 3) and (2 2 2), respectively, consistent with the standard data file ICSD No. (98-

004- 4387).  

By observing the diffracted peaks at 2θ of 38.12 to 81.55 ° for all as-deposited thin film 

samples, it is evident that both Ag and Ta2O5 ceramic phases in the thin film crystalized 

poorly (Figure 4.17). Other studies support this finding (Chiu et al., 2014; Varlashkin, 

2011).   

The Ag particles segregated at the surface and crystallization was achieved after 

annealing. Consequently, the Ag peak changed abruptly to a sharper and narrower 

diffraction peak. The significant increase in the XRD pattern peak intensity for the 400 

°C annealed “S4” (Figure 4.17) suggests the highest adhesion strength. This indicates 

the segregation of Ag particles, which is further verified by the FESEM surface 

microstructure in Figure 4.13(a).  
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Figure 4.17: XRD diffraction patterns of Ag/Ag-Ta2O5 thin film as-deposited and 

400 °C annealed “S4” 

4.2.8 Summary 

The power, argon flow rate and substrate temperature affected the thin film morphology 

in terms of Ag distribution, cross-sectional structure and compactness, respectively. The 

optimum conditions for the morphology of as-deposited PVD multilayer Ag/Ag-Ta2O5 

on SS 316L yielded an adhesion strength of 1159±126 mN (as-deposited “S4”). The 

bonding between the amorphous structure and SS 316L substrate improved extensively 

(by about 152 %) up to 2916±147 mN after annealing at 400 °C. It was found that the 

optimal coating surface provided a relatively homogenous annealing microstructure. Ag 
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segregation, phase transformation and wettability improved by the as-deposited “S4”. 

Segregated Ag and a coarser coating structure were observed in the crystalized sample. 

4.3 Method C: “S6” to “S10” and annealed “S7” of Ag/Ag-Ta2O5 thin films 

 This section presents the data analysis of the experimental results obtained with 

Method C. The surface microstructure, cross-sectional microstructure, surface 

wettability, adhesion strength and phase analysis of as-deposited “S6” to “S10” and 

annealed “S7” (250-850 °C) thin films are evaluated. Then the nanoindentation test of 

the as-deposited “S7” and annealed “S7” samples is elaborated. The surface chemistry of 

as-deposited “S7” and 400 °C annealed “S7” is subsequently discussed. The antibacterial 

performance and biocompatibility roperties of the 400 and 700 °C annealed “S7” 

samples is discussed in the last part. 

4.3.1 Surface and cross-sectional microstructure analysis of “S6” to “S10”  

Figures 4.18(a-f) show images of the surface morphology and cross-sectional views 

of the as-deposited “S6” to “S8” sputtered at 100-300 W deposition power.   

It is evident sputtering power affected the films’ surface morphology significantly 

(Figures 4.18(a, c & e)). According to Figure 4.18, both deposited particle size and film 

roughness increased with increasing deposition power. “S6”, “S7” and “S8” all exhibited 

homogenous surface morphology. “S6”, which was deposited at 100 W, exhibited a 

small individually Ag and Ta2O5 nanoparticles at the thin film surface (Figure 4.18(a)).  

When the DC and RF were increased to 200 and 300 W, the surface roughness 

increased and the particles deposited on the surface of “S7” and “S8” were larger 

(Figures 4.18(c & e)). It is speculated that increasing the deposition power from 200 to 

300 W provided the deposition particles more kinetic energy. These particles had a 

better opportunity to arrive and deposit on the substrate, and a non-equilibrium process 
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of arrival ensued, which led to larger deposited particles  (Lu et al., 2001; Waykar et al., 

2016). Furthermore, in Figures 4.18(c,e) it is evident that the film compactness also 

increased with rising deposition power, especially when comparing “S7” and “S8” 

(Figure 4.18(a)).  

 

Figure 4.18: FESEM surface morphology and cross sectional views of as-deposited 

films sputtered with power of (a,b) 100 W (“S6”), (c,d) 200 W (“S7”), (e,f) 300 W (“S8”) 
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The increased deposition rate as a consequence of greater deposition power generated a 

higher ionization fraction. Accordingly, film densification ensued from the energized 

particles’ competition to reach the substrate (Lin et al., 2004; Loch & Ehiasarian, 2016).  

The cross-sectional morphology of as-deposited “S6” to “S8” shown in Figures 

4.18(b, d & f) indicates an increasing trend in the columnar structure, columnar 

compactness and coating thickness (3.4±0.2, 3.5±0.1, 6.8±0.7 µm respectively) due to 

the high deposition rate as explained previously.  

The wide range of change in substrate temperature was responsible for the typical 

morphologies of “S9” to “S10” (Figure 4.19). In ambient condition, 30-50 nm Ag 

particles distributed on the less adherent textured film surface. Figure 4.19(a) reflects 

the lowest adhesion strength for S9, which is also given in Table 4.9. This kind of 

surface morphology forms due to the poor volatilization of particles arriving without 

heat (Li et al., 2009). This notion is in agreement with the loose cross-sectional 

morphology seen in Figure 4.19(b).   

