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Abstract 

Nowadays, with the increase of elderly population and related health problems, knee and hip 

joint prosthesis are being widely used worldwide. However, failure of these invasive devices is 

still a concern in the medical field thus demanding the revision of the surgical procedure. Within 

the reasons of failure are wear fatigue and microbial infections (Staphylococcus epidermidis 

has emerged as one of the major nosocomial pathogens associated with these infections). In 

order to minimize this drawback, the surface modification of biomaterials could be a step to 

improve their general properties. Consequently, the main goal of this work was the development 

of new coatings, in particular, multifunctional coatings based on Ag-ZrCN, with antibacterial 

activity, which are able to sustain long and innocuous life inside the patient. These coatings will 

confer to the usual biomaterials improved physical, mechanical and biological properties.   

Thin films of Ag-ZrCN, with several silver concentrations and different phasic composition, were 

deposited onto 316L stainless steel, by DC reactive magnetron sputtering. These coatings were 

evaluated in terms of chemical, physical, structural, morphological, topographical, mechanical 

and biological properties. 

The first approach of this study was to ensure adhesion and fracture resistance, important 

mechanical properties of the coatings. This coatings’ system, with silver content up to 8 at. %, 

can be a real asset in terms of mechanical properties, since it improves the performance of 

usual 316L stainless steel biomaterials. However, regardless the silver content in the Ag-ZrCN 

coatings, no antibacterial activity was achieved. 

Hence, to overcome this drawback, an innovative activation procedure on the Ag-ZrCN coatings 

was performed, by immersion in a sodium hypochlorite (NaClO) solution. In contact with the 

NaClO, silver in the Ag-ZrCN coatings may form firstly silver hydroxide (AgOH) on its surface, 

and thereafter silver oxides (Ag2O). Subsequently, Ag2O induced the formation of Ag+. In fact Ag-

O was identified in the coating surface after the activation procedure, by X-ray photoelectron 

spectroscopy (XPS) analysis. In addition the morphological analysis of activated surfaces, by 

scanning electron microscopy (SEM), revealed silver segregation/diffusion to the film’s surface. 

These results were confirmed by glow discharge optical emission spectroscopy (GDOES), where 

the silver distribution profiles was altered after activation. This activation revealed to be essential 

for the antibacterial activity, as observed by the presence of a halo of inhibition of S. epidermidis 

on the activated surfaces, in contrast with no activated coatings.  



Antibacterial properties of multifunctional coatings Ag-ZrCN for biomedical devices: a novel approach 
 

x 
 

Further characterization of the coatings, by structural analysis (X-Ray diffraction (XRD) and 

Raman spectroscopy), allowed the distinction of coatings with and without an amorphous 

carbon matrix nc-ZrCN/nc-Ag/a-CNx and nc-ZrCN/nc-Ag, respectively. This different phase 

composition seems control the antibacterial activity. The columnar structure, of coatings with 

nc-ZrCN/nc-Ag/a-CNx matrix, may act as “irrigation channels” allowing the penetration of the 

oxidizing agent to deeper areas of the coatings improving the activation process. This was 

confirmed by the inductively coupled plasma optical emission spectrometry (ICP-OES) results, 

which indicated higher silver ionization. The higher roughness, measured by atomic force 

microscopy (AFM), of activated coatings, especially in the amorphous carbon system, confirmed 

the favored formation of oxidized nanosilver. The antibacterial properties of the activated 

coatings with an amorphous carbon matrix, revealed larger and regular bacterial growth 

inhibition halos comparatively with the coatings without amorphous carbon matrix, highlighting 

the amorphous carbon coatings as the most appropriate.  

As the coatings are intended to be used as biomaterials, human cell cytotoxicity was also 

evaluated. In fact, the activated coating with the highest silver content showed cytotoxicity in 

vitro and so it was discarded. However, in the same system, activated coating with lower silver 

content (6 at. %) did not show any cytotoxicity, but presented a good performance in biofilm 

reduction (4 log). 

So, it can be concluded that is it possible to improve hip implants performance by coating them 

with Ag-ZrCN system, without compromising mechanical properties, together with no 

cytotoxicity and with very good antibacterial features.   
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Resumo 

Devido ao aumento mundial da população idosa e consequentes problemas de mobilidade 

associados à idade, a utilização de próteses ortopédicas do joelho e anca está em franca 

expansão. No entanto, estes dispositivos médicos continuam a apresentar taxas de falência 

significativas devido ao desgaste por fadiga e infeções microbianas (por Staphylococcus 

epidermidis, p. ex., identificada como uma das principais bactérias patogénicas nosocomiais). 

A modificação da superfície dos biomateriais poderia ser um passo para melhorar as suas 

propriedades gerais. Por conseguinte, o objetivo principal deste trabalho foi o desenvolvimento 

de novos revestimentos, em particular, revestimentos multifuncionais à base de carbonitretos 

de zircónio com prata (Ag-ZrCN), com propriedades antibacterianas, duráveis e inócuos para 

os pacientes. Em suma, estes revestimentos irão conferir aos biomateriais usuais propriedades 

físicas, mecânicas e biológicas melhoradas. 

Os filmes finos de Ag-ZrCN, com várias concentrações de prata e diferentes composições de 

fase, foram depositados sobre aço inoxidável 316L, por pulverização catódica reativa. As 

propriedades, químicas, físicas, estruturais, morfológicas, topográficas e biológicas dos 

revestimentos foram avaliadas. 

A primeira abordagem deste estudo foi assegurar a adesão e resistência à fratura, propriedades 

mecânicas importantes nos revestimentos. Os revestimentos com teor de prata até 8 % at. 

apresentam mais valias em termos de propriedades mecânicas, melhorando o desempenho 

dos biomateriais habituais em aço inoxidável 316L. No entanto, independentemente do teor de 

prata nos revestimentos de Ag-ZrCN, não foi obtida atividade antibacteriana. 

Para superar este problema, foi realizado um procedimento inovador de ativação dos 

revestimentos de Ag-ZrCN, por imersão numa solução de hipoclorito de sódio (NaClO). Em 

contacto com o NaClO, a prata dos revestimentos de Ag-ZrCN pode formar, em primeiro lugar, 

hidróxido de prata (AgOH) à superfície e posteriormente óxidos de prata (Ag2O). De facto, a 

espectroscopia de fotoeletrões excitados por raios X (XPS) permitiu a identificação da ligação 

Ag-O à superfície do revestimento, após o procedimento de ativação. Adicionalmente, a análise 

da morfologia das superfícies ativadas, por microscopia eletrónica de varrimento (SEM), revelou 

segregação/difusão da prata para a superfície do revestimento. Estes resultados foram 

confirmados por espectroscopia de emissão ótica de descarga luminescente (GDOES), com 

perfis de distribuição de prata alterados, depois da ativação. A ativação revelou-se essencial 
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para a atividade antibacteriana, observando-se a presença de um halo de inibição da S. 

epidermidis à volta das superfícies ativadas, em contraste com os revestimentos não ativados. 

A caracterização estrutural (por difração de raios-X (XRD) e espectroscopia Raman) dos 

revestimentos permitiu identificar revestimentos com e sem uma matriz de carbono amorfo nc-

ZrCN/nc-Ag/a-CNx e nc-ZrCN/nc-Ag, respetivamente. De facto, as diferentes morfologias, 

confirmadas em secção transversal por SEM devem-se à composição fásica dos revestimentos. 

A estrutura colunar dos revestimentos com matriz de carbono amorfa pode atuar como “canal 

de irrigação” para a penetração do agente oxidante para áreas mais profundas dos 

revestimentos, melhorando o processo de ativação. Este dado foi confirmado pelos resultados 

da espectroscopia de emissão ótica por plasma acoplado indutivamente (ICP-OES), que 

indicam uma maior ionização da prata. A maior rugosidade (medida por microscopia de força 

atómica (AFM)) dos revestimentos ativados, principalmente no sistema com carbono amorfo, 

confirmou a formação favorecida de nanoprata oxidada na sua superfície. As propriedades 

antibacterianas dos revestimentos ativados com matriz amorfa de carbono evidenciam-se, 

apresentando halos de inibição do crescimento bacteriano maiores e regulares, 

comparativamente com os revestimentos sem matriz de carbono amorfo. 

Como estes revestimentos se destinam a ser usados como biomateriais, a citotoxicidade celular 

humana também foi avaliada. De facto, o revestimento ativado com o mais alto teor de prata 

mostrou citotoxicidade in vitro e por isso foi descartado. No entanto, no mesmo sistema, o 

revestimento ativado com menor teor de prata (6 at.%) não mostrou qualquer citotoxicidade, 

apresentando ainda um bom desempenho na redução de biofilme (4 log). 

Assim, pode concluir-se que é possível melhorar o desempenho dos implantes de anca, 

revestindo-os com o sistema Ag-ZrCN ativado, sem comprometer as propriedades mecânicas 

e adicionalmente, sem citotoxicidade e com muito boas características antibacterianas. 
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24 h of immersion on 0.9 % (w/v) NaCl. * - Ag 17_act coating is significantly 

different (p < 0.05) from the Ag 20_act. 
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Figure 5.8 - Halo assay for different coatings. At left, coatings before activation: Ag 

0, Ag 6 and Ag 20 from the first series (structure nc-ZrCN/nc-Ag/a-CNx), Ag 8N and 

Ag 17 from the second series (structure nc-ZrCN/nc-Ag). At right side, activated 

coatings: Ag 0_act, Ag 6_act and Ag 20_act from the first series (structure nc-

ZrCN/nc-Ag/a-CNx), Ag 8N_act and Ag 17_act from the second series (structure 

nc-ZrCN/nc-Ag). The white circles highlight the halo and the red frames highlight 

the coatings border. 
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Figure 6.1 – Cellular viability results for the different coatings, before (Ag 0, Ag 6 

and Ag 20) and after the activation procedure (Ag 0_act, Ag 6_act and Ag 20_act). 

The dotted line is the cells viability percentage (30 %) used as higher limit for cell 

toxicity. The fibroblasts cells, after grow with the medium which was in contact with 

the different activated coatings, were photographed and shown in the insets. Scale 

bar = 100 µm.* - Ag 20_act coating is significantly different (p < 0.05) from the 

control (Ag 0). 
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Figure 6.2 – SEM micrographs of the surface of the different thin films: Ag 0 before 

(a)) and after activation (b)), Ag 6 before (c)) and after activation (d)) and Ag 20 

before (e)) and after activation (f)). The insets in the Figures c), d) e) and f) present 

141 
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the SEM image from the samples surface, where Ag agglomerates (BSE image) are 

evident. EDX of the Ag 20 (before and after the activation) is presented in Figures 

e) and f), respectively. 

Figure 6.3 – Concentration (ppb) of silver released from the different coatings, after 

24 h of immersion on 0.9 % (w/v) NaCl. The red dotted line represents the cytotoxic 

limit. 
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Figure 6.4 – Logarithm of bacterial concentration after 24 h of contact between 

coatings (previous and after activation process) and the S. epidermidis. 
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Figure 6.5 – SEM micrographs of adhered bacteria to Ag 6 coatings after 24 h, 

before and after the activation process. The insets show the SEM magnified images 

from the surfaces. 
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Figure 6.6 – Schematic representation of activated coating action, with silver ions 

leached from the oxidized nanosilver. 
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 Chapter I 

General introduction 

This chapter encloses the literature review, presenting a brief outline about the main 

problems in natural hip joint, which can result in prosthesis’ replacement. A historical review 

about the most common materials used in the orthopedic prosthesis is also disclosed. Then, 

an overview about the main prosthesis requirements and its properties is described. Surface 

modification, mainly the typical coatings used in orthopedic devices is covered too. A special 

focus is given to the antibacterial properties of materials obtained by the use of silver.  

In the last sections of this chapter, the scope, objectives and the structure of the thesis are 

presented. 
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1.1 Introduction 

Locomotion is a very complex task, involving the brain, spinal cord, peripheral nerves, muscles, 

bones and joints. It is an essential function that allows the execution of several other tasks. This 

locomotion, as well as the body support and posture, are assured by lower members, which 

are connected to the trunk by the hip [1].  

 

1.2 Natural hip joint 

1.2.1 Hip joint structure 

The hip joint is the articulation of the acetabulum located on pelvis and the head of the femur 

(Figure 1.1). These two segments form a ball-and-socket joint, with different degrees of freedom: 

flexion/extension (in the sagittal plane), abduction/adduction (in the frontal plane), and medial/ 

lateral rotation (in the transverse plane). 

 

 

Figure 1.1 – Hip joint (adapted from [2]). 

 

 

The concave socket of the hip joint is called acetabulum and is located on the lateral of the 

pelvic bone. The acetabulum, despite appearing to be a hemisphere, only have a horseshoe-

shaped portion of the periphery of the acetabulum covered with hyaline cartilage and articulates 

with the head of the femur [3]. 

The head of the femur is a rounded surface, covered by a hyaline cartilage [3], which is attached 

to the femoral neck, which is connected to the shaft of the femur (Figure 1.1).  
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Both acetabulum and femur head possess two opposing smooth cartilaginous articular 

surfaces, lubricated by viscous synovial fluid (SF) composed by polysaccharides that adhere to 

the cartilage. The presence of this biological lubricant (SF) acts also like a shock-absorber [4] 

and allows high dynamic loads (7–8 times the body weight) and a wide range of movements 

[2].  

The muscles of the hip joint presents some specificities, since during weight-bearing they are 

called on to move or support approximately two thirds of the body weight of the HAT (head, 

arms and trunk). Consequently, the hip joint muscles adapt their structure to the required 

function, with large areas of attachment, length, and large cross-section [3].  

 

1.2.2 Main problems in natural hip joint 

Despite the hip joint is one of the most resistant structures of the human body, the large active 

and passive forces crossing the hip joint makes joint’s structures susceptible to wear of normal 

components and to failure of weakened components [3]. Hence, hip joint can be affected by 

many injuries, such as bone cancer, chronic pain, rheumatoid arthritis, trauma, osteoarthritis, 

etc., especially in the aging population [2]. The indications for surgery in the UK are 

osteoarthritis (93%), osteonecrosis (2%), femoral neck fracture (2%), developmental dysplasia of 

the hip (2%), and inflammatory arthritis (1%). Risk factors for osteoarthritis include female 

gender, advanced age (≥ 65 years), and obesity [5]. 

Human joints have a limited regeneration capacity, which, combined with factors such as 

diseases, intense activity or aging, may cause significant wear on the joint, causing pain, loss 

of locomotive capacity and lower quality of life.  

Science and technology work together to provide quality of life to patients that lost some body 

functionality due to any illness or trauma. The extraordinary technological advances in medicine 

are notorious in the last century, impacting for example in the total hip arthroplasty (THA), 

considered as one of the most successful surgical interventions ever established [6].  
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1.3 Artificial hip joint 

1.3.1 Historical perspective 

The late 18th century and early 19th century marked the beginning of the era of the 

development of surgical procedures for hip replacement due to diseases associated with 

arthritis. Hip arthroplasty have emerged in 1840, by Carnochan, with the utilization of wood to 

replace the damage bone. However, unsuccessful results were attained, with small particles 

being released into the human body. Simultaneously, other biological materials were also 

tested, with similar bad results [7]. Until 1880, several attempts were made to replace fruitless 

damaged joints, using the most varied materials provided by nature: zinc, rubber, decalcified 

bones, etc., without success. In the following two decades fixing and cementation of prostheses 

have been attempted through the use of materials such as ivory and pumice [7]. 

The beginning of the century brought new innovations in the field, related with the use of glass 

and/or bakelite, but without success. Charles Venable and Walter Stuck, two American 

metallurgists, in 1936, developed a new alloy of chromium and cobalt, with revolutionary 

mechanical properties and become used, in the subsequent years, for prostheses [6].  

In 1938, Philip Wiles was the first to develop THA using stainless steel, fixed with screws to the 

bone. Ti and Ti alloys were introduced in the 40s [8] and during the 50s, George McKee 

introduced the first metal on metal (MoM) contact prosthesis, with a good survival rate, after 

successive design improvements and simultaneously wear failure in polymeric parts of the 

implanted prosthesis [6]. However, MoM contact was temporarily abandoned due to patient’s 

metallosis, caused by wear debris [9].  

Despite all these attempts, the precursor to the modern THA technique was Sir John Charnley, 

in the 60s, who combined a monoblock of stainless steel fixed to the bone with acrylic resin, 

coupled to a Teflon (PTFE) acetabulum. Later on, he used high density polyethylene (HDPE) 

and, after, an ultrahigh molecular weight polyethylene (UHMWPE), since PTFE produced wear 

debris that caused inflammatory reactions in the joints. UHMWPE polymer, although with a 

higher coefficient of friction than PTFE, has superior wear resistance and therefore is able to 

maintain the low friction principle, with the use of a small (22.2 mm) radius head component. 

This new combination known as low friction arthroplasty (LFA), emerged as the basis of modern 

concept of THA [7,10]. 
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In the 1970´s MoM contact was reintroduced, with CoCrMo alloys. In the 1980’s the use of 

alumina (Al2O3) and zirconia (ZrO2) triggered the utilization of ceramic-on ceramic (CoC) contact, 

with the first hip prosthesis developed in France, by Boutin, since Metal-on-Polyethylene (MoP) 

still presenting aseptic loosening and osteolysis [11].  

Currently, after 5 decades of modern THA 1 million of joint replacements are estimated to be 

performed each year, worldwide [12]. 

 

1.3.2 Emergent materials and techniques 

Materials available for implants currently fall into 3 different categories, depending on their 

nature: (i) metals (austenitic stainless steels, cobalt-chromium-molybdenum wrought and cast 

alloys (CoCrMo), titanium and titanium alloys), (ii) polymer (ultrahigh molecular weight 

polyethylene (UHMWPE), crosslinked UHWMPE (XLPE)) and (iii) ceramics (alumina, zirconia 

and alumina-zirconia composites) [13]. 

The different components that make up a modular hip prosthesis can be divided in (i) femoral 

stem, (ii) femoral head, and (iii) acetabular cup – liner and acetabular cup – shell. They can be 

composed of different classes of materials, as exemplified in Table 1.1.  

 

Table 1.1 - Different classes of materials for THA components (adapted from ref [13]). 

 Component  Material 

class  

Most used materials  

(1) Femoral steam  Metal  CoCrMo wrought, Ti alloys, 

stainless steel 

(2) Femoral head 

Metal  CoCrMo cast, stainless steel 

Ceramic  Alumina (pure or zirconia 

toughened), zirconia 

 

(3) Acetabular  

cup liner 

Polymer  UHMWPE, XLPE 

Metal  CoCrMo cast 

Ceramic  Alumina (pure or zirconia 

toughened), zirconia 

(4) Acetabular  

cup shell 

Metal  Commercially pure titanium, 

stainless steel 
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The materials combinations to apply in the femoral and acetabular components replacement 

have different characteristics, presenting advantages and disadvantages in mechanical and 

tribological terms. The implant constitution is deep and carefully selected by the medical team, 

attending to several variables such as the patient’s age, activity level and routine. The possible 

joint pairs used are the metal-on-polymer (MoP), metal-on-metal (MoM), ceramic-on-metal 

(CoM), ceramic-on-polymer (CoP) and ceramic-on-ceramic (CoC). 

Metal-on-polymer 

In the combination Metal–on-polymer, the polymer represents the soft material and the metal 

is the hard material, which presents a higher resistance to abrasive wear, in opposition to the 

softer material, that shows larger wear. UHMWPE is a material recognized for its good 

biocompatibility [14], and used as a biomaterial. It continues to be the most common material 

used as acetabular component in hip prostheses [15], and, since this material presents good 

tribological characteristics as low friction and low wear [16]. However, any metal’s surface 

imperfections may enhance the abrasive wear in the polymeric component surface, promoting 

the wear debris formation. These wear particles released from the polymeric surface are 

responsible for severe adverse reactions within the human body, starting as a subtle 

inflammatory response and finishing as osteolysis (tissue bone destruction) in the surrounding 

tissues [17], the main reason for aseptic loosening [18].  

Metal-on-metal  

Nowadays, total hip prostheses MoM type have reemerged as an option, largely due to the 

problems presented by the pair MoP [19]. In MoM pair, both acetabular and femur head are 

produced with the same material, with similar chemical properties, and consequently, higher 

adhesion forces and lower wear rate. Studies reported that the wear rate of MoM contact hip 

prosthesis was 1–6 mm3 per year, comparing to 30–100 mm3 for MoP pairs [20–22]. However, 

the friction between metals may be responsible for the release of metal ions from the system 

elements, and any particulate debris may initiate hypersensitivity reactions [23], as well an 

osteolytic reaction [17], loosening and subsequent implant failure. For instance, nickel, released 

from stainless steel, is usually eliminated through the urine but cobalt and chromium (cobalt-

chromium alloys) can remain in the body longer producing water-soluble metal salts responsible 

for blood “poisoning” or may even be retained in organ tissues [7,24].  
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Ceramic-on-metal 

The most widely used ceramic materials, used on prostheses, are alumina (Al2O3) and zirconia 

(ZrO2), with biocompatibility, wear and corrosion resistance properties [25]. In this pair, the 

femur head is composed by ceramic and the acetabular component is made in metal.  