With the substrate temperature increasing to 150 °C, the deposited particles had 

enough energy to diffuse, resulting in the formation of a more compact film (Figure 

4.19(c)). In addition, adequate movement of the deposited particles was important for 

nucleation repetition to form smaller granular particles, as FESEM revealed. However, 

as the substrate temperature was further increased to 250 °C, the particles’ mobility 

amplified. The deposited particles tended to aggregate due to the higher nucleation rate. 

Thus, it is speculated that the nuclei grew in response to the higher nucleation rate and 

larger spherocylinder-shape particles (Figure 4.19(d)) (Kumar et al., 2017b; Liu & 

Xiang, 2014).  
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Figure 4.19: FESEM surface morphology of as-deposited films at substrate 

temperature (a) “S9” (ambient), with its (b) cross sectional views (c) “S10” (150 °C) and 

(d) “S7” (250 °C)  

4.3.2 Evolution of surface and cross-sectional morphology of  “S7” as a function 

of annealing temperatures 

Figure 4.20 illustrates the evolution of surface morphology of as-deposited “S7” (a) 

and when annealed from 250 – 850 °C (b-i).  

Figure 4.21 presents the cross-sectional morphology of as-deposited “S7” (a) and 

annealed “S7” (b-f). It is noted that the coating layer thickness increased as a function of 

annealing temperature. The thicknesses of “S7” annealed at 250, 400, 550, 700 and 850 

°C were 3.5±0.1, 6.5±0.2, 7.8±0.1, 9.4±0.9, 9.7±1.0 and 12.0±1.0 µm, respectively. 
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Figure 4.20: FESEM surface morphology of Ag/Ag-Ta2O5 thin film sample “S7” (a) 

as-deposited; and annealed at (b) 250, (c) magnified view of square box from b,(d) 400, 

(e) 550, (f) magnified view of square box from e (g) 700, (h) magnified view of square 

box from g and (i) 850 °C  

The FESEM morphological analysis in Figure 4.20(a) reveals a homogenously 

distributed nanocomposite film over the as-deposited specimen surface. At 250 °C, the 

thermal energy was sufficient to trigger AgNPs diffusion. The AgNPs that have low 

reactivity with the bulk exhibited enhanced diffusion to the surface. Moreover, the 

higher surface energy of the AgNPs influenced the mobility of these particles, which 

segregated to the surface (Figure 4.20) and aided the columnar structure (Figure 

4.21(a)). The highlighted section in Figure 4.20(b) was selected to present the high-

magnification FESEM view in Figure 4.20(c). The prominent AgNPs islands were 

distributed over the Ag-segregated surface. The AgNPs indicate that crystal nucleation 
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occurred. This segregation consequently interrupted the columnar growth (Figure 

4.21(b)). However, upon annealing at 400 °C, all AgNPs islands that coalesced at the 

surface (Figure 4.20(d)) formed an entirely segregated Ag surface. 

As the temperature was increased to 550 °C, the particles coarsened (Figure 

4.20(e)), which is an enhanced Ostwald ripening process. The appearance of AgNPs 

strengthens the idea that Ag actively migrated from the bulk. This enabled potential 

grain boundary diffusion and recrystallization to occur at this annealing temperature. In 

a recent study, a significant morphological evolution was observed when the AgNPs 

were annealed up to 550 °C (Pandey et al., 2018).  According to Figure 4.20(e) the 

Ta2O5 had potential to escape to the surface due to the increased kinetic energy in the 

entire coating. In addition, the availability of diffusion paths created by the previously 

diffused AgNPs enhanced the migration of the residual AgNPs (in the bulk coating) and 

Ta2O5 to the surface. The migration is also visible in the cross-sectional view in Figure 

4.21(d).  The majority of Ta2O5 segregated in the region near surface, while the 

remaining Ta2O5 successfully escaped to the surface. Figure 4.21(c) shows there was no 

Ta2O5 migration, reflecting insufficient thermal supply. The highlighted section in 

Figure 4.20(e) of Ta2O5 morphology was selected for the high-magnification FESEM 

view presented in Figure 4.20(f). It is obvious that the AgNPs preferred to distribute on 

the Ta2O5 surface to release the greater surface energy. Univ
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Figure 4.21: Cross section views of Ag/Ag-Ta2O5 thin film sample “S7”. 

 (a) as-deposited, and annealed at (b) 250, (c) 400, (d) 550, (d) 700 and (e) 850 °C  

As the temperature increased further to 700 °C, where TaO is known to crystallize  

(Çetinörgü-Goldenberg et al., 2012), the size enlargement of Ta2O5 was more 

significant. This suggests the accelerated Ta2O5 migration rate associated with the 

enlarged, segregated Ag particles. The highlighted section in Figure 4.20(g) is 

magnified and displayed in Figure 4.20(h). It can be seen that the number of AgNPs 

islands at the surface diminished due to the slowing diffusion rate. As the AgNPs 

diffusion towards the surface progressed, the AgNPs content in the bulk gradually 
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declined. According to Velasco et al. (2016), the meagre AgNPs content in the bulk 

limits the diffusion process owning to insufficient momentum. The impact of the active 

migration of both AgNPs and Ta2O5 is a porous surface (Figure 4.21(e)). Beyond 800 °, 

the higher Ostwald ripening rate influenced the segregated Ag size and reduced the 

number of particles per area (Figure 4.20(i)). The increasingly segregated Ag 

completely covered the surface and left behind the Ta2O5 in the hole (Figures 4.20(i) 

and Figure 4.21(f)).  