With this combination, it is possible to achieve large femoral heads, with advantages in the 

motion range and improved joint stability [26]. CoCrMo acetabular cup components allow 

stability to the use of large femoral heads. Studies revealed the reduced wear rates in vitro 

[26,27]. 

Ceramic-on-polymer  

In the ceramic-on-polymer pair, the femur head is composed by ceramic and the acetabular 

component is made in polymer. When using a ceramic femoral head, the polymeric component 

wear may be reduced by 50 %, but still with a significant of released particles number [25]. 

Therefore, due to the problems that this materials pair presents, it has emerged an interest in 

studying of materials pairs (CoC). 

Ceramic-on-ceramic  

The first hip prosthesis with cup and ball made of alumina ceramic (Al2O3) was developed during 

the 1970s, in France, by Boutin [28]. The similarity in the chemistry of ceramics and that of 

native bone, makes ceramics often used as a part of orthopedic implants or as dental materials 

[29]. In the joint pair CoC (Al2O3 / Al2O3), the wear particles concentration was around 20 times 

lower than observed in the MoP joints [28,30,31]. Prostheses CoC produce a low number of 

wear particles (1 mm3 / year) [21,32], considerably less than the MOP joint articular wear rate 

(100 mm3 / 106 cycles) [33]. Nonetheless, due to the nature of ionic bonds, this material 

exhibits a brittle tendency and is sensitive to microstructural flaws [28]. The interest in zirconia 

has emerged as a result of its higher fracture resistance than for alumina (alumina has a 

fracture toughness of about 4–5 MPa√m and zirconia about 6–15 MPa√m [34]). ZrO2 was 

being recognized for its great strength and surface finish, becoming appropriate for the highly 

loaded environments found in joint replacement [28], since ceramics are very hard and more 

resistant to degradation in many environments than metals [29]. 

Attending to the low wear rates of these pair, they could be considered the most suitable 

materials for orthopedic implants use.   
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Table 1.2 summarize the most important advantages and disadvantages of tribological 

couplings in THA, highlighting the tribological notes, as wear rate and particle debris size. As 

can be recognized from table 1.2, the wear volumes realized with MoM combinations are much 

lower than those with MoP and CoP devices. Nevertheless, polyethylene debris are much bigger 

than metal debris and therefore, in spite of drastically reduced wear volumes, during a given 

time period, the number of metallic particles can be higher than the corresponding number of 

polyethylene debris [13].  



Chapter I: General introduction 

 

10 
 

Table 1.2 - Different features in THA couples (adapted from [13]). 

Pair   

Advantages 

 

Disadvantages 

Tribological notes 

Wear rates 

 (mm3/106 cycles) 

Average wear debris 

size (nm) [21] 

MoP Most economic device; 

Most commonly used; 

Longest experience and follow-up. 

High polyethylene wear volumes; 

Insufficient longevity for patients younger 60-65 years;  

Late aseptic loosening possible due to exposure to polyethylene 

wear debris. 

35-45 [35] 

 

300 ± 200 (of 

UHMWPE) 

MoP 

crosslinked 

Expectation of drastically reduced wear rate and 

reduced risk of aseptic loosing 

Follow-up still limited, once the first use was in 1998 [36]. 
5-40 [21]  

MoM Low volumetric wear rate; 

Improved joint stability; 

Low rate of aseptic loosening. 

Risks of metallosys, metal allergy or hypersensibility; 

Unknown long-term effects of exposure to metal ions. 1.2 ± 0.5 [21] 
30 ± 2.25 (of 

CoCrMo alloy) 

CoM 

 

Improved joint stability and range of motion due to large 

femoral head size possible (up to 38-40 mm); 

Low volumetric wear rates. 

Catastrophic fragile fracture of ceramic components; 

No experience metal ion release; 

Debris even smaller than with MoM pair (6-7 nm). 

0.01 [21] 6.11 ± 0.4 

CoP 

 

Wear rate reduced compared to MoP; 

Elasticity of UHMWPE mitigates fracture risk of ceramic 

femoral head. 

Still residual polyethylene wear with late risk of aseptic 

loosening.  
31±4 [25] 

 

( with zirconia) 

300 ± 200 (of 

UHMWPE) 

30 % of mass > 10 

µm 

CoC Highest wear resistance and lowest wear rate; 

Weak tissue interaction with ceramic wear debris [37];  

Low risk of aseptic loosening [38];  

High scratch resistance; 

Very low surface roughness; 

Good lubrication conditions; 

High wettability. 

Catastrophic fragile fracture of ceramic components; 

Tiny fracture debris may  cause third body wear after revision; 

Squeaking  complains in 1-20 % of patients [38]; 

Most expensive device. 

Head failure rates 

below 0.02-0.004 %  

[38] 

0.05 ± 0.02 [25] 

 

(with alumina) 

9 ± 0.5 (of Al2O3) 
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1.3.3 Intrinsic prosthesis requirements  

Orthopedic prostheses are part of a large group of materials developed for the purpose of 

restoring a lost function in the human body. So, the concept of biomaterial was born, and can 

be presently defined as “a substance that has been engineered to take a form which, alone or 

as part of a complex system, is used to direct, by control of interactions with components of 

living systems, the course of any therapeutic or diagnostic procedure, in human or veterinary 

medicine” [39].  

For a material to be placed in interaction with components of a living system, it is imperative to 

fulfil a number of requirements, in order to ensure that is the least harmful possible.  

Biocompatibility and Innocuousness 

Biocompatibility and biomaterial concepts are inextricably linked since only biocompatible 

materials can be used in implants without risk of rejection. Biomaterials must not cause any 

damage to the cells of the implanted organism. The physical and chemical biomaterial’s 

properties must not interact negatively with the living tissue interface [40]. 

Biocompatibility definition is complex and covers different facets such as the material, function 

and biological response. Hence, a new description of biocompatibility of a biomaterial can be 

described as “the ability to perform its desired function with respect to a medical therapy, 

without eliciting any undesirable local or systemic effects in the recipient or beneficiary of that 

therapy, but generating the most appropriate beneficial cellular or tissue response in that 

specific situation, and optimizing the clinically relevant performance of that therapy” [40]. 

An adequate response in biological organisms [41,42], is the simplified definition of 

biocompatibility. Hence, even a negative response is undesirable. It is important to highlight 

that innocuousness is needed when an implant is used. The cytotoxicity can be considered as 

one element of the broader term that composes biocompatibility definition, but it should be 

emphasized considering its importance.  

Cytotoxicity can be defined as the destructive or killing capacity of an agent. This term is also 

used to describe the character of the immune activity or toxicity of certain drugs which act as 

limiting cancerous cells development [43]. Cytotoxicity assay allows the determination of the 

biological response of mammalian cells, in vitro, using appropriate incubation of the cultured 

cells in direct contact with a device and/or through diffusion, with device extracts (indirect 



Chapter I: General introduction 
 

12 
 

contact). Reduction of cell viability by more than 30 % is considered a cytotoxic effect [44] and 

the material for implants should be considered harmful and incompatible as biomaterial. 

Mechanical aspects  

Characteristics such as superior corrosion resistance in body environment, adhesion, wear 

resistance and toughness, high fatigue resistance, low Young’s modulus [45,46], hardness, 

among others, represent the optimum combination for obtaining a suitable material for 

prosthesis application. 

The hardness (H) and Young’s modulus (E) values are two important features, when 

biomaterials use is considered. In Human body, a sufficiently hard material is requested to 

replace a damage bone, in order to withstand the loads exerted during the movement. However, 

the contact between a hard material and a soft material can originate abrasive wear, one of the 

major forms of wear [47]. Hence, more than a hard material, a toughness material is requested 

[48]. On the other hand, large differences between both bone and implant Young’s modulus 

values make the load transfer from the body to the prosthesis difficult. A reduction in the 

mechanical stresses occurs around the implant, leading to bone resorption, osseous atrophy or 

even prosthesis dislocation [49,50]. In older patients with pathology of rheumatoid arthritis or 

osteoporosis, this may be especially problematic.  

Table 1.3 shows Young’s modulus and hardness values of two natural materials comparatively 

with some materials used in artificial synovial joints. From these data, it is possible to infer that 

it is still difficult to mimic Young’s Modulus values of natural joint, using synthetic/metallic 

materials in the joint replacement.  
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Table 1.3 - Young’s modulus and hardness of natural or synthetic materials in joints.  

Joint material  Hardness, H (GPa) Young’s modulus, E (GPa) 

Articular cartilage   0,001-0,17 [51]  

Acetabular cartilage  0.001072 [52] 

Prosthetic head   0.22 [52] 

Bone 0.234-0.760 [53] 10-30 [29] 

Ti6Al4V alloy 5.3 [54] 100-110 [29] 

Stainless steel 316L 3 [48] 190 [29] 

CoCrMo alloy  8.7 [55] 210 [29] 

UHMWPE 0.062 [56]  0.8-2.7 [29] 

ZrO2  15.9-16.3 [57] 150-208 [29] 

Al2O3 23.5 [29] 350-400 [29] 

 

 

Mechanical failure, as fatigue wear, is one of the major reasons associated with hip failure 

[46,58,59] by fracture of the biomaterial and subsequent particle release into the surrounding 

environment. The fatigue strength of the material is associated to the response of the material 

to the repeated cyclic loads or strains and directly related with the long-term success of the 

implant [46].  

 

1.3.4 Prevalence of total hip arthroplasty 

Nowadays, it is possible to relate the importance of a medical treatment with the number of 

procedures carried out per year in a population [13]. Hip arthroplasty can be considered as 

ordinary surgical procedure, consisting in the functional restoration of the joint through the 

replacement by an implant, preserving the synovial capsule [2]. Beyond knee prosthesis, hip 

replacement is the most common used in orthopedic surgery, annually with more than 1 million 

worldwide procedures, being expected that this number duplicate within 10 years [12]. The rate 

of hip replacement increased by about 25% between 2000 and 2009 and this trend is expected 

to continue in the next decades due to ageing population and the medical care progress in 

developing countries [13]. 
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Materials used in conventional prostheses are designed to perform their duties for a period of 

at least 15 years [2,46,60]. Despite all progresses achieved since the first implant, failures still 

occur, entailing revision arthroplasties. The associated causes leading to an implant failure, 

responsible for the revision total hip arthroplasty, are now well defined: instability/dislocation 

(22.5%), mechanical loosening (19.7%), and infection (14.8%). However, for the surgical 

procedure arthrotomy and prosthesis removal infection can be considered the most common 

reason (74.3%) [61]. This limited lifespan becomes a problem, as well, when the implanted is 

a young and physically active patient. In fact, for patients younger than 60 years, with an 

average life expectancy of over 20 to 25 years, the duration of the implant is not enough, 

necessarily implying revision surgeries. In a worst scenario, the risks of primary revision THA 

can be 5 to 20 % after 10 years [62]. This poor performance reflect the numbers of revision 

arthroplasties: near to 20%, in the United States [61,63]. Additionally, the revision surgical 

procedure is significantly more complicated and expensive than the total primary arthroplasty 

[64,65], since bones in the adjacent regions to primary prosthesis became more fragile and 

thinner and the hospital stay and recovery surgery time is increased.  

Considering the current numbers on implants’ durability, revision arthroplasties incidence, 

increased life expectancy and increasingly universal coverage of health services, every effort 

should be made to develop inexpensive, durable and resistant materials, bridging the limitations 

that current materials present. 

 

1.4 Surface modification  

Surface engineering takes place in biomedical applications. As mentioned previously, material 

compatibility in the biological environments is a crucial prerequisite. Surface´s chemistry, 

tribological properties, materials microstructure and the specific interactions can affect the 

complex phenomenon that governs the interface of living (cells, bacteria, blood and body fluids) 

and nonliving (artificial organs and implants and coated surfaces) systems [66]. 

Contemporary advances in materials for medical devices include surface modification on metals 

for MoM contact prosthesis use, thus reducing the corrosion and metal ion release, as well as 

the use of new materials and coatings.[9].  

Within the various techniques that enable the surface modification, plasma deposition allows 

obtaining coatings with distinctly properties of the bulk materials [67]. The most important 
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techniques based on plasma deposition are chemical vapor deposition (CVD), physical vapor 

deposition (PVD), ion deposition and plasma discharge [46]. With these techniques, and 

selecting the adequate deposition parameters, it is possible to create new materials with 

practically all of the desired properties. For instance, coatings of metal nitrides and metal 

carbides can achieve hardness of 40 GPa when dispersed as nanocrystals (about 15 nm) 

embedded in the amorphous phase [68]. 

Figure 1.2 exemplifies biomaterials’ surface properties that can be adjusted by plasma surface 

modification. 

 

Figure 1.2 - Some biomaterials surface properties, improved by plasma surface modification 

(adapted from [67,69]). 
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1.4.1 Coatings in hip joint prosthesis  

The use of coatings on the biomedical devices can be a useful tool to avoid the degradation of 

the biomaterial surface and/or improve the biocompatibility of the material [48]. Surface 

degradation, is caused by the combination of chemical corrosion and mechanical effects of 

cyclic loads, which promote the debris’ release. The particles and ions release can induce 

accumulation in tissues, causing inflammation and discomfort to the patient and implant 

rejection, when body enzymes attack these particles (treats them as microorganisms) and also 

the adjacent bone cells (osteolysis) [70].  

Coatings like DLC’s (Diamond-like carbon) can be applied on orthopedic implant [71], due to 

the in vitro excellent properties, increased hardness and corrosion resistance [72], but present 

some adhesion problems [60,73]. 

The transition metal nitrides (MeN) or transition metal carbonitrides (MeCN) thin films, can also 

be potentially profitable to coat biomedical devices, due to their outstanding mechanical 

properties related with its chemical inertness [74–76], good wear and corrosion resistances 

[77]. Within this materials’ group, TiNbN (titanium niobium nitride), one of the commercially 

available coatings, showed lower wear and lower metallic ions release when compared with a 

MoM contact prosthetic implant [78]. Additionally, ZrN films presented good characteristics 

concerning hardness, tribological performance and corrosion resistance [79]. In the study of 

Kelly et al. [80], the hardness of ZrN, deposited onto AISI 304 stainless steel and produced by 

co-deposition in a dual pulsed magnetron sputtering system, reached 27 GPa, with a coefficient 

of friction of 0.19. Kertzman et al.[81], for ZrN deposited onto AISI 316 L surgical steel by 

unbalanced magnetron dc sputtering obtained hardness of 23 GPa and Young’s modulus of 

375 GPa, with good tribological and corrosion properties.  

TiCN (titanium carbonitride) coatings have been extensively studied, for instance, concerning 

biocompatibility [82,83], wear and adhesion [84,85] and corrosion resistance [86]. Serro et al. 

[83] reported TiCN hardness of 30 GPa. The TiCN friction coefficient obtained by Sánchez-

López et al. [82] reached 0.25–0.29, whereas Senna et al. [85] found critical loads of 30 N 

without delamination, for TiCN thicker film deposited onto M2 steel substrates.  

Similarly to the good performance attained by TiCN coatings, the carbon addition on the ZrN 

allowed improvements in the characteristics showed by these films [45]. In fact, in a recent 

work published by Calderon et al [87], a stoichiometric ZrC0.5N0.5 (zirconium carbonitride) phase 

was studied and revealed as the best mechanical (LC = 50 N) and electrochemical 
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performance. Silva et al [88] obtained a hardness of 29 GPa and Young’s modulus of 295 GPa 

for ZrCN (with Zr/(C+N) = 1.3), demonstrating its good performance. 

With this propose, tailoring the deposition parameters (as reactive atmosphere and power 

supply applied) it is possible to obtain nanocomposites consisting of nanocrystallites (nc) of 

ZrCN in an amorphous matrix (a-C or CNx) or a mixture of nanocrystalline phases, presenting 

superior mechanical properties [89].  

Indeed, in industrial application [79], ZrCN with a CNx amorphous phase, could act as a 

lubricant resulting in a low coefficient of friction. However, in the biomedical field, there are only 

few published studies using ZrCN as a candidate for orthopedic prostheses [45,48,89–93], but 

the results pointed out to the improvements in the characteristics of the usual materials 

(SS316L, Ti6Al4V, titanium) used in biomedical applications.  

Hence, ongoing studies confirm the promising biomedical applicability of the ZrCN coatings due 

to the valuable properties such as good biocompatibility, hardness, good wear, corrosion 

resistance and low friction [94].  

 

1.5 Antibacterial coatings 

1.5.1 Prevalence of the infections on prosthesis  

The infection on a prosthesis joint can be a devastating complication, associated to a high 

morbidity after total joint arthroplasty [95]. In Portugal, this still one of the major causes of 

implant rejection and revision surgeries [96].  

The infection rates of total joint hip arthroplasties range between 0.5 % and 3.0 %, in primary 

total hip arthroplasty [97]. The mortality rate associated to this event vary between 2.7% and 

18% [95].  

Medical devices colonization can be caused by gram-positive or gram-negative bacteria or yeasts 

[98]. Gram-positive staphylococcus species, as Staphylococcus epidermidis and 

Staphylococcus aureus are referred as major isolated species from these devices [99]. 

Additionally, Enterococcus faecalis, Streptococcus viridans and the gram-negative Escherichia 

coli, Klebsiella pneumoniae, Proteus mirabilis, and Pseudomonas aeruginosa can also be found 

in infected prosthesis. These organisms may originate from the skin of patients or health, care 

workers or other sources in the environment [98]. The efforts for infections’ prevention have 
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been notable so far, nonetheless, even with the strengthening of preventive measures in the 

surgical procedures, pathogenic microorganisms are still found at the site of approximately 90 

% of all implanted medical devices [100].  

Staphylococcus epidermidis  

Staphylococcus epidermidis is a bacteria characterized by round cells (coccus or spheroid 

shape), gram-positive stained and with about 1 µm. It can be found as single cells, in pairs or 

more frequently in clusters, like resemble grape clusters [101]. Its colonies are small and white 

(Figure 1.5).  

 

 

Figure 1.3 - Staphylococcus epidermidis IE 187 strain in agar plate and visualized by scanning 

electron microscopy. 

 

 

S. epidermidis colonizes the skin and mucous membranes of the human body, representing 

the main part of its bacterial flora [102]. With the medical procedures, this opportunistic 

bacteria have emerged as one of the major nosocomial pathogens (pathogens that can cause 

an infection during the hospital time [103]), associated to prosthesis infections, triggered by its 

adhesion to implants [97,104]. Moreover, the high adhesion and biofilm formation ability is the 

most significant feature of its pathogenicity [105]. 

A biofilm can be defined as “a structured community of bacterial cells enclosed in a self-

produced polymeric matrix and that are adherent to an inert or living surface” [106].  
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The adhesion of a small number of bacterial cells to a surface is the first step to the formation 

of bacterial biofilms [107]. Bacteria initial adhesion to a foreign body is regulated by its physico-

chemical properties. However, the materials can be rapidly covered by the host matrix proteins 

and the bacterial adhesion continues [102] (Figure 1.6). After the initial adhesion, cells 

accumulation layer by layer and the formation of a polymeric matrix (EPS) that involves bacteria 

multilayers, complete the biofilm formation stage [107]. The segregation of polysaccharide 

intercellular adhesin (PIA) allows the cell-cell proliferation in to mature biofilm [102]. After the 

biofilm maturation, detachment of planktonic cells and biofilm parts that can colonize other 

sites permit the maintenance of the biofilm cycle, as illustrated in the Figure 1.6.  

 

 

Figure 1.4 - Staphylococcus epidermidis biofilm cycle (not to scale). 

 

 

The cell’s mode of growth, as biofilm, is often associated with chronic bacterial infections, which 

are almost impossible to eradicate [108], since one mechanism of biofilm resistance to 

antimicrobial agents is its disability in the penetration in the full depth of the biofilm [106]. The 

polymeric substances like those forming biofilm matrix are known to retard the diffusion of 

antibiotics [106]. So, the treatment of S. epidermidis infections is difficult due to its biofilm 

growth ability and its resistance against many antibiotics [102] being a great concern in medical 

field and a serious problem for public health [109]. Its ability to resist to the body host defenses 

[110] implies new fight strategies against the bacteria in order to reduce patient morbidity and 

mortality associated to hip surgeries infection [111], and consequently reduce health costs 

[112]. 
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Hence, an integrated response, with the prevention of the initial bacteria adhesion together with 

a bacterial growth inhibition demands new approaches in the orthopedic field. 

 

1.5.2 Silver as antibacterial agent 

The antimicrobial properties of silver and its application in medicine is known for centuries 

[113–120], with a broad-spectrum of activity against different microorganisms. For instance, 

since the time of the Persian kings, Cu and Ag vessels were used for water disinfection and 

food preservation [121].  