4.3.3 Surface wettability of “S6” to “S10” and annealed “S7”  

It is remarked that the contact angles obtained have a positive correlation with the 

surface morphology, as characterized by FESEM. Figure 4.22 exhibits the increasing 

contact angle trend with rising deposition power (51.8±1.0, 76.47±1.5, 97.2±3.5 °) and 

substrate temperature (68.76±0.7, 71.76±0.7, 76.47±1.5 °). This result demonstrates that 

the distribution of comparably larger particles (Figures 4.18(a, c & e)) on the film 

surface is more hydrophobic. A similar trend was noted for the effect of substrate 

temperature, which increased the hydrophobicity and was responsible for a more 

compact film (Figure 4.19(a, c & d)). The effect of annealing temperature on the contact 

angle is represented graphically in Figure 4.23. The readings for as-deposited “S7”, and 

250, 400, 550, 700 and 850 °C annealed “S7” were 76.47±1.5, 77.3±0.8, 78.7±2.1, 

81.9±0.6, 82.0±0.6 and 83.8±0.3 °, respectively. It is supposed that the hydrophobicity 

slightly increased with Ag agglomeration size as an effect of the increasing annealing 

temperature (Figure 4.20).   
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Figure 4.22: Contact angles of the films deposited at variation of power (100-300 W) 

and substrate temperature (ambient - 250 °C) 

 

Figure 4.23: Contact angle of the as-deposited “S7” and annealed at 250 to 850 °C 
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4.3.4 Adhesion strength of “S6” to “S10” and annealed “S7”  

The average adhesion strengths of Ag/Ag/Ag-Ta2O5 film as-deposited samples “S6” 

to “S10” are summarized in Table 4.9. “S7” was selected for its highest adhesion strength 

(1302 ±26 mN) during annealing at 250–850 °C. The average adhesion strengths of 

Ag/Ag-Ta2O5 film samples as-deposited “S7” and annealed “S7” are tabulated in Table 

4.10 and Table 4.11. The subsequent annealing process signified that 400 °C is an 

optimum temperature condition (3310 ±84 mN), as indicated in Table 4.11. 

Table 4.10: Adhesion strength of as-deposited “S6” to “S10” of Ag/Ag-Ta2O5 thin 

films  

Samples Adhesion 

Strength (mN) 

“S6” 786 ±17 

“S7” 1302 ±26 

“S8” 1020 ±84 

“S9” 589 ±108 

“S10” 484 ±32 
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Table 4.11: Adhesion strength of as-deposited “S7” and 250, 400, 550, 700 and 850 

°C annealed “S7”of Ag/Ag-Ta2O5 thin films 

Samples Adhesion 

Strength (mN) 

As-deposited 1302 ±26 

250 °C annealed 1926 ±56 

400 °C annealed 3310 ±84 

550 °C annealed 2296 ±113 

700 °C annealed 2301 ±143 

850 °C annealed 953 ±10 

 

Figures 4.24(a,b) represent the corresponding graphs of depth (I), load (II) and 

friction (III) versus distance for as-deposited “S7” and 400 °C annealed “S7”. In Figure 

4.24(a) the failure point on thin film is marked at 1330 mN, whereby total failure 

occurred at a distance of 799 µm. In Figure 4.24(b), the failure point occurred at 789 

µm, representing 3373 mN adhesion strength. According to the results, the adhesion 

strength of the 400 °C annealed “S7” improved by about 154 %.   
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Figure 4.24: Optical surface scratch images, depth, load and friction with respect to 

scratch distance as well as failure points of the (a) as deposited “S7” (1330mN) and (b) 

400 °C annealed “S7”(3373 mN) 

4.3.5 Phase analysis of “S6” to “S10” and annealed “S7” 

Figure 4.25 depicts the XRD patterns of Ag/Ag-Ta2O5 thin film samples as-

deposited “S6” to “S10”. The predominant peak is likely associated with the Ag phase 

due to the amorphous nature of as-deposited Ta2O5. The orientations of the Ag cubic 

crystal planes are defined at (1 1 1), (0 0 2), (0 2 2), (1 1 3) and (2 2 2), consistent with 

standard data file ICSD No. 98-002- 4387. The peaks corresponding to specific phases 

produced similar outcomes for all samples, confirming that this material can retain its 

original structure in different PVD magnetron sputtering power and substrate 

temperature conditions. 
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Figure 4.25: XRD patterns of Ag/Ag-Ta2O5 thin film of as-deposited “S6” to “S10” 

However, some abrupt changes were observed after annealing the coating sample 

(Figure 4.26). After annealing the as-deposited “S7”, the Ag segregated from the bulk to 

the surface. Furthermore, annealing from 250 °C upwards promoted Ag crystallization. 

Thus, a single Ag phase with an intensified Ag peak was detected by XRD. When “S7”  

was annealed between 550 and 700 oC, AgTaO3 (ICSD No. 98-004-0830) was present. 