The specific mechanisms explaining the toxicity of silver are not yet fully elucidated, but several 

studies pointed out that the antimicrobial activity usually implies the oxidation of metallic silver 

to Ag+ [122,123] (Figure 1.5). It is suggested that silver ions act by strongly binding to some 

atoms of donor ligands, such as O, N and S, through strong and selective interactions 

[121,124]. Indeed, the presence of external silver ions can replace original metals present in 

biomolecules, leading to cellular dysfunction [121,124]. Additionally, critical biological 

molecules such as proteins, DNA, RNA, can be also affected by the presence of the silver ions, 

with a disruption on their functions [116,122].  

 

 

Figure 1.5 - Summary of the main mechanisms behind the antimicrobial behavior of silver 

(adapted from [124]). 
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The presence of the silver ion can act as catalytic cofactor in a broad range of cell enzymes 

either generating or catalyzing reactive oxygen species (ROS) [125]. These species are toxic to 

bacterial cells, inducing an oxidative stress if they exceed the cell antioxidant capacity, leading 

therefore to the damage of cellular proteins, lipids and DNA. An excess of ROS derivatives 

produces an oxidative stress in the cell [121,124]. A synergic performance between ionic silver 

and ROS translates in a bactericidal effect [126]. In addition, the presence of silver 

nanoparticles, physically linked with the bacterial cells can be responsible for the structural 

damage to their cell wall [127].  

 

The new investigation lines suggests that silver can be considered as a coating of invasive 

medical devices [128], due to its reported antimicrobial effect but also due to the absence/low 

toxicity of the active Ag+ to human cells [123]. In parallel to antimicrobial properties, good 

tribological properties can be achieved with the incorporation of controlled silver contents, acting 

as a solid lubricant [129–131].  

Hence, the addition of silver nanoclusters to ZrCN coatings can bring significant improvements 

in the usual biomaterials, since an ideal combination of nanocrystalline ZrC1−xNx, amorphous 

carbon (a-C or CNx) and silver nanoparticles can be attained. 

 

1.6 Scope of the work 

The main goal of this work was to achieve antibacterial properties on Ag-ZrCN multifunctional 

coatings, which could be applied to biomaterials. Therefore, for the accomplishment of this 

major objective, some deposition parameters were changed, allowing the optimization of the 

predominant phases, typically obtaining a nanocomposite-type compound nc-ZrCN/nc-Ag/a-

CNx. The adhesion and mechanical properties of the Ag-ZrCN coatings were also considered in 

this work. A special focus is given in the addition and manipulation (silver activation process) of 

silver nanoclusters in the ZrCN coatings in order to better understand how to improve the 

prevention of microbial adhesion and biofilm formation on these biomaterials, without reaching 

the cytotoxicity limits. 
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1.7 Structure of the dissertation 

This dissertation is divided in seven chapters. The present chapter encloses a contextualization 

to the work. This general introduction describes the main causes that lead to the replacement 

of the natural joint by a prosthetic implant. It also describes the main properties that these 

materials need to observe. In the last part of this chapter, it is described the importance of the 

materials’ surface modification, specifically the use of Ag-ZrCN to obtain multifunctional 

behavior: antibacterial activity and enhanced mechanical properties.  

The next four chapters correspond to different parts of the experimental work. Since each 

chapter is concerned with more specific parts of the research work, they will present a deepen 

introduction section in the respective subject. 

Chapter II regards the coatings production and its characterization. A briefly description about 

the reactive magnetron sputtering (technique used for coatings production) is presented, as well 

as, all the several techniques and methodologies used for the different coatings’ 

characterization: chemical, physical, mechanical and biological. 

In Chapter III is presented the study of the effect of the silver content on the structural and 

mechanical behavior of Ag-ZrCN coatings. Additionally, coatings antibacterial activity was 

preliminary assessed.  

Chapter IV describes the process of silver activation, performed on thin films of Ag-ZrCN 

coatings. The goal was to obtain a simple and not expensive treatment to enhance the silver 

ion release from the coatings, and consequently promoting its antibacterial activity. 

In chapter V is referred the study about the influence of the developed structure (amorphous 

versus crystalline phases) on the silver ionization. The antibacterial properties of the silver in 

activated Ag-ZrCN coatings, with the different matrices, are also assessed.  

Chapter VI concerns a biological characterization of the most promising Ag-ZrCN coatings. The 

cytotoxicity of the different coatings was studied. Biofilm formation in the non-cytotoxic coatings 

was also assessed.  

Finally, Chapter VII regards the major conclusions obtained from this work, together with the 

suggestions for future work. 
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 Chapter II 

Coatings production and characterization techniques 

This chapter describes the techniques for coatings production and characterization, together 

with the several methodologies for their biological characterization. 
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2.1 Coatings production 

2.1.1 Reactive magnetron sputtering 

In the sputtering process, target plates are used and bombarded by energetic ions from an inert 

gas plasma, which is achieved by applying an electric field between the targets and the 

substrate. The bombardment process causes the removal of the atoms that compose the 

target(s), condensing on the specimen to be coated (substrate), forming the thin film (coating) 

[1], as schematized in Figure 2.1. 

When reactive gases are used (in this work was used acetylene and nitrogen), in the sputtering 

atmosphere, a reactive atmosphere is obtained. In this case, the sputtering process is known 

as reactive sputtering, in which the reaction between the sputtered atoms and the reactive gases 

is promoted, both on the target and substrate surfaces. The presence of the appropriated gases 

allow obtaining particular thin films (as ceramic coatings), with modulated features and 

properties [2]. 

 

 

Figure 2.1 - Schematic representation of the reactive magnetron sputtering process (not to 

scale). 

 

 

In order to avoid some limitations associated with the sputtering process, as low deposition 

rates and low ionization plasma efficiencies, magnetrons are located behind the target(s), since 



Chapter II: Coatings production and characterization techniques 
 

 
38 

 

the magnetic field “margins” the plasma and “guides” the movement of electrons to increase 

the bombardment, increasing the deposition efficiency. Unbalanced magnetrons (with some 

magnetic field lines orientated in the substrate direction as the one used in this thesis), allow 

the plasma movement in the direction of the substrate, with a more efficient deposition process. 

 

2.1.2 Deposition system  

The deposition system is composed by a pre-chamber and deposition chamber, vacuum 

system, with turbomolecular pumps, gases flow control system, electrical system and a 

computer control unit. The equipment for reactive magnetron sputtering process, shown in 

Figure 2.2, is located at Laboratório de Revestimentos Funcionais II, on the Physics department 

(campus of Azurém) at University of Minho. 

 

Figure 2.2 - Reactive magnetron sputtering equipment. 

 

 

The deposition chamber, with a cylindrical shape, has two magnetrons in a closed field 

configuration, arranged vertically where are placed the targets (with dimensions 200 x 100 x 6 

mm3). The magnetrons have a water cooling system. The substrate holder is located in the 
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center of the deposition chamber, and the system allows also the biasing of the substrates and 

the Joule heating system, as it can be seen in Figure 2.3. 

 

 

Figure 2.3 - Schematic representation of the magnetrons and substrate holder in the deposition 

chamber (not to scale). 

 

 

The vacuum in the pre-chamber was achieved by a rotatory pump, (AEG Type AM 100LSA), 

allowing a primary vacuum, before the substrate holder is transferred to the main chamber, 

through a gate valve (placed between the main chamber and the pre-chamber). This prevents 

contaminations in the deposition chamber, avoiding that the main chamber reaches the 

atmospheric pressure between the changes of the substrates.  

The vacuum system in the deposition chamber consists in a primary pump (Edwards) to obtain 

the primary vacuum and in a turbomolecular pump (Oerlikon-Leybold vacuum) used to obtain 

the base pressure (secondary vacuum). The pressure inside the chamber was monitored by 

pressure gauges (Pfeiffer Vacuum). 

The electrical system was composed by dc generators (Hüttinger PFG 7500 DC and Hüttinger 

PFG 2500 DC), to power the targets. A Pulsed power supply (MKS, ENI RPG 50) was used for 

the cleaning/etching of the substrates. For substrates biasing, a current rectifier (Delta Portugal) 

was used. A computer, with LabView 7.1 software, was used to control the main elements of 

the chamber and the deposition process.  
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2.1.3 Coatings deposition 

In this section is presented generalities about the coatings deposition. Additionally, the details 

used in the coatings deposition, which are specific for each chapter, will be further explained in 

the respective section.  

As previously mentioned in Chapter I, the aim of this study was to obtain coatings capable of 

being used in biological environments, and hence, the deposition conditions presented are the 

result of the work previously carried out on the research group. 

Ag-ZrCN thin films were deposited on two different types of substrates: 316L stainless steel, cut 

into 20 x 20 mm2, and Silicon (Si) (20 x 10 mm2) single crystal p-type with orientation (100). 

An ultrasonic cleaning pre-treatment was performed on the substrates to remove all impurities 

and traces of grease, in distilled water, ethanol (AGA, Portugal) and acetone (AGA, Portugal) for 

10 minutes in each solution, before being used in the deposition. Before each deposition, the 

targets system and the substrates were further cleaned by an argon plasma etching process, 

to remove remaining impurities and surface oxides from the surfaces, with the conditions 

described in Table 2.1. 

 

Table 2.1 - Conditions used in the etching process, for the substrates and targets. 

Etching parameters 

Ar flux (sccm), 60 

Temperature (K) 373 

Duration (min) 30 

 

Substrates  

Pulsed current (A) 0.48 

Pulse duration (ns) 1536 

Frequency (kHz) 200 

Targets  dc current (A)  0.1 

 

 

In order to ensure good adhesion between the stainless steel and Ag-ZrCN multifunctional 

coating, a Zirconium interlayer was deposited in the coatings, using the deposition parameters 

described in Table 2.2. 
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Table 2.2 - Conditions used during the interlayer deposition. 

Interlayer deposition parameters 

Ar flux (sccm), 60 

Potential on the substrate holder (bias) −50 V 

Temperature (K) 373 

dc current in Zr target (A) 2 

Duration (s) 200 

 

 

For the Ag-ZrCN coatings deposition described throughout this work, two different configuration 

systems were used. The first approach was composed by a pure (99.8 %) zirconium target and 

a zirconium target doped with silver pellets (FHR, with purity code 4N). For this first 

configuration it was found difficult to control the area of silver pellets between depositions, and 

consequently increased difficulties on the silver content control. In order to work around this 

problem, a new configuration was also tested. The second approach was composed by a pure 

(99.8 %) zirconium target and a pure (99.8 %) silver target. Some deposition parameters such 

as number of Ag pellets, power supply applied to each target and reactive gases flow were 

gradually and systematically changed in order to obtain different Ag-ZrCN films.  

Table 2.3 presents the deposition parameters and its variation, used to obtain the different 

coatings used in this work. 
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Table 2.3 - Summary of deposition parameters for the different coatings deposition. 

Parameters 
Configuration system 

Zr and Zr+Ag targets Zr and Ag targets 

Work Pressure (Pa) 3.9 x 10-1 - 2.1 x 10-1 

Silver pellets 6 or 8 - 

 Sputtering atmosphere (sccm) 

Argon 60 60 

Acetylene 4 1.2 

Nitrogen 3 4 

 Current density (mA cm-2) 

Zr target 5 - 10 9 

Zr+Ag target 0 - 3.3  

Ag target  0.7 - 1 

 

 

During all the depositions, the substrates were rotated at a constant speed of 8 rpm, 70 mm 

away from the targets, in order to assure homogeneity. The temperature was kept at 373 K and 

the potential of the substrate holder (bias) was set to −50 V. During the depositions, these 

parameters were monitored and kept constant.  

Figure 2.4 shows the architecture and the application of the Ag-ZrCN coatings studied 

throughout this work. 

 

 

Figure 2.4 - Schematic representation of the architecture of the produced coatings (not to scale). 
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The nomenclature of the produced coatings used throughout the different chapters that 

compose this thesis represents the silver content in the different Ag-ZrCN thin films. For 

instance, a coating with 11 at. % of silver will be denoted as Ag 11. Coatings with the same 

silver content and different phasic compositions will be distinguished from each other with the 

letter “N” (for example, Ag 8 and Ag 8N). 

 

2.2 Chemical, physical and structural characterization of the coatings 

2.2.1 Ball-cratering: coatings thickness 

Ball-cratering technique was used for coatings thickness measurements. Ball-cratering is a 

simple and not expensive destructive technique. A steel sphere with a known diameter is placed 

to rotate onto the surface of the coating, as shown in Figure 2.5. To increase abrasion and 

decrease the friction between the coating and the steel sphere, a diamond solution is applied. 

The thickness calculation is based on an optical analysis of the depression generated by the 

sphere, which reveals the projected surfaces of the eroded coating and substrate sections, as 

shown in Figure 2.6. The thickness of the coating can be calculated by Equation 2.1 [3]. In the 

Figure 2.6b) it is possible to identify the erosion zone of the substrate (darker zone) and the 

erosion zone of the coating (lighter zone). 

 

 

Figure 2.5 - Scheme of the ball-cratering technique (not to scale). 
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A 15 mm diameter stainless steel sphere rotating at 700 rpm during 80 s, was used. The 

diameters of the worn crater on the film surface were measured and the parameters x and y 

were determined.  

 

 

Figure 2.6- a) Schematic view of the ball-crater profile; b) Image of the ZrCN coating after the 

ball-cratering test. 

 

 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 =
𝑥.𝑦

𝐵𝑎𝑙𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 
     (2.1)  

 

 

2.2.2 EPMA: chemical composition 

The chemical composition of the coatings was determined using electron probe micro-analysis 

(EPMA) technique. EPMA was performed using a Cameca equipment, model Camebaz SX50, 

located at Department of Mechanical Engineering, University of Coimbra. 

This nondestructive analytical technique allows the determination of the qualitative and 

quantitative composition of the coatings. An electron beam is focused on the material and the 

X-ray photons emitted by the various elemental species collected. The material composition can 

be easily identified, since the wavelengths of the X-rays are characteristic of the emitting species 

[4]. The depth of analysis is variable according to the selected working conditions, being typically 

of a few micrometers. In this technique, five measurements were performed in each coating, 

randomly selecting areas of the surface, with standard deviation between 0.2 and 0.8. The 

accelerating voltage of the electron beam was 10 kV and the current 40 nA.  
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2.2.3 SEM-EDS: coatings morphology, chemical composition and thickness 

In scanning electron microscopy (SEM) technique, a focused beam of electrons is used to scan 

the material, producing an image. The electrons interact with the material’s atoms, producing 

various signals that can be detected (Figure 2.7), offering information about the material surface 

morphology and composition [5]. 

The cross sectional observations were carried out on fractured coatings, placed perpendicularly 

to the electrons beam in the SEM apparatus.  

 

 

Figure 2.7 - Emission signals after interaction between the electron beam and the material. 

 

 

The thickness of some produced coatings was also checked by direct measurements in the 

cross section observation by SEM microscopy. 

 

 

The morphology, cross sectional observations and thickness of the coatings was evaluated by 

NanoSEM 200-EDAX-Nova equipment, belonging to SEMAT Serviços de Caracterização de 

Materiais at University of Minho (SEMAT-UM). The coatings morphology was assessed in both 

backscattering (BSE) and secondary electrons (SE) modes.  

Energy-dispersive X-ray spectrometry (EDX) was used during SEM analysis to determine the thin 

films chemical composition. Similarly to EPMA, by the interaction between electrons beam with 

high energy (10 to 50 keV) and the material, X-rays are produced (Figure 2.7) and analyzed 
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with a spectrometer. The data is characteristic for each element and the composition of the 

coating can be obtained by measuring their energy. Using references energy it is possible to 

obtain a quantitative analysis [4].  

The deposition rates showed in the different chapters were calculated from the ratio between 

film thickness and the sputtering time. 

 

2.2.4 X-ray diffraction: crystalline phases 

X-ray diffraction (XRD) allows the study of semi-crystalline solids or crystalline materials. With 

this method information concerning crystalline phases, crystallographic orientation, size of the 

crystals, lattice parameters, internal stress can be obtained [5]. A monochromatic X-ray 

radiation is used on the material. The constructive interference of the radiation reflected or 

diffracted by the material crystal planes (characterized by the Miller indices (hkl)) is analyzed 

[5]. The interference of the diffracted beams with the crystal planes of the material (spaced by 

the interplanar distance value (dhkl)) results in diffraction peak, translated by the Bragg´s law, 

shown in Equation 2.2. 

 

𝑛λ = 2𝑑ℎ𝑘𝑙 × sin θℎ𝑘𝑙       (2.2) 

 

 

The Bragg's law relates the diffraction order (n), the wavelength of X-rays (λ), the distance 

between atomic planes (dhkl), and the angle between the incident beam and the Bragg diffraction 

plane responsible for (θ) as illustrated in Figure 2.8. 
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Figure 2.8 – Bragg’s law representation. 

 

 

Besides the identification of the material crystalline phases, the position and intensity of the 

diffraction peaks may provide other essential information regarding the structural characteristics 

of the material, as the crystallites size. The grain size of the coatings (D) was calculated using 

the Scherrer formula [6], Equation 2.3, where λ is the X-ray wavelength  (nm), β is line 

broadening at half the maximum intensity (FWHM) (rad) and K is a dimensionless shape factor, 

with a value close to unity. The shape factor has a typical value of about 0.9, but varies with 

the actual shape of the crystallite. 

 

𝐷ℎ𝑘𝑙 =  
𝐾λ

βℎ𝑘𝑙 (cos θ)
        (2.3) 

 

 

XRD analysis of some coatings was carried out using a Philips diffractometer, model X'Pert PW 

3020. A cobalt anode with Kα1 = 1.7896 Å and Kα2 = 1.79285 Å wavelengths was used. This 

technique was performed at University of Coimbra. A Bruker AXS D8 Discover diffractometer, 

with a copper anode with Cu-Kα =1.54060 Å wavelengths, was used as well to analyze another 

group of coatings, at SEMAT (University of Minho). 

Match! software was used for diffractograms analysis. The reference peaks were obtained from 

the International Centre for Diffraction Data (ICDD) database: ZrN (ICDD card no. 01-074-1217), 

ZrC (ICDD card no. 01-074-1221), Zr (ICDD card no. 01-089-4916) and Ag (ICDD card no. 00-

004-0783).  

The Scherrer formula was used after a nonlinear Voigt curve fit on the (111) peaks of the 

diffractograms using OriginPro 8 software. 

https://en.wikipedia.org/wiki/Intensity_(physics)
https://en.wikipedia.org/wiki/Full_width_at_half_maximum
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2.2.5 Raman spectroscopy: amorphous phases 

By Raman spectroscopy is possible to obtain structural information of a material by determining 

its chemical bonds, besides the analysis of organic and inorganic compounds, amorphous or 

crystalline materials [4]. The incidence of a monochromatic beam on the material and the 

inelastic radiation scattered by the material describe the Raman scattering phenomenon. The 

molecules present in each material have proper vibration and rotation states. The vibration 

frequency is proportional to the binding energy, dependent on the mass of the atoms and the 

bonding energy of the molecules present in the material [4].  

Raman spectroscopy assays were performed using a HORIBA Jobin-Yvon Raman spectrometer, 

Xplora model. Its excitation source was a laser of visible light with a 514.5 nm coherent 

wavelength and analysis comprised between 100 and 2000 cm-1. Raman spectra were analyzed 

with the LabSpec5 program. Raman spectroscopy analysis was carried out in Czech Technical 

University in Prague, Czech Republic. 

 

2.2.6 Glow discharge optical emission spectroscopy: chemical composition in depth  

Glow discharge optical emission spectroscopy (GDOES) technique gives a qualitative and 

quantitative analysis of the chemical composition through material thickness [7]. 

Materials are placed in a vacuum chamber, an inert gas is introduced, (usually argon (Ar)), and 

a ddp between the anode and the cathode (material) is applied. During the “travel” between 

the materials (cathode) towards the anode, electrons collide with the Ar atoms present in the 

chamber, and ionizes Ar+ are responsible for the removal of the atoms from the material [8]. 

After that, atoms of the material will collide with the electrons and Ar+, that compose the plasma. 

Characteristic photons of electronic transitions related to the elements of the material are 

emitted [7]. A wavelength selector separates the wavelength characteristics of each chemical 

element.  

GDOES technique was performed using a Jobin Yvon RF GD Profiler equipped with a 4 mm 

diameter anode and operating at a typical radio frequency discharge pressure of 650 Pa and a 

power of 40 W, at Instituto de Ciencia e Materiales de Madrid (ICMM—CSIC), Cantoblanco, 

Madrid, Spain. 
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2.2.7 X-ray photoelectron spectroscopy: silver oxidation state  

X-ray photoelectron spectroscopy (XPS) technique allows obtaining qualitative and quantitative 

information about the elements presents on the surface of a solid material, as well as 

information regarding chemical bonds. The surface analysis method allows the evaluation of a 

depth between 0.5 and 10 nm. The composition information is obtained due to the incidence 

of X-rays on the material surface, typically from Mg (Κα - 1253.6 eV) or Al (Κα - 1486.6 eV) 

[5]. The energy from this radiation is enough to cause electron emission from the material 

surface atoms. The measure of the electrons energy allows the calculation of its binding energy 

and the identification of the respective element. Binding energy of the electron depends on the 

oxidation state of the atom that it belongs and also of the neighbor atoms [4]. 

XPS spectra were acquired in an ultrahigh vacuum system at a base pressure below 8 x 10−8 

Pa using a hemispherical analyser (SPECS EA-10 Plus). The pass energy was 15 eV giving a 

constant resolution of 0.9 eV. A twin anode (Mg and Al) X-ray source was operated at a constant 

power of 300 W using Mg Kα radiation. The coatings were not sputter-cleaned. Deconvolution 

software CasaXPS was used for spectra analysis of the coatings. XPS measurements were 

performed at Departamento de Física Aplicada, Universidad Autónoma de Madrid, Madrid, 

Spain. 

 

2.2.8 Atomic force microscopy: topography and roughness 

Atomic force microscopy (AFM) is a nondestructive technique that allows the evaluation of the 

coatings surface topography with atomic-scale resolution [5]. A tip is used to scan the coating 

surface, in tapping mode (regular contact between the material surface and the tip). The 

repulsive interaction between the atoms of the surface material and the tip atoms allow the tip 

vertical movement, being detected and reflected on a photodetector [5]. Hook´s law relates the 

movement of the tip with the light intensity differences.  

A surface contains a random distribution of peaks and valleys, which form the surface 

topography and define the roughness analysis. In order to characterize the surface topography 

statistical parameters can be measured, like average roughness (Ra), root mean square 

deviation (Rms) and the maximum roughness (Rmax). Ra is the arithmetic mean of surface 

roughness of every measurement within the total distance 1/2 roughness average. 
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The topography and surface roughness were characterized using the AFM NanoScope III Digital 

Instruments, belonging to University of Minho. The measurement of the roughness was 

performed under a scan range of 5 x 5 µm2 in tapping mode. Measurements were made in 

three random areas of the coatings. 

 

2.3. Mechanical characterization  

2.3.1 Nanoindentation: Hardness and Young’s Modulus  

The method consists in performing an indentation with a diamond indenter, registering 

simultaneously the indentation depth as a function of applied load. The hardness value is 

obtained by dividing the maximum load and the projected area of indentation. Some corrections 

must be taking account: thermal drift and diamond area function. For the Young’s modulus 

calculation it is possible to use an equation that relates the Poisson's ratios of the film and the 

indenter, the elastic modulus of the indenter (Ei) and the slope in the initial phase of the 

unloading curve that is determined by extrapolation of the initial stage of the unloading curve 

up to zero load.  

The hardness and Young’s modulus of the films were determined using a Micro Materials NT 

8500c equipment with a Berkovich indenter, using 5 mN as maximum load for the coatings 

and 500 mN load for substrate (SS316L). The maximum nanoindentation depth was 

maintained below 12% of the total film thickness [9]. The values reported are an average of 20 

points measured. 

 

2.3.2 Fatigue tests: fracture of the coatings  

To evaluate the resistance to fatigue and fracture of the coatings, repetitive impact tests were 

performed on the surface of the thin films. Fatigue tests were carried out following an adaptation 

of the ISO 7206 standard [10], (assays were performed in the absence of the synovial liquid, 

fluid that soaks an orthopedic prosthesis, since the equipment is not equipped with an adequate 

module). The fatigue tests were determined using a Micro Materials NanoTest equipment, with 

a NT Cube Corner 8500E indenter. From a predetermined distance (15 μm) toward the sample, 

the indenter collided with the coatings’ surface repeatedly over a period of time. Assays were 
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performed with five distinct loads, ranging from 0.1 to 0.5 mN. Table 2.4 summarizes the 

different test parameters. 

 

Table 2.4 – Fatigue resistance test parameters. 

Test parameters 

Load (mN) 0.1 - 0.5 

Time periods (s) 300; 600 

Impacts  75; 150 

 

 

A total of 75 and 150 impacts were controlled to assure that repetitive impacts occurred at the 

same place, with a period of 4 s. Ten tests were performed on each coating. The morphology 

of each indent was evaluated by SEM using a FEI Nova 200 equipment (at SEMAT).  

The analysis of impact results can be performed using various parameters [1,11]: 

i) Number of impacts until to first failure; 

ii) Maximum load for coating failure for a predefined number of impacts; 

iii) Depth after the first impact; 

iv) Depth reached at the end of the test; 

The usual shape of repetitive impact curves when failure is not detected during the test of coated 

material [11] is show in Figure 2.9. 

 

Figure 2.9 - Typical plot for fatigue assay (300 s; 3mN), for a Ag-ZrCN coating. 
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2.3.3 Scratch test: Adhesion properties  

Scratch test allows the determination of the coatings adhesion to the substrate. A hemispherical 

diamond tip slides over the coated material by applying a load that linearly increases over time. 

The adhesion/cohesion properties of the coatings were assessed using a CSM Revetest 

Instrument, with a hemispherical 200 µm diamond tip. For all coatings, five scratch tests were 

evaluated. The initial and final loads were set to 0.9 and 100 N, respectively, with a load rate 

of 100 N/min, and scratching speed of 10 mm/min. 

The critical loads (LC) were determined by optical microscope (Nikon EPlan 20x/0.40 EPI), after 

the examination of the scratch tracks.  

The critical loads LC1, LC2 and LC3, were taken into consideration [12,13]: 

(LC1): load corresponding to initial cohesive failure, 

(LC2): initial delamination, with the first appearance of the substrate surface (adhesive failure); 

(LC3): severe delamination where more than 50% of the substrate exposed.  

Figure 2.10 shows the optical scratch tracks corresponding to the different critical loads of an 

Ag-ZrCN coating, performed at SEMAT, University of Minho. 

 

 

Figure 2.10 – Typical scratch tracks of an Ag-ZrCN coating. 

 

 

2.4 Biological characterization 

In this section, a description about the different techniques used in the biological 

characterization of the various coatings is presented. All these procedures were carried out in 

the Centre of Biological Engineering, University of Minho. 

All coatings used in the biological assays were previously sterilized at 121º C for 15 min, in 

autoclave. All experiments were carried out inside a flow chamber. Experiments were run in 
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triplicate per coating (technical replicates) and on three independent occasions (biological 

replicates). 

 

2.4.1 Inductively coupled plasma optical emission spectrometry: silver ion release  

Inductively coupled plasma optical emission spectrometry (ICP-OES) is an analytical technique 

for elemental determinations in the concentration range of major to trace based on the 

principles of atomic spectroscopy. This technique applies to almost all elements except chloride. 

In practice, favorable analytical results are obtained for ~ 70 elements, with detection limits 

usually attainable at the parts per billion level [4]. 

ICP technique was performed in order to quantify the silver ion release from some coatings. For 

that, coated samples were placed in a six well plate, containing 3 mL of 0.9 % (w/v) NaCl and 

incubated at 37º C, during 24 h. After this period, 1 mL of the solution was taken and diluted 

with 4 mL of 2 % (v/v) HNO3, since the presence of this acid could induce AgNO3 formation and 

produce more Ag ions and also might prevent AgCl formation. The calibration curve was 

prepared using a silver standard solution for ICP (Silver, plasma standard solution, specpure, 

Ag 1000 µg.mL-1) diluted in HNO3 acid, since this is the matrix in which the silver is stabilized. 

The calibration curve (plot of signal intensity versus silver concentration) was made from 

approximately 10 ppb (μg/L) to 1 ppm (mg/L) (Figure 2.11).  

Tests were carried out using the ICP spectrometer model PerkinElmer S10 autosampler optima 

8000, with software win lab 32 ICP continuous, from Centre of Biological Engineering, 

University of Minho. Silver ion release measurements were replicated on 3 of each coating type 

(n=3). The ICP-OES was set to read silver at wavelength of 328.068 nm, with a theoretical 

detection limit of 0.6 ppb of Ag. 
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Figure 2.11 - Calibration curve for an ICP analysis (silver at wavelength of 328.068 nm). 

 

 

2.4.2 Antibacterial properties  

2.4.2.1 Halo test: antibacterial activity screening 

The antibacterial activity of Ag-ZrCN coatings was examined using the zone of inhibition (ZOI) 

test [14], measuring the size of the growth inhibition halo as a qualitative parameter of the 

coatings’ activity. 

Antibacterial assays were performed using Staphylococcus epidermidis IE186, a clinical isolate 

belonging to the CEB Biofilm Group collection. This strain was stored at −80º C in glycerol 

stocks until use. Before the assays, cells were grown for approximately 36 h in Tryptic Soy Agar 

(TSA, Merck) plates. A single colony of S. epidermidis was inoculated on Tryptic Soy Broth (TSB, 

Merck) and incubated for 18 h at 37 °C, and 120 rpm. Thereafter, the resultant cell suspension 

was adjusted to an optical density (OD) of 1.0, measured, at 640 nm, on ELISA (enzyme-linked 

immunosorbent assay) absorbance reader (Sunrise™, Tecan, Austria) and properly diluted to 

obtain 1 x 107 CFU.mL−1. 

A cellular suspension (1 mL) was added to 14 mL of cooled (50 °C) TSA and placed into sterile 

plastic Petri dishes. After medium solidification, the sterilized coating specimens were placed 

top down centered on the agar plates and incubated for 24 h, at 37 ºC. Following the incubation 

period, the zone of transparent medium formed around the coatings was measured (Figure 

2.12), indicating the absence of bacteria growth.  
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Figure 2.12 – Example of the growth inhibition halo (right image) on agar plate acquired in the 

Image Lab™ software (BioRad). Left image, no inhibition halo is detected. 

 

 

2.4.2.2 CFU: quantitative evaluation of the bacterial adhesion and/or biofilm formation  

To assess the bacterial adhesion (2 h) and/or biofilm formation (24 h), the S. epidermidis 

suspension was prepared. After incubation, at the same conditions described above, the cell 

suspension was properly diluted in TSB at concentrations of 1 x 108 CFU.mL-1 or 1 x 105 

CFU.mL−1, depending on the assay.  

The different coatings (on SS316L), were inserted in six-well plates and 3 mL of the cellular 

suspension was added to each well. This volume insured a complete immersion of the coatings 

in the cell suspension. The plates were incubated at 37 ºC under 120 rpm for 2 h or 24 h. After 

the incubation period, the supernatant was removed and the coatings were gently washed with 

PBS (phosphate buffered saline) to remove non-attached bacteria. After that, 3 mL of PBS were 

added to each well and the remaining adherent bacteria were detached from the coatings using 

an ultrasonic bath for 10 min. A control was performed in order to assure that all the bacteria 

were released from the coating. 

The bacteria were incubated with serial dilutions on TSA plates at 37º C for 24 h, and the 

number of Colony Forming Units (CFU’s) was counted. Figure 2.13 presents a scheme of the 

serial dilutions in agar plates, used in CFU counting method. 
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Figure 2.13 – Scheme of the serial dilutions used in CFU counting method. 

 

 

CFU was determined by the average of the log of the viable cells that were found in the different 

dilutions, for the different coatings, as shown in Equation 2.4.  

 

CFU = avg log (viable cells/mL)      (2.4) 

 

 

In this work, an antimicrobial activity of the material was considered when the difference in the 

logarithmic value of viable cells counts between antimicrobial products and untreated products 

(control) was higher than 2, according to the Japanese Industrial Standard Z 2801: 2000 [15]. 

 

2.4.2.3 Biofilm SEM visualization 

SEM was also used for the visualization of the coatings’ surface after biofilm formation, using a 

cellular suspension with final concentration of approximately 1 x 108 CFU.mL-1.  

The different coatings, in six-well plates with 3 mL of the S. epidermidis suspension were 

incubated (24 h at 37 ºC and 120 rpm). After the biofilm formation on the coatings, the 

supernatant was removed and the coatings were gently and carefully washed three times with 

sterile distilled water. Then, coatings were dehydrated by sample immersion in increasing 
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ethanol concentrations: 70, 95 and 100 % (v/v) for 10, 10 and 20 min, respectively, and placed 

in a sealed desiccator. The coatings were mounted on aluminum bases with carbon tape, 

sputter-coated with gold and observed with a Leica S360 scanning electron microscope. In 

order to observe bacterial colonization in each coating, three fields were used for image analysis. 

All photographs were taken using a magnification of 1000×.  

 

2.4.3 Cytotoxicity assays  

Cytotoxicity tests were performed using 3T3 (CCL-163) fibroblasts cells, obtained from 

American Type Cell Collection, according to the ISO 10993-5: biological evaluation of medical 

devices [16].  

Sterilized coated samples were immersed in six well plates containing 3 mL of complete 

Dulbecco modified eagle medium, DMEM (Gibco), supplemented with 10 % of FBS (fetal bovine 

serum) (Gibco) and 1 % penicillin streptomycin, PS (Gibco). The plates were then incubated at 

37 °C for 24 h, in a 5 % CO2 atmosphere. Meanwhile, the cells were grown, as well, in complete 

DMEM until attaining 80 % of confluence. After cell detachment, 500 μL of cell suspension with 

2 × 105 cells/mL were transferred to each well of a 24 wells’ plate and 500 μL of the medium, 

which was in contact with the coatings, was added. A well containing only fibroblasts cells in 

complete DMEM was used as control of cell growth. The plates were incubated again, in the 

same conditions (with 5 % CO2 at 37 °C) for 48 h. After this time, all medium was removed and 

each well was washed with 200 μL of PBS. In the dark, a solution containing 100 μL of MTS 

(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 2H-tetrazolium), 

inner salt (Promega CellTiter 96® AQueous Non- Radioactive Cell Proliferation Assay) and 1 mL 

of DMEM without phenol red was added to each well. After 1 h incubation, the resulting solution 

absorbance (OD) was read at 490 nm, on ELISA absorbance reader (Sunrise™, Tecan, Austria).  

The MTS assay is a precise, fast and reliable technique [17]. The MTS tetrazolium compound 

is bioreduced by cells into a colored formazan product, by mitochondrial activity of viable cells 

at 37°C (Figure 2.14). This conversion is presumably accomplished by NADPH or NADH 

produced by dehydrogenase enzymes in metabolically active cells [18]. The amount of 

formazan produced by this enzymes is directly proportional to the number of living cells in 

culture [17]. 
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Figure 2.14 – Structures of MTS tetrazolium and its formazan product (adapted from [18]). 

 

 

The percentage of fibroblasts viability was determined by the ratio of the cell growth in the 

presence of Ag-ZrCN coatings and over growth in the absence of the coatings (control-100%), 

as showed in Equation 2.5. 

 

% Cells Viability = 
OD coating 

OD control  
× 100      (2.5) 

 

 

2.4.4 Statistical analysis 

Data within the graphs are expressed as the average count and presents the standard error of 

the mean. Standard error bars are present in all figures; nonetheless, in some cases they are 

not visible. Further, all the quantitative results were analyzed using analysis of variance 

(ANOVA), by applying the Bonferroni multiple comparisons test, using the software Statistical 

Package for the Social Sciences Inc., (SPSS). Statistical significance was considered at p < 

0.05. 
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 Chapter III 

Study of the effect of the silver content on the structural and mechanical behavior of Ag-ZrCN 

coatings for orthopedic prostheses 

In this chapter, the mechanical properties of the produced coatings were studied. For this 

purpose, and in agreement with preliminary studies on the team, coatings were produced 

with silver content up to 8 at. %, trying not to compromise the mechanical properties. At this 

stage, emphasis is given in the coatings hardness, adhesion and impact load resistance 

capacity, ensuring vital properties for their use for hip prosthesis. Additionally, coatings 

antibacterial activity was preliminary assessed. 
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3.1 Introduction 

In recent decades, there has been a concerning growth in the number of elderly population, 

generating a demographic problem that leads to an increase of health problems related to 

human locomotion, which produces a worldwide use of millions of hip joint prostheses each 

year [1].  

Hip joint replacement by an artificial joint requires a thorough analysis to the properties and 

performance of the materials to be used in this application. As a result, characteristics such as 

biocompatibility, corrosion resistance, adhesion, wear resistance and toughness, low modulus 

of elasticity [2], among others have been intensively studied in order to minimize the drawbacks 

for the patient using prosthesis.  

Mechanical failure, as fatigue wear, is one of the major reasons associated with hip failure [3–

5] by fracture of the biomaterial and subsequent particle release into the surrounding 

environment. Consequently, an urgent necessity exists to develop materials that remain 

innocuous inside the human body to minimize problems to the patient, such as the 

inflammation induced by the presence of harmful metal ions released from the implants and 

wear debris [6], and/or severe pain and reduced mobility of the joint [7], avoiding revision 

surgeries.  

Accordingly, transition metal nitride or C,N-based thin films, can be potentially good for 

biomedical devices, due to their outstanding mechanical properties associated with chemical 

inertness [8–10]. Coating the commonly used materials for biomedical devices can bring 

significant improvements in their corrosion resistance or avoid metal particles release, 

preventing the formerly described consequences. 

TiCN coatings, for example, have been extensively studied in terms of wear and fatigue 

behaviors [11,12], corrosion resistance [13] and biocompatibility [14,15]. ZrCN can also be an 

alternative either for industrial [16] or biomedical applications. However, there are only a few 

published studies using ZrCN as a promising biomaterial candidate for orthopedic prostheses 

[2,17–19]. 

The main objective of the present work was to deposit zirconium carbonitrides thin films onto 

stainless steel 316L substrates, alloyed with different silver contents and study the effect of the 

silver content on the structural and mechanical behavior on Ag-ZrCN coatings for orthopedic 

prostheses. Silver ions are known to provide antibacterial properties [20–24], and thus, silver 

addition to the coatings is expected to offer multifunctional aspects, as antibacterial action. A 
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previous work has demonstrated the capability of Ag-ZrCN films to improve or maintain the 

corrosion behavior of the based material coating it [25]. However, before assessing the 

biological performance of silver as an antibacterial coating for orthopedic prostheses 

applications, it is important to study how the silver compromises the mechanical performance 

of the base system. Consequently, the silver content in this work has been limited according to 

Sanchez-López et al. [14], who reports detrimental mechanical properties for silver content 

larger than 6 at. % in TiCN system. 

 

3.2 Materials and Methods 

3.2.1 Coatings production 

The general conditions for substrates cleaning and preparation, as well as the architecture of 

the coatings have been described in Chapter II. 

For this chapter, a set of Ag-ZrCN coatings were deposited from two opposed Zr targets; one Zr 

target with six silver pellets placed in the preferential eroded zone. The area occupied by the 

pellets was ~ 15 % of the preferential erosion area of the Zr target. The sputtering atmosphere 

consisted in constant flows of argon (60 sccm), acetylene (4 sccm) and nitrogen (3 sccm). Prior 

to deposition, a base pressure of 7 x 10-4 Pa was achieved, being the total pressure during 

deposition of the order of 3.8 x 10-1 Pa. 

In order to achieve different silver contents, the current density applied to each target was 

varied, according to Table 3.1. With these conditions, three coatings were obtained and 

designated as Ag 0, Ag 4 and Ag 8, corresponding to silver content in the coatings.  
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Table 3.1 – Chemical composition obtained by EPMA, film thickness and some deposition 

parameters of produced coatings. 

Coatings 

Coating composition  

(at. %) 

(C+N)/Zr 

atomic 

content ratio 

J
Zr
 

(mA/cm
2

) 

J
Zr + Ag

 

(mA/cm
2

) 

Thickness 

(nm) 

Deposition 

rate (µm/h) 
Zr N C O Ag 

Ag 0 36 19 37 8 0 1.6 10 0 813  2.4 

Ag 4 27 21 43 5 4 2.4 7.5 2.5 675 2.0 

Ag 8 21 21 47 3 8 3.2 5 5 660 2.0 

 

 

3.2.2 Coatings characterization 

The thickness of the coatings were measured using ball cratering tests. Coatings chemical 

composition was measured by EPMA. The morphology of the coatings was obtained by SEM 

analysis. Structural characterization was disclosed by X-ray diffraction analysis, and Raman 

spectroscopy under the conditions described in chapter II. 

 

3.2.3 Mechanical properties 

The hardness and Young’s modulus, as adhesion properties and fatigue tests of the thin films, 

were determined respectively by nanoindentation, scratch test and fatigue tests, as described 

in chapter II, in section 2.2.5.  