The high kinetic energy persuaded the reactivity of Ag near, or on the Ta2O5 surface 

(Figures 4.20(e-h)), producing AgTaO3 (ICSD No. 98-004-0830). When the “S7” film 

was further annealed at 850 oC, the XRD pattern shows diminished AgTaO3, which 

correlates with the FESEM morphology shown in Figure 4.20(i). 
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Figure 4.26: XRD patterns of Ag/Ag-Ta2O5 thin film of as-deposited “S7” and after 

annealing at 250, 400, 550, 700 and 850 °C 

4.3.6 Nano Indentation of “S7” and annealed “S7” 

Figure 4.27 shows an in-situ SPM image with the areas of indentation, before 

indentation and after indentation. Figures 4.27(b & c) illustrate bar charts of the 

hardness and Young’s modulus of as-deposited “S7” and 250, 400, 500, 700 and 850 °C 

annealed “S7”. It should be noted that the Young’s modulus calculation results have a 

similar trend to that observed for the hardness results. The main remark in Figure 4.27 is 

the poor hardness typical of nanocomposite film (Adochite et al., 2012). Apart from the 

hilly surface (before indentation in the image), the inconsistent hardness in Figure 
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4.27(b) may have been caused by the flawed contact area as explained in literature  

(Sarraf et al., 2017). Such contact area forms when the soft surface specimen being 

indented prefers to accumulate near the indenter tip, enlarging the contact area. This 

leads to inaccurate hardness values due to the material’s elastic recovery. Thus, the 

indenter tip was prevented from penetrating the Ag/Ag-Ta2O5 film surface (Figure 

4.27(a)-after indentation image).  

The hardness rose dramatically from 0.65±0.42 GPa (as-deposited “S7” specimen) to 

1.12±0.43 GPa (400 °C annealed “S7”), suggesting the crystallization of Ag and 

enhancement of Ostwald ripening. As suggested by the FESEM morphological analysis 

in Figure 4.20 and XRD patterns in Figure 4.26, crystallization normally contributes  

to the enhanced mechanical properties correlated with the improved adhesion strength 

after annealing. However, the reading in the bar graph dropped to 0.85±0.35 GPa at 550 

°C annealing owning to the presence of a large amount of AgNPs over the surface 

(Figures 4.20(e-f)). Adochite et al. (2012) reported that the amorphous state of the film,  

the presence of small Ag particles on the film, induces a softer film. The reading on the 

bar graph then gradually increased to 0.96±0.24 GPa at 700 °C annealing. The 

crystallization of Ta2O5 at this stage was responsible for the sharply increasing hardness 

value following the prior drop in value. In due course, the reading rose rapidly up to 

1.52±1.27 GPa at 850 °C. Univ
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Figure 4.27: (a) In-situ SPM images of the area indentation, before indentation and 

after indentation on the 400 °C annealed “S7”, trends of (b) hardness and (b) Young’s 

modulus of Ag/Ag-Ta2O5 film as-deposited “S7” sample and  250, 400, 500, 700 and 

850 °C  annealed “S7 

4.3.7 Surface chemistry analysis of  “S7” and 400 °C annealed “S7” 

Figure 4.28(a & b) illustrate the XPS spectra of the as-deposited “S7” and “S7” 

annealed at 400 °C. The spectrum of the as-deposited “S7” exhibits the major peaks 

characteristic of Ag Auger emission, O KLL (Auger electron), Ag 3p, Ag 3d, Ag 4d, O 

1s, C 1s, Ta 4s, Ta 4p, Ta4d and Ta 4f. The 400 °C annealed “S7” film obtained peaks of 

Ag Auger emission, Ag 3p, Ag 3d, Ag 4p, Ag 4d, O 1s and C 1 s. Both spectra confirm 

the results of the FESEM surface morphological analysis in Figure 4.20 (a & d) and 

verifies the Ag peaks from XRD phase analysis in Figure 4.26. 
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Figure 4.28: XPS spectra of the as-deposited sample “S7” and 400 °C annealed “S7” 

Ag/Ag-Ta2O5 thin films 
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The spectra were then analyzes at a take-off angle of 45 ° and are shown in the 

Figure 4.29 and Figure 4.30 with the linear background subtracted. These spectra were 

deconvoluted as shown by the dashed curve in Figure 4.29 and Figure 4.30 to 

investigate the bonding states of this film.  

 

Figure 4.29: Deconvoluted photoelectron spectra (solid curves) of Ag3d (a), O1s (b), 

and Ta4f (c). Each spectrum was decomposed into its bonding states (shown by dashed 

curves) of as-deposited “S7” Ag/Ag-Ta2O5 thin films 
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Figure 4.30: Deconvoluted photoelectron spectra (solid curves) of Ag3d (a) and O1s 

(b). Each spectrum was decomposed into its bonding states (shown by dashed curves) of 

400 °C annealed “S7” Ag/Ag-Ta2O5 thin films 

For as the deposited case in Figure 4.29, the Ag3d spectra was deconvoluted into a 

major Ag3d3/2 (peak centered at 367.33eV) and Ag3d5/2 (373.0 eV), which are attributed 

to the Ag metal. Meanwhile, the deconvoluted peak centered at 367.59 and 373.57 eV 

correspond to Ag2O in Figure 4.29(a). The O1s spectrum comprises 3 peaks were 

centered at 530.40, 532.03 and 533.43 eV, which are attributable to TaO, Ta=O and 