 

3.2.4 Antibacterial properties 

Bacterial adhesion and colonization were assessed by CFU. For this assay, an initial S. 

epidermidis suspension concentration of 1 x 108 CFU.mL-1 was used. 
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3.3. Results and discussion 

3.3.1. Coating structures and compositions 

Table 3.1 reveals that the current densities applied to each target (JZrAg and JZr) are the 

determining parameters for the film chemical composition. By increasing the JZrAg/JZr ratio, Zr 

content in the coatings decreased from 36 to 21 at. % concomitantly with an increase in the Ag 

content from 0 to 8 at. %. These silver contents are very close to those suggested by Sánchez-

López et al. for ensuring suitable mechanical properties [14]. Residual oxygen contamination 

was in the range of 3–8 at. %. Carbon content changes with the synthesis conditions (from 37 

to 47 at. %), while N content does not change significantly. The atomic ratio of non-metal to 

metal elements is also an important factor for the phase composition and properties [26]. 

(C+N)/Zr atomic content ratio is increasing, with increasing Ag content. This trend can be 

explained since during the reactive sputtering deposition process only Zr reacts with N and C to 

form ZrC1-xNx. ZrN is formed easier than ZrC, due to its lower enthalpy of formation, (−351 

kJ/mol against −225 kJ/mol) [27]. On the other hand, the gradual reduction of Zr with 

increasing Ag concentration implies that N and C tend to become excessive, forming amorphous 

phases, later confirmed by Raman spectroscopy. As only Zr reacts with C/N to form ZrC1-xNx 

[16], and considering that Ag is immiscible with ZrC1-xNx as well as with N and C [28] a 

nanocomposite structure nc-ZrCN/nc-Ag/a-CNx should be formed [29]. Indeed, this type of 

nancomposite was also encountered for Ti based systems [30], and in next sections these 

statements will be confirmed. 

The deposition rates shown in Table 3.1 were estimated from the thickness of the coatings 

using ball cratering tests. The deposition rate decreases with the increase of incorporated Ag in 

the thin film, corresponding to the lower ejection rate in the Zr-Ag target against the Zr target. 

This is attributed to the use of a composite target, since for a monoelementar silver target the 

yield sputtering is higher [31]. Firstly for a multi-element target (as the case of this work) the 

sputtering yield is completely changed, since the sputtering yield depends on the type of 

surrounding atoms/impurities [32], secondly the changes in surface topography that 

progresses from a flat surface to a rougher surface due to the Ag pellets incorporation, 

additionally alters the sputtering yield of the target. As consequence, a change in the direction 

of ejected atoms from the target surface may be expected, modifying the sputtering yield [33]. 
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A similar behavior was also noted by Manninen [30], with Ti-Ag target less efficient than Ti 

target.  

The morphology of the coatings is disclosed by cross-sectional SEM micrographs of fractured 

coatings (Figure 3.1). The cross-section of the coating without silver (Figure 3.1a) shows an 

open columnar-type structure, with pores, in agreement with zone 1 of Thornton´s model [34]. 

The relatively low deposition temperature (373 K) when compared to the melting temperature 

of the deposited material, which must be between the melting temperature of ZrC and ZrN 

(3718 K and 3255 K, respectively [35]), and the low bombardment conditions used for the 

substrate resulted in reduced adatom mobility with the consequent formation of a porous 

structure [30]. As silver was incorporated, thin film morphology evolved from Zone I to zone T. 

Denser structures (Figure 3.1b) were obtained, decreasing the size and number of the voids 

between the columns but without losing the columnar appearance (Figure 3.1c), albeit with 

some imperfections and porous and poorly defined grain boundaries (zone T) [36]. In all 

coatings the Zr interlayer can be discerned. 

 

  

Figure 3.1 – Cross-sectional SEM micrographs of coatings: a) Ag 0, b) Ag 4 and c) Ag 8. 
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3.3.2 Phase composition  

X-ray diffraction analysis (Figure 3.2) was carried out in order to understand the evolution of the 

structure of the coatings. XRD data disclosed that ZrC1-xNx has a face-centered cubic (FCC) type 

structure, with the peak located between the ZrC and ZrN reference peaks, demonstrating a 

complete miscibility of these phases [37]. The increment in the Ag content leads to a loss of 

the diffraction intensity and the reduction in the domain size of the ZrCN phase. A reduction of 

the grain size of the ZrCN phase, from 14 nm in Ag 0 to 6 nm and 3 nm in Ag 4 and Ag 8, 

respectively, was calculated using the Scherrer formula. This phenomenon has been associated 

with the presence of metallic silver, related with the interruption of the growth of the ZrCN phase 

by the nucleation of Ag nanocrystals in the grain boundaries and/or, indirectly, by promoting 

the formation of carbon-based amorphous phases (a-C and a-CNx) [38]. Therefore, the 

incorporation of silver develops broader and less intense diffraction peaks, as it is possible to 

see for the samples Ag 4 and Ag 8. The diffraction peaks at 40.95 º and 74.59º for the coating 

Ag 8 are attributed to (110) and (211) reflections respectively, from the Zr interlayer.  

All coatings present a high (C+N)/Zr ratio, 1.6 ≤ (C+N)/Zr ≤ 3.2, suggesting the presence of 

an additional amorphous phase, most likely amorphous C or CNx. Indeed, these phases were 

also observed within the TiCN system [30].   
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Figure 3.2 – XRD patterns of the Ag-ZrCN coatings deposited by DC reactive magnetron 

sputtering and the ZrCN grain size (in nanometers).  

 

 

In order to substantiate the presence of the amorphous phases, Raman spectroscopy was 

performed (Figure 3.4). Raman spectra in Figure 3.3, reveal four modes of vibration associated 

with ZrCN: 194, 260, 475 and 570 cm-1, indexed to longitudinal acoustic (LA), transverse 

acoustic (TA), longitudinal optical (LO), and transverse optical (TO) modes, respectively; 

although slightly shifted to higher frequencies, when compared to literature values [39]. 
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Figure 3.3 – Raman spectra for the Ag-ZrCN coatings. 

 

 

Several authors have assigned carbon phases, such as C−N at 1250 cm−1 and C=N at 1500 

cm−1, as well as D and G bands of carbon materials at 1370 and 1580 cm−1 [30,39,40]. The 

similarity of the vibrational frequencies of C–C and C–N and, consequently, the broad band 

modes makes the interpretation of the results difficult. However, these D and G bands, typical 

for amorphous carbon and graphitic materials [41], respectively, start to appear with the 

incorporation of silver, which confirms the presence of amorphous phases in the film. The 

increase of Ag content in the coatings, associated to the presence of C-N and C-C bonds, is as 

a result of the reduction in the Zr content (Table 3.1). The increase in the (C+N)/Zr ratio with 

higher Ag content in the coatings suggests, besides the new silver crystalline phase, the 

formation of an additional a-CNx amorphous phase [16], as confirmed by Raman spectroscopy. 
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3.3.3 Mechanical Properties 

The hardness (H) and Young’s modulus (E) values for the different coatings and steel are shown 

in Figure 3.4. SS316L hardness value, presented as a comparison, is in good agreement with 

the hardness values measured by other authors [42,43]. 

 

Figure 3.4 – Hardness and Young’s modulus results on the different coating deposited on 316L 

stainless steel; as a comparison, results are also provided for this substrate material. H/E and 

H3/E2 ratios for the different coating systems are presented in the figure. 

 

 

The hardness and Young’s Modulus of Ag 0 coating are 18 ± 2 and 252 ± 42 GPa, respectively,  

values of hardness which are in accordance to coatings with an atomic ratio of (C+N)/Zr ≤ 1.7, 

deposited by Silva et al. [16]. Yao et al. [44] also reported values of 17–23 GPa in a similar 

coating system. However, when combining this system with other elements [17] or tailoring the 

deposition conditions [16], higher values of hardness have been reported for ZrCN thin films. 

Hence, a lower hardness value can be attributed to: (i) the high (C+N)/Zr ratio and the 

consequent presence of residual softer amorphous phases, such as CNx and/or a-C, (ii) the 

coatings were deposited with low deposition temperature (373 K) and low negative substrate 

bias (–50 V), leading to open columnar morphologies [14] and, (iii) the amount of oxygen should 
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not be disregarded, as it is known that oxygen acting as an impurity decreases the hardness of 

coatings [45]. 

Increasing Ag content in the ZrCN matrix, the hardness values decrease to 16 ± 1 and 15 ± 1 

GPa for Ag 4 and Ag 8, respectively. This trend can be attributed directly to the incorporation of 

the softer Ag ductile phase [14]. Indirectly, the addition of Ag can also promote the decrease of 

the hardness. On the one hand, it has been shown that silver decreased the crystallinity of the 

ZrCN hard coating [46]. On the other hand, its addition gave rise to a decrease of Zr content 

(Table 3.1) with the consequent segregation of carbon and nitrogen in excess to the surface 

and interfaces during the growth of thin film, forming disordered regions that are rich in softer 

C,N-phases [14,21,47]. Other authors have demonstrated a similar behavior upon 

incorporating Ag, such as TiN/Ag [21] and ZrN/Ag [47]; in the latter case, specifically, with 

decreasing hardness from 27 GPa to 13 GPa, for coatings with 0 at.% Ag and 10 at.% Ag, 

respectively. Sánchez-López et al. [14], in the TiCN/Ag coating system, set a limit to silver 

content at 6 at.%, not to compromise the hardness of the coatings.  

Young’s Modulus results present the same tendency as the hardness, a decrease down to 213 

± 10 GPa for Ag 4 and 201 ± 18 GPa for Ag 8, in relation to pure ZrCN. In general this trend is 

desirable, since a low elastic modulus allows that the applied load in a contact be distributed 

over a wider area for its energetic dissipation [46].  

The ratios H/E and H3/E2 are used parameters as indicators of wear, the resistance and the 

tribological performance of thin films. A high H/E ratio is often a reliable indicator of a good 

wear resistance of a coating [48]. The H3/E2 ratio provides information about the resistance of 

the coatings to plastic deformation [48]. It has been demonstrated that H/E ratios just below 

0.1 are associated with improvements in wear resistance and reduction in the failure during 

sliding indentation [49]. 

No significant changes were observed in H/E and H3/E2 ratios with the addition of silver to the 

ZrCN coatings, H/E ratio slightly increased from 0.071 to 0.075 (for both Ag 4 and Ag 8) 

whereas H3/E2 ratio is slightly reduced: from 0.092 down to 0.090 GPa (for Ag 4) and 0.083 

GPa (for Ag 8). Therefore, no significant changes in the tribological performance of these 

coatings should be expected with the addition of Ag. Nevertheless, it should be emphasized that 

the indirect effects of Ag addition on the increase of the (C+N)/Zr ratio, and consequent increase 

in the formation of C,N amorphous phase, can envisage low coefficients of friction and wear 
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[50]. The presence of the amorphous C,N-based phase can act as self-lubrication, thereby 

reducing friction and wear. 

Comparatively to the SS316L substrate (with H/E = 0.0058 and H3/E2 = 0.00009), H/E and 

H3/E2 of coated samples are significantly higher, which shows the potential of the applicability 

of this coating system to femur heads in hip prosthesis systems, in comparison with SS316L. 

 

3.3.4 Adhesion properties 

In the particular case of designing and optimizing materials for biomedical applications, the 

coating adhesion onto the implant is an important characteristic to be considered. In biomedical 

applications, the coating adhesion onto the implant can be more important than its toughness 

[2]. If coating adhesion to implant is inappropriate, then the entire coating functionality may be 

lost [51,52] with catastrophic consequences to the patient, such as failure of the joint 

replacement, by biomedical response, with the consequent necrosis of bone tissues (osteolysis) 

[53], or chronic infection by the immune response [54–56] by the presence of the strange 

bodies resulting from delaminated coatings. The presence of these debris may increase the 

potential of bacterial propagation to these prostheses and may play an important role in these 

infections pathogenesis [57].  

The mechanisms that originate the adhesion failure are commonly ascribed to cohesive or 

adhesive damages [58,59].  

Figure 3.5 presents the results of critical load (LC) for the different coated samples. There is a 

clear trend for decreasing LC values when Ag is added to ZrCN coatings, particularly for the Ag 

8 coating. A part of this bad performance can be related with the smaller thickness of Ag-

containing coatings in relation to ZrCN film, in agreement with other works as e.g. Parreira et 

al. [60] corroborating the established rule that the adhesive values increase with increasing 

coatings thickness. For coating Ag 8, its composite structure should not be discarded. In fact, 

the presence of Ag nanoparticles, very probably in grain boundaries, disrupts the continuity of 

the strong ZrCN matrix leading to lower either cohesive or adhesive critical loads. However, it is 

important to remark that these low LC values should be analysed as a function of the chosen 

substrate. SS316L is a very soft steel (H = 3 GPa) playing an important role in all adhesion 

results [36]. The substrate deformation observed for this level of critical loads is similar to the 
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observed for much higher values when coatings tested are deposited on HSS steels or cemented 

carbides [61]. 

 

Figure 3.5 – Adhesion failure critical loads LC1, LC2 and LC3 for the different coating systems 

deposited on SS316L.  

 

 

3.3.5 Fatigue tests 

The nanoimpact tests allows a better understanding of the coatings behavior to fatigue, known 

as an important wear mechanism [5]. Figure 3.6a shows the typical plot for a fatigue assay, 

without any fractures, for the coating Ag 8 and 0.4 mN applied load. This coating is 

representative of the results of the other coatings, with no significant changes in the plots, 

without any abrupt change or feature in the curves indicating the absence of catastrophic failure 

in the coated samples. Figure 3.6b gives the relationship between depth indentation and 

indentation time, for impact tests produced on the coatings. The sudden increase in the impact 

depth occurs generally after 25 initial impacts (100 s), as shown in the inset of Figure 3.6b, 

and, thereafter, the depth gradually increases until the end of the test. As it would be expected, 

by increasing the impact load, the depth of the indentation also increases, as shown for coating 

Ag 8 as an example in Figure 3.7a, although the shape of the curves is kept similar, indicating 
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that no changes in the damage mode occurred. After a first increase of the indentation depth, 

its value tends to stabilize with increasing number of impacts. This is the usual shape of 

repetitive impact curves when failure is not detected during the test of coated samples [62]. 

Figure 3.7b compares the behavior of all the three coated samples for a fixed number of impacts 

(150) through the indentation depth as a function of the applied load. No differences could be 

found between the three coatings.  

 

Figure 3.6 – Resistance to fatigue using nanoimpact test, with: a) Typical plot for fatigue assay, 

for the coating Ag 8 and 0.4 mN applied load, b) Relationship between depth indentation and 

indentation time to the different coatings, with applied load of 0.4 mN for 600 seconds (150 

impacts), the inset shows a closer look for the first 25 impacts. 

 

 

 

Figure 3.7 – Resistance to fatigue using nanoimpact test, with: a) Depth indentation versus 

indentation time with different applied load, for the coating Ag 8; b) Depth indentation versus 

applied load, for 150 impacts, for different coating systems. 
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Although it is not possible to directly relate the ISO 7206-4 standard [63], which gives the mean 

contact pressure (1.43 x 106 N/m2), exerted on a hip prosthesis, with the contact load used in 

dynamic fatigue tests, some authors claimed that the durability and resistance to fracture of 

coated thin films can be assessed by analyzing the time to fracture and the depth of impact 

[64]. The results of this work show that all coatings presented resistance to successive impacts 

without fracturing, being promising candidates for biomedical devices.  

Figure 3.8 presents representative SEM micrographs after nanoimpact tests performed at 

varying loads: a) 0.1 mN, b) 0.2 mN, c) 0.3 mN, d) 0.4 mN and e) 0.5 mN, during 300 s on 

coating Ag 8 (all other coatings present similar features). By increasing the load to 0.5 mN 

(Figure 3.8e), fissures start to appear along the rim of the indent, due to tensile cracking, 

described as a consequence of the high applied load (0.5 mN) and the subsequent increased 

plastic deformation [65]. Even for lower loads, cracking can also be detected (Figure 3.8d). 

Although these kinds of fissures are distinct features that are usually visualized in dynamic 

fatigue [65], it should be remarked that they can be due just to the plastic deformation of the 

substrate, as it is usually observed during indentation of hard coatings. 
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Figure 3.8 – SEM micrographs from the surface of the Ag 8 thin film deposited on the SS316L 

substrate, subjected to nanoimpact testing, during 300 s, with: a) 0.1 mN, b) 0.2 mN, c) 0.3 

mN, d) 0.4 mN and e) 0.5 mN applied loads. 
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These results are consistent with usual nanoimpact behavior, whenever an abrupt increase in 

the impact depth is not observed (Figure 3.7). Rapid changes are commonly associated with 

fracture, delamination, and the initiation and propagation of cracks inside the film [66], features 

which were not detected by SEM observation. The coatings sustain a high plastic deformation 

after the application of successive impacts; however, they do not reveal any severe fracture 

mechanisms. These results demonstrate the high toughness of the coatings, having a high 

capacity to withstand an impact load without fracturing [66].  

From a practical standpoint, a material with high tenacity may be preferable to another material 

with a higher hardness. Materials designed to be employed in biomedical devices must be 

capable of withstanding higher contact pressures without yielding, thereby supporting the 

pressures of use over time, thus avoiding breakages and wear, without the catastrophic 

consequences for the patient, as previously mentioned. So, this type of coatings may have 

potential for simultaneously respond to the main two requests of prostheses, mechanical and 

wear resistance. 

 

3.4 Antibacterial properties 

Antibacterial properties of the coatings were assessed by the determination of the number of 

viable cells of S. epidermidis IE186 strain, through CFU enumeration (Figure 3.9).  

 

Figure 3.9 – Logarithm of the number of S. epidermidis viable cells after 2 h and 24 h of contact 

with Ag-ZrCN coatings (with different silver content and Ag 0 as control without silver). 
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Figure 3.9 shows that the presence of increasing concentrations of silver in the different 

coatings (Ag 4 and Ag 8) has no impact on bacterial adhesion (2 h) and biofilm formation (24 

h) (p > 0.05). These are unexpected results, since silver have a historic exploitation in medicine 

due to its powerful antimicrobial activity [20–22,67–70]. However, similar results using Ag-

TiCN system were obtained by Carvalho et al. [71], which explains that silver ionization from 

the coatings seems to be insufficient or even non-existent to promote antimicrobial activity.  

Biofilm develops right after the contact with the bacteria and the indwelling medical devices and 

becomes mature during the first 24 hours of colonization [72]. At this stage of bacterial 

infection, microorganisms are irreversibly attached and enclosed in a matrix of exopolymeric 

products [73], resisting to antibiotics treatment and the host immune system, which can lead 

to prosthetic failures. Considering these facts, it is crucial to develop coatings for orthopedic 

prostheses with silver contents which allow their ionization and subsequent elimination of 

bacterial colonization and biofilm formation. 

 

3.5 Conclusions  

Nanocomposite nc-ZrCN/nc-Ag/a-CNx thin films were successfully deposited by reactive 

magnetron sputtering. 

The relatively high ratio of (C+N)/Zr in the coatings with higher levels of Ag, suggested, besides 

a new silver crystalline phase, the formation of an additional a-CNx amorphous phase, as 

confirmed by Raman spectroscopy results. 

SEM analysis showed that, as silver content increases, thin film morphology evolved from a 

Zone I microstructure to zone T, according to Thornton’s model. 

Hardness decreased as silver content was increased, due the incorporation of soft and ductile 

phases (silver and amorphous phases). Young’s Modulus followed the same trend as hardness.  

In spite of the low values for critical loads, adhesion and cohesion values could be assumed 

adequate, taking into account the soft substrate where the coatings were deposited. Such values 

are a guarantee of minimization of the debris release, avoiding complications to the patient. A 

reduction in failure by fatigue in the coatings was also achieved. From cyclic impact tests, all 

coatings presented resistance to successive impacts without fracturing, being promising 

candidates for biomedical devices and enhanced wear and cracking resistance.  
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Ag-ZrCN films show promising mechanical performance to be used in biomedical devices, 

although not showing antibacterial performance. So, in the next chapter coatings with slightly 

higher silver content and subjected to an activation procedure will be used, in order to overcome 

this problem. 

 

 

 

 

 

3.6 References  

[1] M. Chatzinikolaidou, T.K. Lichtinger, R.T. Müller, H.P. Jennissen, Peri-implant reactivity 

and osteoinductive potential of immobilized rhBMP-2 on titanium carriers., Acta 

Biomater. 6 (2010) 4405–21. 

[2] M. Balaceanu, T. Petreus, V. Braic, C.N. Zoita, A. Vladescu, C.E. Cotrutz, et al., 

Characterization of Zr-based hard coatings for medical implant applications, Surf. 

Coatings Technol. 204 (2010) 2046–2050. 

[3] M.A. McGee, D.W. Howie, K. Costi, D.R. Haynes, C.I. Wildenauer, M.J. Pearcy, et al., 

Implant retrieval studies of the wear and loosening of prosthetic joints: a review, Wear. 

241 (2000) 158–165. 

[4] C. Li, C. Granger, H. Del Schutte, S.B. Biggers, J.M. Kennedy, R.A. Latour, Progressive 

failure analysis of laminated composite femoral prostheses for total hip arthroplasty., 

Biomaterials. 23 (2002) 4249–62. 

[5] M. Geetha, A.K. Singh, R. Asokamani, A.K. Gogia, Ti based biomaterials, the ultimate 

choice for orthopaedic implants–a review, Prog. Mater. Sci. 54 (2009) 397–425. 

[6] S. Wu, X. Liu, K.W.K. Yeung, H. Guo, P. Li, T. Hu, et al., Surface nano-architectures and 

their effects on the mechanical properties and corrosion behavior of Ti-based orthopedic 

implants, Surf. Coatings Technol. 233 (2013) 13–26. 

[7] T.G. McWilliams, J.R. Parker, (i) Alternative bearing surfaces for hip arthroplasty, Orthop. 

Trauma. 23 (2009) 2–7. 

[8] S. Carvalho, L. Rebouta, E. Ribeiro, F. Vaz, C.J. Tavares, E. Alves, et al., Structural 

evolution of Ti–Al–Si–N nanocomposite coatings, Vacuum. 83 (2009) 1206–1212. 



Chapter III: Study of the effect of the silver content on the structural and mechanical behavior of Ag-
ZrCN coatings for orthopedic prostheses 

 

81 
 

[9] S. Lee, S.J. Park, S. Oh, W.M. Kim, J.H. Bae, B. Cheong, et al., Optical and mechanical 

properties of amorphous CN films, Thin Solid Films. 308-309 (1997) 135–140. 

[10] D.V. Shtansky, E.A. Levashov, N.A. Glushankova, N.B. D’yakonova, S.A. Kulinich, M.I. 

Petrzhik, et al., Structure and properties of CaO- and ZrO2-doped TiCxNy coatings for 

biomedical applications, Surf. Coatings Technol. 182 (2004) 101–111. 

[11] T. Polcar, R. Novák, P. Široký, The tribological characteristics of TiCN coating at elevated 

temperatures, Wear. 260 (2006) 40–49. 

[12] L.F. Senna, C.A. Achete, T. Hirsch, F.L. Freire, Structural, chemical, mechanical and 

corrosion resistance characterization of TiCN coatings prepared by magnetron 

sputtering, Surf. Coatings Technol. 94-95 (1997) 390–397. 

[13] R.A. Antunes, A.C.D. Rodas, N.B. Lima, O.Z. Higa, I. Costa, Study of the corrosion 

resistance and in vitro biocompatibility of PVD TiCN-coated AISI 316L austenitic stainless 

steel for orthopedic applications, Surf. Coatings Technol. 205 (2010) 2074–2081. 

[14] J.C. Sánchez-López, M.D. Abad, I. Carvalho, R. Escobar Galindo, N. Benito, S. Ribeiro, 

et al., Influence of silver content on the tribomechanical behavior on Ag-TiCN bioactive 

coatings, Surf. Coatings Technol. 206 (2012) 2192–2198. 

[15] A.P. Serro, C. Completo, R. Colaço, F. dos Santos, C.L. da Silva, J.M.S. Cabral, et al., A 

comparative study of titanium nitrides, TiN, TiNbN and TiCN, as coatings for biomedical 

applications, Surf. Coatings Technol. 203 (2009) 3701–3707. 

[16] E. Silva, M. Rebelo de Figueiredo, R. Franz, R. Escobar Galindo, C. Palacio, A. Espinosa, 

et al., Structure–property relations in ZrCN coatings for tribological applications, Surf. 

Coatings Technol. 205 (2010) 2134–2141. 

[17] S. Calderon V, R.E. Galindo, N. Benito, C. Palacio, A. Cavaleiro, S. Carvalho, Ag + release 

inhibition from ZrCN–Ag coatings by surface agglomeration mechanism: structural 

characterization, J. Phys. D. Appl. Phys. 46 (2013) 325303. 

[18] F. Hollstein, D. Kitta, P. Louda, Investigation of low-reflective ZrCN–PVD-arc coatings for 

application on medical tools for minimally invasive surgery, Surf. Coatings Technol. 

(2001) 1063–1068. 

[19] C.-H. Lai, Y.-Y. Chang, H.-L. Huang, H.-Y. Kao, Characterization and antibacterial 

performance of ZrCN/amorphous carbon coatings deposited on titanium implants, Thin 

Solid Films. 520 (2011) 1525–1531. 



Chapter III: Study of the effect of the silver content on the structural and mechanical behavior of Ag-
ZrCN coatings for orthopedic prostheses 

 

82 
 

[20] J.L. Endrino, A. Anders, J.M. Albella, J.A. Horton, T.H. Horton, P.R. Ayyalasomayajula, 

et al., Antibacterial efficacy of advanced silver-amorphous carbon coatings deposited 

using the pulsed dual cathodic arc technique, J. Phys. Conf. Ser. 252 (2010) 012012. 

[21] P.J. Kelly, H. Li, K.A. Whitehead, J. Verran, R.D. Arnell, I. Iordanova, A study of the 

antimicrobial and tribological properties of TiN/Ag nanocomposite coatings, Surf. 

Coatings Technol. 204 (2009) 1137–1140. 

[22] W.-C. Chiang, I.-S. Tseng, P. Møller, L.R. Hilbert, T. Tolker-Nielsen, J.-K. Wu, Influence 

of silver additions to type 316 stainless steels on bacterial inhibition, mechanical 

properties, and corrosion resistance, Mater. Chem. Phys. 119 (2010) 123–130. 

[23] M. Roy, G. a Fielding, H. Beyenal, A. Bandyopadhyay, S. Bose, Mechanical, in vitro 

antimicrobial, and biological properties of plasma-sprayed silver-doped hydroxyapatite 

coating., ACS Appl. Mater. Interfaces. 4 (2012) 1341–9. 

[24] D.M. Eby, H.R. Luckarift, G.R. Johnson, Hybrid antimicrobial enzyme and silver 

nanoparticle coatings for medical instruments., ACS Appl. Mater. Interfaces. 1 (2009) 

1553–60. 

[25] S.C. Velasco, V. Lopez, C.F.A. Alves, A. Cavaleiro, S. Carvalho, Structural and 

electrochemical characterization of Zr – C – N – Ag coatings deposited by DC dual 

magnetron sputtering, Corros. Sci. 80 (2014) 229–236. 

[26] D.V. Shtansky, A.V. Bondarev, P.V. Kiryukhantsev-Korneev, A.N. Sheveyko, Y.S. 

Pogozhev, Influence of Zr and O on the structure and properties of TiC(N) coatings 

deposited by magnetron sputtering of composite TiC0.5+ZrO2 and (Ti, Zr)C0.5+ZrO2 

targets, Surf. Coatings Technol. 206 (2012) 2506–2514. 

[27] L. Tan, T.R. Allen, P. Demkowicz, High temperature interfacial reactions of TiC, ZrC, TiN, 

and ZrN with palladium, Solid State Ionics. 181 (2010) 1156–1163. 

[28] D. Depla, R. De Gryse, Target voltage measurements during DC sputtering of silver in a 

nitrogen/argon plasma, Vacuum. 69 (2003) 529–536. 

[29] O. Baghriche, J. Kiwi, C. Pulgarin, R. Sanjinés, Antibacterial Ag–ZrN surfaces promoted 

by subnanometric ZrN-clusters deposited by reactive pulsed magnetron sputtering, J. 

Photochem. Photobiol. A Chem. 229 (2012) 39–45. 

[30] N.K. Manninen, R.E. Galindo, N. Benito, N.M. Figueiredo, A. Cavaleiro, C. Palacio, et al., 

Ag–Ti(C, N)-based coatings for biomedical applications: influence of silver content on 

the structural properties, J. Phys. D. Appl. Phys. 44 (2011) 375501. 



Chapter III: Study of the effect of the silver content on the structural and mechanical behavior of Ag-
ZrCN coatings for orthopedic prostheses 

 

83 
 

[31] P. Sigmund, Recollections of fifty years with sputtering, Thin Solid Films. 520 (2012) 

6031–6049. 

[32] T.R. Rautray, R. Narayanan, K.-H. Kim, Ion implantation of titanium based biomaterials, 

Prog. Mater. Sci. 56 (2011) 1137–1177. 

[33] N. Bibić, I.H. Wilson, Sputtering of two-phase AgxCux alloys, J. Mater. Sci. 27 (1992) 

4945–4948. 

[34] J.A. Thornton, High rate thick film growth, Annu. Rev. Mater. Sci. 7 (1977) 239–60. 

[35] C.-S. Chen, C.-P. Liu, C.-Y.A. Tsao, Influence of growth temperature on microstructure 

and mechanical properties of nanocrystalline zirconium carbide films, Thin Solid Films. 

479 (2005) 130–136. 

[36] A. Cavaleiro, J.T.M. De Hosson, Nanostructured coatings, Springer, New York, 2006. 

[37] M.M. Larijani, M.B. Zanjanbar, A. Majdabadi, The effect of carbon fraction in Zr(C, N) 

films on the nano-structural properties and hardness, J. Alloys Compd. 492 (2010) 735–

738. 

[38] I. Petrov, P.B. Barna, L. Hultman, J.E. Greene, Microstructural evolution during film 

growth, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 21 (2003) S117. 

[39] C.P. Constable, J. Yarwood, W. Mu, Raman microscopic studies of PVD hard coatings, 

119 (1999) 155–159. 

[40]  A. C. Ferrari, S.E. Rodil, J. Robertson, Resonant Raman spectra of amorphous carbon 

nitrides: the G peak dispersion, Diam. Relat. Mater. 12 (2003) 905–910. 

[41] O. Garcia-Zarco, S.E. Rodil, M.A. Camacho-López, Deposition of amorphous carbon–

silver composites, Thin Solid Films. 518 (2009) 1493–1497. 

[42] A. Fossati, F. Borgioli, E. Galvanetto, T. Bacci, Corrosion resistance properties of glow-

discharge nitrided AISI 316L austenitic stainless steel in NaCl solutions, Corros. Sci. 48 

(2006) 1513–1527. 

[43] S. Saber-Samandari, C.C. Berndt, K.A. Gross, Selection of the implant and coating 

materials for optimized performance by means of nanoindentation., Acta Biomater. 7 

(2011) 874–81. 

[44] S.H.H. Yao, Y.L.L. Su, W.H.H. Kao, K.W.W. Cheng, Wear behavior of DC unbalanced 

magnetron sputter deposited ZrCN films, Mater. Lett. 59 (2005) 3230–3233. 



Chapter III: Study of the effect of the silver content on the structural and mechanical behavior of Ag-
ZrCN coatings for orthopedic prostheses 

 

84 
 

[45] F. Guimarães, C. Oliveira, E. Sequeiros, M. Torres, M. Susano, M. Henriques, et al., 

Structural and Mechanical properties of Ti–Si–C–ON for biomedical applications, Surf. 

Coatings Technol. 202 (2008) 2403–2407. 

[46] J. Musil, J. Vlček, Magnetron sputtering of hard nanocomposite coatings and their 

properties, Surf. Coatings Technol. 142-144 (2001) 557–566. 

[47] P.J. Kelly, H. Li, P.S. Benson, K.A. Whitehead, J. Verran, R.D. Arnell, et al., Surface & 

Coatings Technology Comparison of the tribological and antimicrobial properties of CrN 

/ Ag , ZrN / Ag , TiN / Ag , and TiN / Cu nanocomposite coatings, 205 (2010) 1606–

1610. 

[48] A. Leyland, A. Matthews, On the significance of the H/E ratio in wear control: a 

nanocomposite coating approach to optimised tribological behaviour, Wear. 246 (2000) 

1–11. 

[49] B. Beake, S. Goodes, B. Shi, Nanomechanical and nanotribological testing of ultra-thin 

carbon-based and MoST films for increased MEMS durability, J. Phys. D. Appl. Phys. 42 

(2009) 065301. 

[50] S.-Y. Lin, S.-Y. Chang, Y.-C. Huang, F.-S. Shieu, J.-W. Yeh, Mechanical performance and 

nanoindenting deformation of (AlCrTaTiZr)NCy multi-component coatings co-sputtered 

with bias, Surf. Coatings Technol. 206 (2012) 5096–5102. 

[51] W.R. Lacefield, An Introduction to Bioceramics, World Scientific Publishing Co. Pte. Ltd, 

1993. 

[52] D. Barnes, S. Johnson, R. Snell, S. Best, Using scratch testing to measure the adhesion 

strength of calcium phosphate coatings applied to poly(carbonate urethane) substrates., 

J. Mech. Behav. Biomed. Mater. 6 (2012) 128–38. 

[53] Y. Liu, H. Timmers, Micro-scratching of polyethylene terephthalate: Mechanisms of wear 

debris generation, Eur. Polym. J. 49 (2013) 1984–1993. 

[54] Y.P. Acklin, A.F. Widmer, R.M. Renner, R. Frei, T. Gross, Unexpectedly increased rate of 

surgical site infections following implant surgery for hip fractures: problem solution with 

the bundle approach., Injury. 42 (2011) 209–16. 

[55] J.G. Cahir, A.P. Toms, (iii) CT and MRI of hip replacements, Orthop. Trauma. 23 (2009) 

101–108. 

[56] A.J. Shimmin, J. Bare, D.L. Back, Complications associated with hip resurfacing 

arthroplasty., Orthop. Clin. North Am. 36 (2005) 187–93, ix. 



Chapter III: Study of the effect of the silver content on the structural and mechanical behavior of Ag-
ZrCN coatings for orthopedic prostheses 

 

85 
 

[57] R.S. Petrie, A.D. Hanssen, D.R. Osmon, D. Ilstrup, Metal-backed patellar component 

failure in total knee arthroplasty: a possible risk for late infection., Am. J. Orthop. (Belle 

Mead. NJ). 27 (1998) 172–6. 

[58] W.Z. Li, M. Evaristo, A. Cavaleiro, Influence of Al on the microstructure and mechanical 

properties of Cr–Zr–(Al–)N coatings with low and high Zr content, Surf. Coatings 

Technol. 206 (2012) 3764–3771. 

[59] J. Stallard, S. Poulat, D.G. Teer, The study of the adhesion of a TiN coating on steel and 

titanium alloy substrates using a multi-mode scratch tester, Tribol. Int. 39 (2006) 159–

166. 

[60] N.M.G. Parreira, N.J.M. Carvalho, A. Cavaleiro, Synthesis, structural and mechanical 

characterization of sputtered tungsten oxide coatings, Thin Solid Films. 510 (2006) 

191–196. 

[61] S. Carvalho, N.M.G. Parreira, M.Z. Silva, A. Cavaleiro, L. Rebouta, In-service behaviour 

of (Ti,Si,Al)Nx nanocomposite films, Wear. 274-275 (2012) 68–74. 

[62] B.D. Beake, V.M. Vishnyakov, J.S. Colligon, Nano-impact testing of TiFeN and TiFeMoN 

films for dynamic toughness evaluation, J. Phys. D. Appl. Phys. 44 (2011) 085301. 

[63] International Organization for Standardization, ISO 7206-4:2010 Implants for surgery. 

Partial and total hip joint prostheses. Determination of endurance properties and 

performance of stemmed femoral components, Third edit (2010). 

[64] B.D. Beake, Evaluation of the fracture resistance of DLC coatings on tool steel under 

dynamic loading, Surf. Coatings Technol. 198 (2005) 90–93. 

[65] J. Chen, R. Ji, R.H.U. Khan, X. Li, B.D. Beake, H. Dong, Surface & Coatings Technology 

Effects of mechanical properties and layer structure on the cyclic dynamic loading of 

TiN-based coatings, Surf. Coat. Technol. 206 (2011) 522–529. 

[66] B.D. Beake, N. Ranganathan, An investigation of the nanoindentation and nano/micro-

tribological behaviour of monolayer, bilayer and trilayer coatings on cemented carbide, 

Mater. Sci. Eng. A. 423 (2006) 46–51. 

[67] J.R. Morones, J.L. Elechiguerra, A. Camacho, K. Holt, J.B. Kouri, J.T. Ramírez, et al., 

The bactericidal effect of silver nanoparticles., Nanotechnology. 16 (2005) 2346–53. 

[68] J.W. Alexander, History of the medical use of silver., Surg. Infect. (Larchmt). 10 (2009) 

289–92. 



Chapter III: Study of the effect of the silver content on the structural and mechanical behavior of Ag-
ZrCN coatings for orthopedic prostheses 

 

86 
 

[69] H.J. Klasen, Historical review of the use of silver in the treatment of burns . I . Early 

uses, 26 (2000). 

[70] A.D. Russell, W.B. Hugo, 7 Antimicrobial Activity and Action of Silver, Prog. Med. Chem. 

31 (1994) 351–370. 

[71] I. Carvalho, M. Henriques, J.C. Oliveira, C.F. Almeida Alves, A.P. Piedade, S. Carvalho, 

Influence of surface features on the adhesion of Staphyloccocus epidermidis to Ag–TiCN 

thin films, Sci. Technol. Adv. Mater. 14 (2013) 035009. 

[72] G. Zhao, L. Ye, Y. Huang, D. Yang, L. Li, G. Xu, et al., In vitro model of bacterial biofilm 

formation on polyvinyl chloride biomaterial., Cell Biochem. Biophys. 61 (2011) 371–6. 

[73] J.W. Costerton, P.S. Stewart, E.P. Greenberg, Bacterial Biofilms: A Common Cause of 

Persistent Infections, Science (80-. ). 284 (1999) 1318–1322.  

 



 
 

 

 

 

 

 

 Chapter IV 

Silver activation on thin films of Ag-ZrCN coatings for antibacterial activity 

Ag-ZrCN films with low silver content (up to 8 at. %) show promising mechanical performance 

to be used in biomedical devices, although not showing antibacterial performance. Hence, 

coatings with slightly higher silver content (11 at. %) were used in order to overcome this 

drawback, and simultaneously not jeopardizing the mechanical properties of the thin films. 

Coatings were also subjected to a silver activation treatment with an oxidizing agent, in order 

to enhance the silver ion release. Activation procedure revealed to be essential for the 

antibacterial activity, due to silver oxidation and consequent Ag+ release. 
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4.1 Introduction 

With the increase of the elderly population and health problems, that are arising nowadays, the 

number of hip joint prosthesis used worldwide is rapidly growing, and are unfortunately 

associated with a rising number of implant-associated infections [1,2]. Bacterial adhesion on 

implants is the initial cause of infection [3], and can be translated to the serious risk of implants’ 

failure, with all negative consequences for the patient, health services and the high costs 

associated [4]. Even with all surgical procedures, like medical devices sterilization and skin 

preparation [5], bacterial infection at the site of implanted medical devices, such as catheters 

and artificial prosthetics, presents a serious problem in the biomedical field [2,6–8]. 

Implant infections in orthopedics, as well as in many other medical fields, are mainly caused 

by staphylococci [9]. Staphylococcus epidermidis has emerged as one of the major nosocomial 

pathogens associated with these infections. This bacteria is an opportunistic microorganism 

and has the ability to resist to antibiotic therapy and host defenses [10], which may explain the 

significant number of implant-associated infections. The initial adhesion of these 

microorganisms to biomaterials’ surface is thought to be an important stage in their colonization 

[11]. The infectious pathogens are motionless, or metabolically inactive, during the first six 

hours after surgery, period known to be critical for preventing infection [12]. Thereafter, bacterial 

biofilm – defined as a structured community of bacterial cells enclosed in a self-produced 

polymeric matrix and that are adherent to an inert or living surface [4] – is often associated with 

these type of infections. Once the bacterial community is in the biofilm stage antibiotic 

treatments do not reveal efficacy. The growing antibiotic resistance of pathogenic bacterial 

species is a serious problem for public health [13]. For these reasons, it is better to prevent the 

earlier stages of bacteria adhesion, instead of trying to eliminate the problem at a later phase 

where microorganisms are in a more complex stage, which demands new approaches in the 

orthopedic field, in order to reduce patient morbidity and mortality associated to hip surgeries 

infection [14], and consequently reduce health costs [6].  

One of the strategies is the modification of implant surfaces [7,15,16] with the aim of 

eliminating the infection of biomedical implants [6,17], and also improving their chemical, 

mechanical, and tribological characteristics, also important features in biomedical devices. The 

use of nanocomposite protective films, based on the combination of various transition metal 

carbides, nitrides and carbonitrides, has already been reported [18–23]. Within these materials, 
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zirconium carbonitride (ZrCN) start to appear as a promising material for biomedical use [24–

26].  

Silver has a historic performance in medicine due to its powerful antibacterial activity [27–34], 

with a broad-spectrum of activity against different microorganisms which usually implies the 

oxidation of metallic silver to Ag+ [35,36]. Since bacterial infections are associated with 

prosthetic failures, silver has been considered as a coating of invasive medical devices [37], not 

only due to its reported antibacterial effect but also because due to of the absence of toxicity of 

the active Ag+ to human cells [36].  