Ag2O, respectively (Figure 4.29(b)). The Ta4f spectrum in Figure 4.29(c) indicates 

Ta4f5/2 (26.17 ev) and Ta4f7/2 (28.05 eV), attributable to Ta2O5. Similar behavior has 

been observed in the annealed film case (Figure 4.30(a & b)). The Ag and Ag2O were 

centered at 368.04, 374.06, 368.77 and 374.84 eV, respectively originating from the 

pairs of Ag3d3/2 and Ag3d5/2 peaks. The TaO, Ta=O and Ag2O from O1s spectra peaks 

in Figure 4.30(b) were centered at 530.68, 532.15 and 533.46 eV, respectively. Due to 

annealing, the Ta spectrum did not appear in the Figure 4.28(b) confirming the 

segregated Ag particle covered the surface and left the Ag-Ta2O5 composite behind in 

the bulk coating. 
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4.3.8 In-vitro antibacterial activity and biocompatibility of uncoated SS 316L, 

and 400 and 700 °C annealed “S7”  

The antibacterial activity was analyzed for uncoated SS 316L, 400 °C annealed 

“S7” and 700 °C annealed “S7” of Ag/Ag-Ta2O5 thin films. The 400 °C annealed “S7” 

diaplayed a halo inhibition zone around the material for both S. aureus and E. coli, 

whereas the uncoated SS 316L (control) did not show any halo inhibition zone (Figure 

4.31).  

 

Figure 4.31: Halo inhibition test showing a (a,d) survived colonies of S. aureus and 

E.coli on the control sample, (b,e) zone of growth inhibition of  of S. aureus and E.coli 

by 400 °C annealed “S7”, (c,f) no growth inhibition of  of S. aureus and E.coli by 700 

°C annealed “S7”. The images are representative of three replicates 

Measurement of the inhibition zone diameters across the short axis (A) and long 

axis (B) demonstrated similar zone of inhibition for the coated material against both E. 
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coli and S. aureus (Table 4.12). The 400 °C annealed “S7” results are (A: 16.33 ±0.58; 

B: 25.67 ±0.58) for S. aureus and (A: 16.33 ±1.15; B: 26.00 ±0.00) for E. coli. This 

indicates the good antibacterial performance of Ag/Ag-Ta2O5 thin films annealed at 400 

°C. The Ag/Ag-Ta2O5 thin films developed in this work have a similar mean inhibition 

zone diameter with Ag-carbon nanotube coating with 27.9 ± 6.72 mm and 21.9 ± 

4.33 mm mean inhibition zone diameters for S. aureus and E. coli, respectively (Rangari 

et al., 2010).  Earlier finding for AgAu/PTFE coating that is applicable for medical 

polymer devices show 3 and 1 mm inhibition zone diameters against S. aureus and E. 

coli, respectively (Zaporojtchenko et al., 2006) 

However, 700 °C annealed “S7” produced results similar to the control sample. 

Growth inhibition were not seen for either S. aureus or E. coli pathogens. The 

significant difference between the 400 and 700 °C annealed “S7” samples suggests that 

the new AgTaO3 phase which precipitated in the 700 °C annealed “S7” reduced the 

antibacterial efficiency. 
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Table 4.12: Average inhibition zone diameter of the control sample and 400 and 700 °C 

annealed “S7” against S.aureus and E.coli. 

Test bacteria 

Average inhibition zone diameter (mm) 

Control sample 400 °C annealed “S7” 700 °C annealed “S7”  

A B A B A B 

Staphylococcus 

aureus (NCTC 

6571) 

No 

inhibition 

No 

inhibition 

16.33 

±1.15 

26.00 

±0.00 

No 

inhibition 

No 

inhibition 

Escherichia 

coli (ATCC 

15597) 

No 

inhibition 

No 

inhibition 

16.33 

±0.58 

25.67 

±0.58 

No 

inhibition 

No 

inhibition 

 

4.3.9 Cell attachment  

The interaction of hBMSCs with uncoated SS 316L (control sample) and two 

Ag/Ag-Ta2O5 thin films (400 °C and 700 °C annealed “S7”) was eamined. To assess the 

cells’ interaction with the samples, hBMSCs were seeded onto the samples and SEM 

micrographs and confocal images were captured. The SEM micrographs indicate that 

cell attachment happened in all sample groups, suggesting their biocompatibility 

property (Figures 4.32(b, e & g)). However, it was observed that hBMSCs seeded on the 

400 °C annealed “S7” colonised the sample surface more extensively than either the 700 

°C annealed “S7”or control sample. Moreover, the presence of an extracellular matrix 

(ECM) especially at the periphery of the hBMSCs-seeded 400 °C annealed “S7”  

suggests that this material provides optimal conditions for cell adhesion and adaptation 

(Figure 4.32(f)). Although this notion has never been reported in studies of tests on 

similar materials as presented in this study, the importance of ECM secreted on 
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materials that support cell adhesion, signalling and homeostasis has been well-

elucidated  (Bruce et al., 2001; Secker et al., 2012). A difference in cell morphology 

was also observed between 400 °C annealed “S7” and 700 °C annealed “S7” or control 

sample. A difference in cell morphology was also observed between the 400°C annealed 