Although the mechanism of silver antibacterial activity is not fully understood, it is suggested 

that silver ions act by strongly binding to critical biological molecules (proteins, DNA, RNA), 

disrupting their functions [30,35], as well as by generating reactive oxygen species (ROS), which 

are toxic to bacterial cells, obtaining a synergic bactericidal effect between ionic silver and ROS 

[38]. However, in a recent study published by Carvalho et al.[39], using Ag-TiCN system, silver 

ionization seems to be insufficient or even non-existent and the samples do not showed 

antibacterial activity. Preliminary results with Ag-ZrCN also do not showed any antibacterial 

activity with silver up to 8 at. %. So, in order to promote antibacterial activity, on this type of 

coatings, it is essential that the silver ionization occurs, preventing microbial adhesion and 

subsequent biofilm formation. Therefore, the proposed challenge for this type of materials is to 

ensure the ionization of silver, since metallic silver present in the coatings is not an active 

chemical element and has a very low rate of dissolution in biological media [40].  

This chapter reports the deposition of metallic silver (11 at. %) embedded in a zirconium 

carbonitride (ZrCN) matrix onto 316L stainless steel substrates, by DC reactive magnetron 

sputtering. This multiphase structure may have effect on the biological properties of the coatings 

[41], also reported by other studies [42]. Thereafter, coatings were subjected to a treatment 

with 5% (w/v) sodium hypochlorite (NaClO), designed as silver activation, in order to increase 

the rate of silver oxidation. NaClO is known as a sterilizing agent in many different fields, such 

as water purification, metals disinfection and the sterilization of wounds [43]. 

The silver activation process to enhance the antibacterial properties of Ag-ZrCN coatings is 

discussed. The morphological and chemical changes before and after the activation procedure 

were monitored to assess the antibacterial activity of the developed surfaces. 
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4.2 Materials and Methods 

4.2.1 Coatings production 

The general conditions for substrates cleaning and coatings production, as the architecture of 

the coatings have been described in Chapter II. 

The coatings used in this chapter were produced using a pure Zr target and a modified Zr target 

with 6 silver pellets placed on the erosion area (Zr-Ag target). The current  density  of 10 mA 

cm-2 was kept constant for the Zr target, but the current density of the Zr-Ag target was changed 

between 0 and 2.5 mA cm-2. With these conditions, two coatings were produced, one without 

silver, named Ag 0 (that will be used as sample control on the silver effect) and another with 

11 at. % of silver, named Ag 11, according to Table 4.1. 

The sputtering atmosphere was kept in a constant flow of argon (60 sccm), acetylene (1.2 

sccm) and nitrogen (4 sccm). The work pressure (2.1x10-1 Pa) was monitored and kept constant 

during the deposition of Ag 11 coating. 

 

Table 4.1 – Chemical composition of the deposited coatings, measured by EPMA and current 

density applied to each target, during the deposition. 

Coatings 
Coating composition (at. %) J

Zr 

 (mA/cm
2

) 

J
Zr + Ag

  

(mA/cm
2

) Zr N C O Ag 

Ag 0 36 19 37 8 0 10 0 

Ag 11 32 29 19 9 11 7.5 2.5 

 

 

4.2.2 Silver activation  

In order to improve the oxidation of silver, an activation procedure was performed by immersing 

the coated samples in a 5 % (w/v) commercial sodium hypochlorite (NaClO) solution (Limpolar, 

Portugal) for 5 minutes. After three consecutive washes in deionized water, to remove the 

remaining oxidizing solution, coatings were dried on air (inside a flow chamber) and tested. The 

activation procedure was also performed on zirconium carbonitrides coatings without silver (Ag 

0), to control the process and verify possible degradation of the coating when immersed in the 

oxidant. 
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Activated coatings are identified throughout this work as “_act”. For instance, Ag 11_act, 

represents the coating with 11 at. % of silver, after the activation procedure. 

 

4.2.3 Coatings characterization 

The chemical composition of the coatings was measured by EPMA. The morphology of the 

coatings, before and after the activation process, was assessed by SEM. XPS analysis was used 

to characterize the oxidation state of the silver in the coatings before and after activation 

procedure. GDOES was performed in order to analyze the silver distribution profile in the 

coatings previously and after the activation process. 

 

4.2.4 Antibacterial properties 

Coatings antibacterial activity was assessed using the qualitative halo test. The presence of a 

halo was indicative of absence of bacteria growth. For this assay, an initial S. epidermidis 

suspension concentration of 1 x 107 CFU.mL-1 was used.  

 

4.4 Results and discussion 

4.4.1 Chemical and physical analysis after the activation process 

Table 4.1 shows the chemical composition of the coatings as-deposited, measured by EPMA. 

The films’ morphology was evaluated before and after the activation process, to verify the 

existence of morphological alterations and/or film delamination due to the oxidizing agent 

activity. Figure 4.1a shows the Ag 0 coatings before activation, revealing pronounced 

boundaries mimicking the substrate grains and a characteristic columnar structure (inset in 

Figure 4.1a). After the activation process (Figure 4.1b), the coatings morphology did not change 

significantly and no evidence of film delamination was observed. In fact, other researchers have 

reported that ZrCN coatings are resistant to hydrogen peroxide (H2O2), an oxidizing agent used 

in hospital environment [24]. 
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Figure 4.1 – SEM micrographs of the surface of the Ag 0 thin film: a) before and b) after 

activation with NaClO. The inset in Figure 4.1a presents the Ag 0 coating cross-section view.  

 

 

Ag 11 coatings exhibit an overall morphology similar to coatings before silver activation, Ag 0, 

(Figure 4.2a), but with silver nanoparticles distributed on the surface. After the activation 

procedure (Figure 4.2b), significant morphological changes were noted, showing the formation 

of silver-based nanoparticles dispersed over the entire film surface. These results suggest that 

the NaClO solution penetrates the coating, thus activating not only the superficial silver but also 

some silver present within the coating, leading to changes in surface morphology. Nevertheless, 

it is also important to understand the distribution of silver along the coating thickness and how 

deep the oxidizing agent evolve within the coatings, in order to promote silver ionization and its 

subsequent migration to the coating surface. Hence, for further investigation of Ag diffusion 

through the coating and evolution in terms of distribution, a GDOES technique was performed.  
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Figure 4.2 – SEM micrograph of the surface of the Ag 11 thin film: a) before and b) after 

activation with NaClO. The inset in Figure a) presents the Ag 11 coatings cross-section view and 

the inset in Figure b) show the SEM image from the coating surface where Ag agglomerates 

(BSE image) is evident. 

 

 

Figures 4.3 and 4.4 shows the GDOES depth profile composition of the Ag 11 coating before 

and after activation, respectively, revealing very different silver distribution profiles mainly on 

the surface of the film, confirming the observations made by SEM (Figure 4.2). In fact, a 

significant increase in the silver concentration is visible for the first 7 nanometers in the activated 

coatings (Figure 4.4), that should be promoted from silver segregation/diffusion from the inside 

to the film surface. This behavior was not observed before activation, being reported for similar 

materials only after thermal annealing [44]. The other elemental chemical composition (Zr, C 

and N elements) did not vary significantly, confirming the stability of the ZrCN phase after the 

activation process.  
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Figure 4.3 – GDOES profile of Ag 11 thin film, before activation with NaClO. The inset in the 

figure shows the profile in the first 20 nm of the coating. 

 

 

Figure 4.4 – GDOES profile of Ag 11 thin film after activation with NaClO. The inset in the figure 

shows the profile in the first 20 nm of the coating. 
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The results presented in Figure 4.4 corroborate the fact that silver activation process can induce 

the oxidation of silver promoting the diffusion of the metallic ion through the coating, increasing 

the concentration of silver on the surface, without compromising the overall chemical 

composition integrity. This diffusion/segregation and the chemical reaction between silver and 

the oxidant agent, is achieved during few minutes of the activation process, which contributes 

to the protection of the coating of possible oxidative attacks. Despite the surface changes, it is 

important to highlight the fact that only the first 7 nanometers of the films surface are modified 

which may also be related to the  short time  of the activation step and to the dense morphology 

presented by the Ag 11 coating (Figure 4.2a).  

 

4.4.2 XPS analysis 

SEM and GDOES results indicate that the major changes occurred at the surface of the coatings 

and therefore XPS technique was used to characterize the oxidation state of the major chemical 

elements. It is worth noting that coatings were not sputtered before analysis, leading to the 

presence of all environmental contaminants, thereby ensuring that key elements present on the 

surface of the coatings would not be disposed of as contaminants. 

The binding energies results are shown in Figure 4.5. For the Ag 11 and Ag 11_act surfaces, 

the C-C bond, at 285.0 eV [45], indicate the presence of an amorphous carbon phase, 

characteristic of these films [22,46–48]. The C 1s high resolution spectra also shows peaks at 

~286.4 and ~288.1 eV, attributed either to C–N and C–O bonds, which could indicate both 

CNx amorphous phases [49]. This fact correlates with the component observed at ~399 eV in 

the N 1s, for Ag 11. 

The results of Ag 11 as-deposited show the Zr-O bond (182.3 eV) [22], revealing the high 

reactivity of this element with the environment and its ability to form passive layers, that could 

benefit the corrosion resistance [48], important features for biomedical devices. After the 

activation procedure, it is believed that this passive ZrO2 layer remains on the material surface, 

in its hydrated form, which explain the decrease of its binding energy [50]. However, the main 

focus is on the silver spectrum for the different surfaces: Ag 11 and Ag 11_act. For Ag 11 the 

silver spectra revealed a broad band at 369.4 eV, in addition to the metallic peak at 368.4 eV. 

The former band is attributed to metallic sub-nanoparticles associated with clusters smaller 

than 4 nm [51]. This band has also been observed by Calderon et al. [46] in ZrCN-Ag coatings. 
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After the activation procedure, the peaks related to Ag-clusters and metallic silver disappear and 

a new peak arises, shifted to lower energies, which can be attributed to silver oxides, since 

oxidation leads to shifting of binding energy to lower values accompanied by a peak broadening, 

which clearly discloses the oxidation of silver to Ag+ state [52]. In fact, the silver oxide peak was 

identified at 367.8 eV, confirming the surface silver oxidation during the activation process. Due 

to the small size and intrinsic characteristics, clusters in coatings are more easily ionized. When 

the coatings are immersed in the sodium hypochlorite, the solution penetrates into the coating, 

oxidizes the silver, with subsequent diffusion of ions to the surface, where returns to the oxide 

compound once the surface is removed from the solution. This explains the emergence of this 

new peak and the absence of the clusters and metallic peaks. These findings are in agreement 

with the peak observed at 529.7 eV, in the O 1s high resolution spectra, with evident changes 

before and after activation.  

 

 

Figure 4.5 – XPS spectra of Ag 3d, O1s, Zr 3d C1s and N1s core levels of the Ag 11 and Ag 

11_act coatings.  

 

 

There is no evidence of chloride in the coatings after the activation procedure, which can be 

considered contradictory to the well-known affinity of silver to chlorinated solutions [53], 
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inducing the formation of AgCl. Thus, more insights are needed, in the reaction mechanism on 

silver activation, in order to understand the chemical reaction between silver in the coatings and 

the oxidant agent.  

 

4.4.3 Mechanism on silver activation 

It is well known that the antibacterial activity of silver is dependent of the presence of silver ions. 

The Ag+ easily binds to electron donor groups from biological molecules containing sulphur (S), 

oxygen (O) or nitrogen (N), also leading to the formation of reactive oxygen species (ROS), which 

are toxic to bacterial cells [54]. Thus, for an effective antibacterial effect, the formation and 

release of ionic silver to the pathogenic medium is required [36].  

To promote the active and powerful silver ionization, an activation procedure was performed 

using an oxidizing compound, as described in section 4.3. 

The reaction between metallic silver (presented in the Ag 11 coatings) and the sodium 

hypochlorite, named silver activation, is presented in scheme 4.1. 

 

Scheme 4.1. Chemical reaction between silver and sodium hypochlorite 

     (4.1) 

 

 

Due to the large affinity between silver and chloride solutions [53], together with the enthalpy 

of formation of AgCl (ΔfHo
298 = −127.01 KJ mol−1), which is more negative than Ag2O (ΔfHo

298 = 

−31.1 KJ mol−1) [55], it was expected that this reaction produces a majority of silver chloride 

(AgCl). However, it is hypothesized that when in contact with the aqueous hypochlorite solution, 

an alkaline and strong oxidant medium, silver in the Ag-ZrCN coatings may firstly form AgOH 

on its surface. While AgOH is not stable at room temperature, its enthalpy of formation (ΔfHo
298 

= −125.7 KJ mol−1) is very similar to AgCl (ΔfHo
298 = −127.01 KJ mol−1), serving as a measure of 

the relative bond strengths [56]. Silver oxidation is preceded by adsorption of hydroxyl ions, 

whose presence has been proved on silver electrode surface [57]. Hence, during the activation 

procedure, a competitive adsorption of OH- and Cl- on silver surface may explain the preferential 

formation of silver hydroxide instead of silver chloride. Subsequently, silver hydroxide will induce 

the formation of Ag+ according to Schemes 4.2 and 4.3. These results are in agreement with 
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XPS analysis were Ag-O is identified in the coating surface after the activation procedure and no 

evidences of the Ag-Cl bond were detected. 

 

Scheme 4.2. Silver oxide formation from silver hydroxide 

       (4.2) 

 

 

Scheme 4.3. Formation of Ag+ from silver oxide 

      (4.3) 

 

 

In fact, the formation of oxidized nanosilver was the focal point in this procedure, which can 

inhibit bacterial growth [53], since its bioavailability allows to increase biocidal Ag+ formation 

and mobility, providing a constant concentration of Ag+ ions in aqueous environments [40].  

In order to demonstrate the release of Ag+ into the biological medium and subsequently the 

antibacterial activity of these activated silver coatings, antibacterial tests were performed. 

 

4.4.4 Antibacterial properties 

Figure 4.6 shows the growth inhibition halo tests performed using Ag 11 coatings, before (a) 

and after (b) silver activation, as well as Ag 0 coating after activation (c). The pathogenic bacteria 

was selected since it is one of the major colonizers of medical implants [40]. 
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Figure 4.6 – Growth inhibition halo tests: a) Ag 11 coating with no halo, b) Ag 11_act coating, 

after silver activation, with red circle highlighting the formation of the growth inhibition halo, and 

c) Ag 0 after activation with no antibacterial activity (no halo). 

 

 

From Figure 4.6, it is clear the growth inhibition halo (clear biological medium, with no bacterial 

growth) formed around the sample after activation (Figure 4.6b), an indicator of antibacterial 

activity. These results can be explained considering the chemical reaction which takes place 

during the activation procedure. During the activation process, silver oxide was formed on 

surface, as previously discussed. Ag+ was formed (Scheme 4.3) when in close contact with a 

moist and electrolyte medium, and spontaneously diffuses to the surrounding medium (bacteria 

suspension and agar), killing or inhibiting bacteria growth [15]. Antibacterial activity in Ag 11 

activated coating was noticed during the 24 hour of the halo test. According Poelstra et al. [12], 

the first 6 h after surgery are crucial for preventing infection, since the infectious pathogens are 

still latent or metabolically inactive. During the first 24 hours of colonization and contact 

between bacteria and the indwelling medical devices, biofilm develops and becomes mature 

[3], indicating that microorganisms are irreversibly attached and enclosed in a matrix of 

exopolymeric products [4], resisting to the host immune system and antibiotics treatment.  

In the entire process, Ag 0 coatings were used as control before and after immersion on NaClO, 

to eliminate the possibility that the oxidizing agent residues could be responsible for bacteria 

death. No growth inhibition zone was observed for both Ag 0 and Ag 0_act, excluding the action 

of the oxidizing agent. Also no bacterial inhibition growth was seen on sterilized as-deposited Ag 

11 coating (Figure 4.6a).  

SEM, GDOES assay and XPS spectroscopy were also performed on activated coating, Ag 11, 

after contact with the microbiological test (Ag 11_act after Halo). Remarkably, SEM analysis 

reveals that there are no visible silver-based nanoparticles on the coating surface (Figure 4.7), 
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in agreement with the composition analysis made by GDOES and XPS, as shown in Figures 4.4 

and 4.5. The silver of the surface layer of Ag 11_act disappeared after contact with the biological 

medium of the microbiological test (Ag 11_act after halo), which indicates that during the 

incubation period silver ionizes and subsequently diffuses through the culture medium, 

suppressing the functions of microbial cells, leading to their death. This fact was further 

confirmed by XPS results, where it is possible to observe the decrease of silver concentration 

(Figure 4.8 inset).  

 

 

Figure 4.7 – SEM micrograph of the surface of the activated Ag 11 thin film after the 

microbiological test.  

 

 

Due to the stability of the ZrCN matrix it is desirable that silver is located close to the surface, 

since bacterial adhesion and proliferation take place on the surface of the material [6]. 

Previously to the activation step, as mentioned, silver nanoparticles were embedded in the ZrCN 

coating, visible but less available to ionize and react with the surrounding environment. After 

the activation procedure, significant changes in shape, size, distribution density of the silver 

particles and cover ratio have been achieved, as discussed on basis of SEM micrographs (Figure 

4.2), GDOES profile (Figure 4.4) and XPS spectra (Figure 4.5). The silver based nanoparticles 

have diffused to the surface of Ag 11 coating, increasing its availability to ionize and diffuse 

through the biological medium during the growth inhibition halo test. These nanoparticles are 

in fact strongly attached to the matrix since they are not removed by mechanical manipulation 

of the coatings and successive washings performed before the microbiological test. This binding 
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mechanism and its relation with antibacterial activity is not yet fully investigated and understood. 

However, it is clear that after exposure to the culture medium, silver ion release occurs in the 

activated Ag 11 coating, granting the antibacterial activity observed (Figure 4.6).  

 

Figure 4.8 – GDOES silver profile of different coatings: Ag 11 (as-deposited), Ag 11_act 

(activated) and Ag 11_act after halo (after growth inhibition halo test), in the first 20 nm. The 

inset represents the silver XPS profile in the Ag 11_act and Ag 11_act after halo test (coatings 

before and after halo test). 

 

 

The results show the abrupt decrease of silver content on the outmost layer after the 

microbiological tests in agreement with SEM observation (Figure 4.7), probably due to the silver 

diffusion into the culture medium, in contrast with the profile of the activated coating, where a 

high silver concentration can be observed in the first 7 nm (Figure 4.4). 

 

4.5 Conclusions 

In order to increment the silver ionization and consequently to achieve a desired antibacterial 

activity in Ag-ZrCN coatings with approximately 11 at. % of Ag, a silver activation procedure, with 
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5% (w/v) NaClO solution, was successfully performed. This method induced significant changes 

in shape, size and distribution density of the silver particles, as well as an increase of the cover 

ratio. XPS results disclosed the presence of silver oxides on the coatings surface, after NaClO 

immersion. This activated Ag 11 coating showed an antibacterial effect, according to the 

growing inhibition halo test, suggesting that silver ions diffuse through the media.  

SEM images obtained after the microbiological tests revealed an enormous decrease in silver 

content, showing the silver top layer disappearance.  

The results demonstrate that the developed Ag-ZrCN coatings, after the activation process, have 

potential to reduce bacteria adhesion and consequently biofilm formation on medical devices.  

Considering these results, a new set of coatings (with different matrix structure and silver 

content), subjected to the activation procedure, will be tested in the next chapter. 
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 Chapter V 

Matrix effect in silver ionization and antibacterial properties of the silver in activated Ag-ZrCN 

coatings for biomedical devices 

Until now the results demonstrate that the developed Ag-ZrCN coatings with silver content up 

to 11 at % did not show antibacterial activity. The biological behavior was achieved only after 

an activation process. So, an important question can arise: ‘Could it be possible to achieve 

an antibacterial activity for higher silver content, without using an activation process?’  

Previous work on the Ag-ZrCN system [1] revealed that the best mechanical, corrosion and 

adhesion properties were achieved for compositions which the ratio between non-metallic 

elements and the Zr ((C+N)/Zr) is close to the unit, and thus, without the presence of 

amorphous carbon phases. Therefore it was crucial to answer the questions: ‘Would also 

phase composition (crystalline/amorphous) control the biological response?’ Could it be 

possible to manipulate the matrix where the silver is inserted in order to promote the silver 

ion release and consequently achieve the desired antibacterial effect?’  

In order to answer these questions, a new set of coatings was produced, with low and high 

silver content embedded in a matrix with and without amorphous phases. So, coatings with 

6 and 20 at% of silver with an amorphous matrix (nc-ZrCN/nc-Ag/a-CNx) and with 8 and 17 

at % of silver without amorphous matrix (nc-ZrCN/nc-Ag) were obtained. Antibacterial 

properties of the activated and no activated coatings with different matrices and different 

silver contents were assessed and a relation between the biological properties and the 

developed morphology and phase composition was discussed. 
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5.1 Introduction 

To decrease or avoid the major problems associated with artificial joint use, such as mechanical 

and biological failures [2–5], a new approach in the orthopedic field become desirable. The 

introduction of surface modified biomaterials [6–8], with the aim of improving their chemical, 

mechanical, and tribological characteristics, can be considered as one of the strategies to 

reduce patient morbidity and mortality associated to hip prosthesis failures [9–11]. The current 

lines of research in materials science supports the use of nanocomposite protective films, based 

on the combination of various transition metal carbides, nitrides and carbonitrides [12–17]. 