“S7” and 700 °C annealed “S7” or the control sample. The hBMSCs in contact with the 

400 °C annealed “S7” seem to have long filopodia and a spreading morphology 

compared with other sample groups. This may be due to the direct contact of the cells 

and tantalum oxide, which can enhance cell adherence as reported in other studies 

(Ceviker et al., 1998).  
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Figure 4.32: SEM micrographs of hBMSCs attached on control sample (a-c), 400 °C 

annaled “S7” (d-f) and 700 °C annealed “S7” (g-i) on day 14. The images are 

representative of three replicates 
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The cell-material interaction is a complex bi-directional and dynamic process 

that mimics to a certain extent the natural interactions of cells with the extracellular 

matrix. Cells tend to adhere and rearrange adsorbed extracellular matrix (ECM) proteins 

on the material surface in a fibril-like pattern (Tong et al., 2011). In the present study, 

the expression of F-actin protein by the control sample, 400 °C annealed “S7” and 700 

°C annealed “S7” seeded hBMSCs were observed on the day 14 of the post-seeding. The 

confocal images confirmed that the seeded cells had expressed F-actin protein on all 

sample groups (Figure 4.33 (b, e & g)). However, hBMSCs seeded on the 400 °C 

annealed “S7” seemed to have a widely spread fibril-like pattern. This phenomenon 

occurs when the surface chemistry of the material is favorable for optimal cell 

attachment, as delineated in earlier studies (Llopis-Hernández et al., 2011). Moreover, 

the nucleus staining further supports the SEM analysis finding that 400 °C annealed 

“S7” seeded with hBMSCs colonized the material surface much more extensively than 

the other sample groups (Figure 4.33(d)). 
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Figure 4.33: hBMSCs F-actin confocal profile on control sample (a-c), 400 °C 

annealed “S7” (d-f) and 700 °C annealed “S7” (g-i) on day 14. The (differential 

interference contrast) DIC images demonstrate the overlapped images of F-actin 

staining of cells (Green) counterstained with Hoechst blue nuclei staining (Blue) and the 

surface of the control sample, 400 °C annealed “S7” and 700 °C annealed “S7” (Grey). 

The images are representative of three replicates 
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4.3.10 Cell viability and proliferation 

Tantalum has been widely used clinically since 1940s owing to its excellent 

corrosion resistance and biocompatibility (S. Kumar et al., 2017). However, only few 

studies have examined the optimal conditions corresponding to the antimicrobial 

activity and biocompatibility of Ag/Ag-Ta2O5 prepared at different annealing 

temperatures (Hergenrother et al., 1995; Mikami et al., 2007). In the present study, the 

viability and proliferative potential of the 400-700 °C annealed “S7” and SS316L control 

sample on hBMSCs were studied using AB cell viability/proliferation assay. The 

reduction of AB percentage was measured based on optical density, and it correlated 

positively with the density of viable cells. It was found that the hBMSCs proliferation 

seeded on 400-700 °C annealed “S7” and SS 316L control sample on day 3 dropped 

significantly by about 12, 5 and 4 % (p=0.01), respectively from day 1 (Figure 4.34). 

This drop in cell proliferation could be due to the cells having adapted to the new 

material surface micro-environment, which is different than that on the plastic surface 

of culture flask. However, an increase in cell proliferation was observed on day 7 and 

14 compared with day 1. The proliferation rate of cells was most significant on day 14 

on 400 °C annealed “S7” and 700 °C annealed “S7” (42 %, p=0.01), while the rate was 

33 % for the control sample (p=0.01) compared with day 1 (Figure 4.34). When 

comparing the hBMSCs viability between samples at different time point, the 400 °C 

annealed “S7” and 700 °C annealed “S7” seeded hBMSCs showed more significant cell 

viability on day 7 and 14 than the control sample (p=0.01).  Moreover, a marginal yet 

significantly greater increase in cell viability was observed in the 400 °C annealed “S7” 

seeded with cell on day 14 than in the 700 °C annealed “S7” (Figure 4.34, 1.1-fold, 

p=0.04). This finding allows speculating that the 400 °C annealed “S7” exhibits superior 

biocompatibility to both 700 °C annealed “S7” or control sample. 
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Figure 4.34: hBMSCs viability/proliferation seeded on 400 and 700 °C annealed-

“S7” and control sample on day 1, 3, 7 and 14. The alamarBlue™ (AB) reduction was 

measured using the formula provided in manufacture protocol. The AB reduction is 

positively correlated with cell density. (Significant level: ** p< 0.01, relative to SS316L 

and # p< 0.05, relative to Ag/Ag-Ta2O5 700 °C) 

4.3.11 Summary 

A range of deposited particle sizes were obtained by applying various deposition 

powers. The results indicate that the substrate temperature influenced the as-deposited 

film compactness. Moreover, the as-deposited nanocomposite film exhibited low 

adhesion strength and poor crystallization. Post annealing at a range of temperatures 

significantly altered the morphology of the as-deposited samples. This change in 
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morphology also helped the film phase to attain better adhesion strength. Annealing at 

400°C induced excessive Ag segregation and improved crystallinity, which resulted in 

excellent adhesion strength. Nevertheless, beyond 550 °C the tendency of Ta2O5 to 

segregate at the surface was obvious. At the surface, the segregated Ta2O5 may react 

with Ag in the vicinity and form a new phase, AgTaO3, which may be responsible for 

diminished adhesion strength, antibacterial performance and biocompatibility. The 

Ag/Ag-Ta2O5 thin film sample 400 °C annealed “S7” demonstrated outstanding 

antibacterial activity, hBMSCs attachment and proliferation activity in contrast to the 

700 °C annealed S7 and uncoated SS 316L. 

4.4 General summary of results finding 

The homogenous distribution of Ag-Ta2O5 and Ag/Ag-Ta2O5 nanocomposite thin 

films (confirmed by EDX analysis) signifies the successful deposition on the surface of 

stainless steel substrate (as-deposited). However, the annealing process altered the 

surface morphology significantly. The results demonstrate that the Ag particles 

segregated and crystallized, which was additionally confirmed by the FESEM surface 

microstructural analysis presented in Figures 4.1, 4.3, 4.14 and 4.20. The Ta2O5 

segregated when the annealing temperature reached 700 °C. The resultant porosity and 

substantial increase in thickness (Figure 4.20) support the notion of Ta2O5 migration 

from the composite bulk to the surface. 

The increase in Ag agglomeration size as a function of annealing temperature also 

demonstrates the improvement in thin film hardness. According to Figure 4.27, the 

hardness and Young’s modulus values increased with annealing (except the 550 °C 

annealed “S7” thin film).  
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The Ag segregation suggests the hydrophobicity, the highest adhesion strength, and 

increase in the peak intensity of the XRD pattern.  It can be seen in Figure 4.4, Figure 

4.15 and 4.22 the hydrophobicity properties of all as-deposited samples increased upon  

annealing. 

All the as-deposited samples “S1” to “S10” showed the relatively low adhesion strength. 

However, the adhesion strength was significantly increased after the annealing process. 

The adhesion strength of “S1”, “S4” and “S7” were improved after the thermal treatment 

process at 400 °C by about 302 %, 152 % and 154 % in Method A, B and C, 

respectively. In all the deposition methods, the as-deposited thin film which was 

annealed at 400 °C showed no phase changes and the film surface of this sample does 

not flake off during the scratch test as illustrated in Figure 4.5, Figure 4.16 and Figure 

4.24. This ceramic-metal nanocomposite characteristic is favorable due to its ductility of 

Ag and hardness of Ta2O5, which could lead to optimum durability and adhesion 

strength for surgical instruments. The 2927 mN (400 °C annealed “S1” in method A), 

2916 mN (400 °C annealed “S4” in method B) and 3310 mN (400 °C annealed “S7” in 

method C) adhesion strength obtained in this work is much higher than other coatings 

developed by PVD magnetron sputtering for biomedical applications. In other studies, 

the adhesion strength for AgSiN, AgTiO2 reached only up to 596 mN at 577.62 µm 

distance (Mohamad Zaidi et al., 2018; Sarraf et al., 2018; Umi & Mahmoodian, 2017). 

The highest adhesion strength for the annealed Ta/TaO reported by Rahmati et al. 

(2015b), was 1907 mN, while for. Rafieerad et al. (2016) it was 2220 mN for Pd/PdO 

coating.  

The antibacterial surfaced surgical instruments are passing through its infancy and 

there are not many studies available describing the required characteristics for surgical 

instruments. However, a few studies carried out to improve the characteristics of 
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medical devices suggest a surface with low roughness is desirable for medicinal 

applications to prevent infection (Rahmati et al., 2015a; Siegel et al., 2011). These 

findings further support the idea of minimal surface roughness in the low-intensity area 

of Ag particles according to the AFM result in Figure 4.7. In Figure 4.7 of Method A, 

single layer Ag-Ta2O5 thin film (as-deposited “S1”) when annealed at 400 °C exhibits 

28 nm surface roughness is ideal condition for the liberation of Ag+, Ta+
 and O2- ions 

that lies within the desirable range suggested by Siegel et al. (2011) and Rahmati et al. 

(2015a). High hydrophobicity as suggested by the mentioned results is very desirable 

for surgical instruments. The 78.7±2.1 ° contact angle of 400 °C annealed-S7 Ag/Ag-

Ta2O5 thin film falls within the wanted range as recommended by the previous 

established research (Chang et al., 2014; Ponsonnet et al., 2003). Considerably 

hydrophobic surfaces demote the attachment of liquids, resists the microbial attachment 

and influence the cell proliferation. 

Additionally, the XRD diffraction also confirms the elemental distribution analysis 

results for the single layer Ag-Ta2O5 and multilayer Ag/Ag-Ta2O5 thin film surface 

(Table 4.2 and 4.7). The existence of segregated Ag on the coated thin film is further 

supported by the dominant Ag peak in the diffraction pattern from the 2θ positions of 

38.12 to 81.55 ° in Figure 4.8, Figure 4.9, Figure 4.17 and Figure 4.25. Furthermore, the 

electron bright field diffraction spot in the rings pattern from SAED analysis in Figure 

4.11 is correlated with the crystallized segregated Ag surface of 400 °C annealed “S1”. 

In XPS analysis as illustrated in Figure 4.28 b, the absent of Ta spectra supported the 

results of FESEM-EDX and XRD. 

This research provides insight study of the mechanical and biological properties of 

AgTaO3 compound achieving by annealing the Ag-Ta2O5 thin film. In this work, a new 

phase AgTaO3 is formed by the Ag-Ta2O5 reaction at high annealing temperature can 
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determine the efficiency of antibacterial and biocompatibility properties.  The 400 °C 

annealed “S7” with no AgTaO3 exhibited an outstanding antibacterial and 

biocompatibility properties. The 700 °C annealed “S7” which grouped in the same 

method is not perform as an antibacterial agent, and has a poor biocompatibility owing 

to its AgTaO3 precipitation. 

Therefore, incorporating Ag-Ta2O5 and Ag/Ag-Ta2O5 nanocomposite, the homogeneity 

of particles (limiting bacterial adhesion) in the as-deposited sample, the segregated Ag 

microstructure (efficient antibacterial activity) (Sharratt, 2006), strong hydrophobic 

character (Wendlandt et al., 2016) improved adhesion strength (Othman et al., 2015),  

and thermal stability (able to sustain sterilization thermal cycles) (Hryniewicz & 

Rokicki, 2018), excellent antibacterial performance, hBMSCs attachment and cell 

proliferation were achieved in this work may contribute to superior Nano composite thin 

film based surgical instruments (Chan et al., 2017). 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 

This chapter presents the conclusions from this research and future works 

suggestions. The three main objectives of the present research were to: 1) develop single 

layer Ag-Ta2O5 and multilayer Ag/Ag-Ta2O5 thin films on SS 316L by using PVD 

magnetron sputtering, 2) improve the adhesion strength and crystallinity of as-deposited 

films by post annealing and 3) characterize the physicochemical properties 

(microstructure, elemental composition, hydrophobicity, micro mechanical, 

morphology, phase, structure, surface chemistry), antibacterial and biocompatibility 

performance of the deposited thin films. Thus, the conclusions were drawn in 

addressing these objectives. 

5.1 Conclusions  

Single layer Ag-Ta2O5 and multilayer Ag/Ag-Ta2O5 nanocomposite thin films were 

successfully developed and deposited using PVD magnetron sputtering onto SS 316L 

for surgical instrument applications. 

In this study, the as-deposited “S7” using Method C achieved the optimum conditions 

for the adhesion strength of as-deposited PVD multilayer Ag/Ag-Ta2O5 on stainless 

steel 316L. The as-deposited “S7” that was run at 200 W power, 45 sccm argon flow 

rate, 6 sccm oxygen flow rate and 250 °C substrate temperature resulted in 1302±26 mN 

adhesion strength. With all methods, the as-deposited sample exhibited comparably low 

adhesion strength, low crystallinity and higher wettability.  

The mechanical stability was significantly improved by post annealing both as-

deposited single layer Ag-Ta2O5 and multilayer Ag/Ag-Ta2O5. The annealing prompted 

significant segregation of Ag at the surface, and the enhancement of film adhesion 

strength and hydrophilicity properties. According to the adhesion strength evaluation, 
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the best thin film adhesion strength with 154 % improvement was achieved by 

annealing the as-deposited “S7” at 400 oC (3310±84 mN) with Method C. Upon 

annealing, a new AgTaO3 phase precipitated in the “S7” thin film annealed at 

temperatures in the 550–700 °C range and 2 °C/min ramp rate.   

The AgTaO3 phase also formed in “S1” annealed at 500 °C and 5 °C/min.  However, in 

the “S1” sample annealed at the same temperature and a lower ramp rate (2 °C/min) the 

AgTaO3 phase was absent. This AgTaO3 compound actually deteriorated the adhesion 

strength, antibacterial performance and biocompatibility properties. “S7” (Ag/Ag-Ta2O5 

thin film) annealed at 400 °C with method C exhibited superior antibacterial 

performance against S. aureus and E. coli. The in vivo test demonstrated that “S7” 

annealed at 400 °C is extremely biocompatible with hBMSCs. Thus, the best adhesion 

strength, excellent antibacterial performance and outstanding biocompatibility 

properties were obtained with method C. 

In summary, the SS 316L coated with annealed Ag-Ta2O5 and Ag/Ag-Ta2O5 achieved in 

this research may contribute to the development of highly satisfactory thin film-based 

surgical instruments. The findings from this study can be beneficial to the global 

healthcare environment and economy by reducing infections and treatment costs. 

Therefore, the need for antibiotics will diminish, consequently lowering the risk of 

antibiotic resistance that is a threat to humans. 
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5.2 Future work 

Further research will be carried out to methodically study the effects of AgTaO3 

precipitation on the mechanical and biological behavior of an Ag-Ta2O5 nanocomposite 

layer. An alternative process comprising a rapid thermal annealing (RTA) system may 

be utilized to crystallize the as-deposited film to avoid AgTaO3 precipitation. 

. 
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