Within these materials, zirconium carbonitride (ZrCN), together with silver (as silver ion, metallic 

silver and silver nanoparticles), starts to appear as a promising material for biomedical use [18–

20], providing a complete response to the hip prosthesis failure causes [20–26].  

Recent researches related with Ag antibacterial properties in matrices of transition metal 

carbonitrides present divergent results, if by one side silver is presented as conferring 

antibacterial activity, in other coatings the presence of silver seems insufficient to obtain this 

effect. For example, in a complex Ag-TiCN system [26] no antibacterial activity was found, even 

in the coatings with 15 at. % of silver, and in Ag-ZrCN system, as previously showed in chapter 

IV, the activation procedure [27] was needed to obtain antibacterial effect. Baghriche et al. [28], 

on the other hand, reported the antibacterial effect of Ag–ZrN films, with silver content between 

13 and 63 at. %, demonstrating an improved antibacterial effect compared to Ag–N surfaces. 

Hsieh et al. [29], found that TaN–Ag with 10 at. % of silver showed antibacterial effect against 

Escherichia coli, results associated with the hypothetical rise on Ag+ released. Furthermore, 

Kelly et al. [30,31] presented dissimilar results in antibacterial test against Pseudomonas 

aeruginosa and Staphylococcus aureus in three types of nitrides (ZrN, TiN and CrN) with 

different silver contents.  

In fact, the analysis of these works suggests that there should be a relation between the 

antibacterial activity and the complexity of the matrix were silver is embedded. A matrix that 

somehow prevents or limits the silver ionization to eradicate the pathogenic bacteria, does not 

allow compliance with the requirements as an antibacterial coating, or exactly the opposite 

trend, clearly promoting the silver release. Hence, the purpose of this study was to analyze the 

effect of two different matrices, only crystalline structures (nc-ZrCN and nc-Ag) and crystalline 

structures embedded in one carbon amorphous matrix (nc-ZrCN/nc-Ag/a-CNx), on the silver 

release and consequently on the antibacterial activity.  
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5.2. Materials and methods 

5.2.1 Coatings production 

The general conditions for substrates cleaning and preparation have been described in section 

2.1.3 of the chapter II.  

For this part of the work, two series of coatings were deposited: one in order to reach the 

structural arrangement nc-ZrCN/nc-Ag/a-CNx and another series aiming to achieve only 

crystalline structures – nc-ZrCN/nc-Ag, but having similar silver content.  

It should be pointed out that the deposition conditions used for this new set of coatings crossed 

with the deposition parameters used in the previous studies.    

In the first series (with amorphous phases), the Ag–ZrCN coatings were deposited using a pure 

zirconium target and a zirconium target doped with silver pellets. In order to achieve different 

silver contents, the current density of the Zr+Ag target was changed between 0 and 3.3 mA cm -

2. Further variations in the silver content were obtained changing the number of the silver pellets 

in the Zr+Ag target from 6 to 8 silver pellets. The area occupied by the pellets was around 15 

% and 20 % of the preferential eroded zone of the Zr target, respectively. The sputtering 

atmosphere consisted in constant flows of argon (60 sccm), acetylene (4 sccm) and nitrogen 

(3 sccm).  

For the deposition of the second series (without amorphous phases), two opposed high purity 

Zr and Ag targets were used. In order to achieve similar silver contents as obtained in the first 

series, the current density of the Ag target was changed between 0.7 and 1 mA cm-2, while the 

current density for the Zr target was kept at 9 mA cm-2. The sputtering atmosphere consisted in 

constant flows of argon (60 sccm), acetylene (1.2 sccm) and nitrogen (3 sccm).  

Tables 5.1 and 5.2 present some details concerning the deposition parameters for both series.  
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Table 5.1 – Chemical composition (measured by EDX), number of silver pellets used on Zr 

target, density current applied to each target, thickness and deposition rate of the coatings for 

the first series.  

Coatings 

Coating composition 

 (at. %) 

(C+N)/Zr 

atomic 

content 

ratio 

Silver 

pellets 

J
Zr
 

(mA/cm
2

) 

J
Zr + Ag

 

(mA/cm
2

) 

Thickness 

(nm) 

Deposition 

rate 

(µm/h) 
Zr N C O Ag 

Ag 0 36 19 37 8 0 1.6 0 10 0 813 2.4 

Ag 6 33 21 36 4 6 1.7 6 7.5 2.5 624 1.5 

Ag 20 22 23 31 4 20 2.5 8 6.5 3.3 746 1.8 

 

 

Table 5.2 – Chemical composition (measured by EDX), density current applied to each target, 

thickness and deposition rate of the coatings for the second series.  

Coatings 

Coating composition 

 (at. %) 

(C+N)/Zr 

atomic  

content ratio 

J
Zr
 

(mA/cm
2

) 

J
Ag
 

(mA/cm
2

) 

Thickness 

(nm) 

Deposition 

rate 

(µm/h) Zr N C O Ag 

Ag 8N 41 26 21 4 8 1.1 9 0.7 1440 1.7 

Ag 17 43 17 19 4 17 0.8 9 1 1997 2.3 

 

 

5.2.2 Silver activation as pre-oxidation process 

The coatings were subjected to an activation process in order to promote the pre-oxidation of 

the silver.  

 

5.2.3 Coatings characterization 

The chemical composition of the coatings was obtained by EDX. The cross-sectional morphology 

of fractured coatings was assessed by SEM. X-ray diffraction analysis and Raman spectroscopy 

were used for structural characterization of the coatings, as described in chapter II.  

The effect of silver activation process was studied by GDOES (silver distribution profile in the 

coatings previously and after the activation process), AFM (topographical changes in the 
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coatings triggered by the activation process) and ICP-OES (influence of the phase composition 

and silver content in the silver ion release), according to chapter II. 

 

5.2.4 Antibacterial properties 

The halo test was used to scan the antibacterial activity of Ag-ZrCN coatings. For this assay, an 

initial S. epidermidis suspension concentration of 1 x 107 CFU.mL-1 was used (section 2.4.2.1, 

chapter II). 

 

5.3 Results and discussion 

5.3.1 Coatings characterization 

5.3.1.1 Chemical composition 

The chemical composition, thickness and some other experimental details of the coatings are 

summarized in Tables 5.1 and 5.2. For the first series, the increasing of the JZr+Ag/JZr current 

density ratio and the number of pellets promoted an increase in Ag content from 0 to 20 at.%, 

while the Zr content decreased from 36 to 22 at.%. The nitrogen content remains approximately 

constant at 20 at.%, while the carbon contents decreases between 37 and 31 at.%. The 

(C+N)/Zr atomic content ratio is increasing, with the increase of Ag content. This trend can be 

explained by the well-known immiscibility of Ag with ZrC1-xNx, as well as with N and C [32]. During 

the reactive sputtering deposition process, only Zr reacts with N and C to form ZrC1-xNx. The 

reduction of Zr content with the increase of the Ag concentration implies that N and C becomes 

excessive, allowing the formation of amorphous phases, as expected, and as disclosed in 

chapter III. As only Zr reacts with C and N to form ZrC1-xNx [16], and a considerable amount of 

silver was incorporated in the coatings, a nanocomposite structure nc-ZrCN/nc-Ag/a-CNx is 

expected [33], as confirmed in latter section 5.3.1.2. A study of Martínez-Martínez et al. [34] 

reported that the presence of an amorphous carbon phase contributes to the decrease of the 

friction coefficient and the wear rate, in TiCN coatings deposited by magnetron sputtering, 

although promoting a hardness reduction. Silva et al. [35], using ZrCN coatings deposited by 

magnetron sputtering, show that the formation of an amorphous phase CNx could act as a 
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lubricant, resulting in a low coefficient of friction. Hence the presence of the amorphous phase 

could favour the mechanical performance of these coatings  

In the second series, the increase of the current density in the Ag target promoted an increase 

in the Ag content, from 8 to 17 at. % . There is no excess of N and C, in spite of the increase in 

the silver content incorporated in the coating. The (C+N)/Zr atomic content ratio is 

approximately 1, an indicator of the formation of a crystalline structure as nc-ZrCN/nc-Ag 

without amorphous phases.  

 

5.3.1.2 Structural analysis 

X-ray diffraction analysis (Figure 5.1) was carried out in order to understand the evolution of the 

structure of the different coatings, with different silver contents.  

XRD data disclosed that ZrC1-xNx has a face-centered cubic (FCC) type structure. For the different 

matrices, the XRD spectra present different features. In the first series (structure nc-ZrCN/nc-

Ag/a-CNx), the increment in the Ag content leads to a loss of the diffraction intensity and the 

reduction in the domain size of the ZrC1-xNx phase. Therefore, the incorporation of silver 

developed broader and less intense diffraction peaks in the ZrCN phase and a peak attributed 

to a FCC silver phase. The presence of metallic silver is related with the interruption of the 

growth of the ZrC1-xNx phase by the nucleation of Ag nanocrystals in the grain boundaries. Silver 

is known as a poor nitride/carbide former [32], promoting the formation of carbon-based 

amorphous phases (a-C and a-CNx) [42], as previously mentioned in chapter III. The diffraction 

peaks at 35.06º and 62.90º for the coatings Ag 0, Ag 6 and Ag 20 are attributed to (110) and 

(211) reflections, respectively, from the Zr interlayer, since these coatings possess low 

thicknesses. For the second series (structure nc-ZrCN/nc-Ag), the increment in the silver 

content (Ag 17) promoted also the development of a peak attributed to a FCC silver phase.  
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Figure 5.1 – XRD patterns of the Ag–ZrCN coatings deposited by dc reactive magnetron 

sputtering. 

 

 

In order to confirm the presence of the amorphous phases and to evaluate the differences 

between both matrices, Raman spectroscopy was performed. The spectra shown in Figure 5.2 

represent the Raman shift of the different coatings and their dependence on the silver content 

and phase composition. In the first series, for the coating Ag 0, two weak and broad bands were 

detected in the ranges of 200–350 and 500–700 cm−1, an acoustic and optical vibrational 

modes of zirconium carbonitride, respectively [16,36]. In the coatings Ag 6 and Ag 20, two 

broad and intense bands start to appear with the incorporation of silver (at 1336 cm-1 and 1570 

cm-1), assigned as D (disordered) and G (graphitic) bands, typical of amorphous carbon and 

graphitic materials [37]. The G band corresponds to the first order bond stretching of sp2 carbon 

atoms and the D band is active in the presence of defects and disorder in the graphitic structure 

[38]. The coating Ag 20, present the highest (C+N)/Zr ratio, confirming the formation of an 

additional a-CNx amorphous and disorder phase, as suggested in the chemical composition 

analysis. For the second series (Ag 8N and Ag 17 coatings), no bands were observed, which 
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confirms that no amorphous carbon phases were formed, in agreement with its chemical 

composition. 

 

 

Figure 5.2 – Raman spectra for the first series Ag 0, Ag 6, Ag 20 and for the second series Ag 

8N and Ag 17. 

 

 

Therefore, attending to the results obtained so far, coatings belonging to the first and second 

series will be named nc-ZrCN/nc-Ag/a-CNx and nc-ZrCN/nc-Ag coatings, respectively. 

 

5.3.1.3 Morphological analysis 

The morphology of the coatings was disclosed by cross-sectional SEM micrographs of fractured 

coatings (Figure 5.3). In all coatings the Zr interlayer can be discerned.  
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Figure 5.3 – Cross-sectional SEM micrographs of the different coatings: a) Ag 0, b) Ag 6, c) Ag 

20, d) Ag 8N and e) Ag 17. 
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The cross-section of the Ag 0 coating (Figure 5.3a) shows an open columnar-type structure, 

with pores, in agreement with zone 1 of Thornton´s model [39]. The relatively low deposition 

temperature (373 K) when compared to the melting temperature of the deposited material 

(between the melting temperature of ZrC (3718 K) and ZrN (3255 K) [40]), together with the 

reduced adatom mobility (by the low bombardment conditions used for the substrate) have 

resulted in this porous structure. In the first deposition series, as silver was incorporated the 

thin film morphology evolved from zone I to zone T. The size and number of the voids between 

the columns decrease and denser structures were obtained (Figure 5.3b). However, a 

remaining columnar appearance was still noted in the coating Ag 20, together with a granular 

appearance (Figure 5.3c) with poorly defined grain boundaries [41]. In the second deposition 

series, the columnar-type structure was lost, even for the coating with low silver content (Ag 8N) 

(Figure 5.3d). For the coating Ag 17, a granular appearance and a compact film was produced.  

In spite of the fact that both matrices possess the same elements, they evidenced clear 

differences in the composition, structure and morphology, which could in some way influence 

the functional behavior of the coatings, namely the biological behavior. The activation process, 

previously discussed in Chapter IV, was again performed, in order to elucidate the effect of the 

matrices on the depth profile composition, topography and biological response promoted by the 

activation process. 

 

5.3.2 Effect of silver activation process 

GDOES technique was used in order to understand the distribution of silver along the coatings’ 

thickness and the relation between its distribution in the different phasic compositions of the 

coatings, before and after the activation process. 

Figure 5.4 shows the GDOES profile of the first deposition series, Ag 6 and Ag 20. The profile 

obtained after the activation process is also presented. The second series analysis can be 

observed in Figure 5.5. 
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Figure 5.4 – Silver and oxygen GDOES profile for the coatings Ag 6 and Ag 20, before and after 

the activation (Ag 6_act and Ag 20_act). The insets in the figure show the profile of each coating. 

 

 

The silver distribution along the surfaces with an nc-ZrCN/nc-Ag/a-CNx structure has changed 

after the activation process, being more pronounced in the coating with higher silver content 

(Ag 20), where it is noted a silver segregation to the surface. However, in the case of Ag 20 

(high silver content), even before the activation process, a non-uniform silver profile can be 

observed, which can be related with some silver diffusion, over time, through the coating. On 

the other hand, as shown in Figure 5.5, the coatings with an nc-ZrCN/nc-Ag structure, Ag 8N 

and Ag 17, did not show substantial alteration in the silver profile after the activation process. 

In addition, changes in the oxygen profile, after the activation process are more evident in the 

coatings Ag 6_act and Ag 20_act, which correspond to the first series, in agreement with the 

silver diffusion to the surface. Hence, the oxygen surface enrichment may be related to the 

formation of silver oxide on the surface, considered the key point of the activation process. 
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Figure 5.5 – Silver and oxygen GDOES profile for the coatings Ag 8N and Ag 17, before and 

after the activation (Ag 8N_act and Ag 17_act). The insets in the figure show the profile of each 

coating. 

 

 

The different behaviors found for the structures studied in this work can be related with the 

columnar growth of the coatings nc-ZrCN/nc-Ag/a-CNx (series I), and hence, the existence of a 

pathway for the silver ions movement to the coatings surface. In the coatings with nc-ZrCN/nc-

Ag structure (series II), the absence of the amorphous phase seems to difficult the silver 

diffusion. Similar conclusions were found by Manninen et al. [42], in the AgDLC coatings, where 

Ag segregates to the coatings surface over time, controlled by the DLC coating morphology, 

leading to Ag diffusion through the column boundaries. Mulligan et al. [43] also found faster Ag 

diffusion rates along the open columns interfaces in CrNAg coatings. 

Hence, the columnar structure can act as “irrigation channels” allowing the penetration of the 

oxidizing agent to deeper areas of the coating, enhancing the silver ionization and diffusion. This 
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diffusion and oxidation mechanism should translate into substantial topographical change, 

hence, a surface topography analysis was performed. 

The surface topography of the coatings was analyzed by AFM (Figure 5.6). For all coatings, the 

activation induced the increment in the roughness, related with the formation of oxidized 

nanosilver on the coating surface. The formation of such oxidized nanosilver seems to be 

favored in the coating with nc-ZrCN/nc-Ag/a-CNx matrix, since in the coating Ag 20_act the 

roughness is considerably higher (56.9 nm) than the roughness in the coating Ag 17_act (5.95 

nm). The coating morphology, with a columnar structure, allows the Ag diffusion through the 

column boundaries of the a-CNx matrix, as already mentioned in previous sections.  
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Figure 5.6 – AFM images of coatings with a scan range of 5×5 µm. Ra is the arithmetic mean 

of surface roughness of every measurement within the total distance 1/2 roughness average 

and Rms is the root mean square roughness. In the top, Ra, Rms and sd (standard deviation) 

for each coating. 

 

 

Although the mechanism of Ag diffusion inside the carbon matrix still remains ununderstood 

the occurrence of Ag surface segregation in DLC coatings at room temperature suggests that 

the activation energy for Ag diffusion in carbon matrix is very low [42]. On the contrary, the low 

silver diffusion in nc-ZrCN/nc-Ag coatings indicates that the nc-ZrCN matrix delays or prevents 
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the silver diffusion throughout the coating due to its more compact morphology and the absence 

of such diffusion paths. 

ICP analysis (Figure 5.7) was performed in order to understand the influence of the phase 

composition and silver content on the silver ion release. The results allow the determination of 

the amount of silver ion released from the different coatings into a saline medium (0.9 % (w/v) 

NaCl). This simple medium was selected since silver release may be influenced by the 

complexity of the biological media used during the assay, as reported by Hrkac et al [44]. The 

results presented in the Figure 5.7 show: i) no significant variation between the silver ion release 

in the different coatings (nc-ZrCN/nc-Ag/a-CNx and nc-ZrCN/nc-Ag) prior to activation; ii) no 

correlation between the silver content and the silver ion released concentration, despite the high 

content of silver in two of the coatings (Ag 20 and Ag 17). 

 

 

Figure 5.7 – Concentration (ppb) of silver released from the different coatings, after 24 h of 

immersion on 0.9 % (w/v) NaCl. * - Ag 17_act coating is significantly different (p < 0.05) from 

the Ag 20_act. 

 

 

Interestingly, the activation process promoted an Ag+ release regardless of the phase 

composition. In fact, in the coating Ag 20_act (series I) the amount of Ag+ released is 1260 ppb, 
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almost 10 x higher than in the Ag 20 coating before activation. In the coating Ag 17_act (series 

II), the amount of Ag+ released is 3 x higher than in the same coating before activation. However, 

although the silver content is similar in these two coatings, the Ag+ released in the coating Ag 

17_act was substantially lower (63 %) comparatively with the coating Ag 20_act. The same 

trend is observed in the coatings Ag 6_act and Ag 8N_act, with a decrease of 15 % in the Ag+ 

release. From this study, it was observed that the presence of the amorphous phase matrix 

influence the ability of the coatings to promote the silver ion release, after having been subjected 

to the activation treatment. 

These results corroborate the hypothesis that the nature of coating matrix seems to affect the 

amount of the silver released, and eventually the biological response, much more than the silver 

content. This achievement open ideas how could be possible control the release of the silver 

during the time.  

 

5.3.3 Antibacterial assay halo test 

During the antibacterial assay, Ag 0 and Ag 0_act coatings were also tested, as control and to 

ensure that remaining oxidizing solution used in the activation process cannot be responsible 

for any antibacterial activity. Figure 5.8 shows the halo test made on the different coatings from 

the different series, before and after the activation procedure.  
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Figure 5.8 - Halo assay for different coatings. At left, coatings before activation: Ag 0, Ag 6 and 

Ag 20 from the first series (structure nc-ZrCN/nc-Ag/a-CNx), Ag 8N and Ag 17 from the second 

series (structure nc-ZrCN/nc-Ag). At right side, activated coatings: Ag 0_act, Ag 6_act and Ag 

20_act from the first series (structure nc-ZrCN/nc-Ag/a-CNx), Ag 8N_act and Ag 17_act from 

the second series (structure nc-ZrCN/nc-Ag). The white circles highlight the halo and the red 

frames highlight the coatings border. 

 

 

The coatings Ag 0 and Ag 0_act do not present any inhibition zone, discarding the NaClO action 

against the used pathogen. From Figure 5.8, it is possible to observe that the coatings do not 

present any inhibition halo before the activation process, discarding its antibacterial effect, even 

for very high silver contents. On the other hand, there is evident differences in the halo feature 

between the activated coatings from the first and second series. Previously to the activation 

process, the pair Ag/matrix does not facilitate the silver ionization [45], translating in the lack 

of antibacterial activity. 

 In the first series, the coating Ag 6_act presents a regular halo around the sample edge, but 

with diffuse features (the halo is not completely clear). The diffuse behavior may be due to the 

small amount of oxidized nanosilver formed on this coating surface after activation. The 

consequent release of small amounts of ions to the biological medium seems to be insufficient 
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to kill all bacteria and produce a clear halo, but allow a reduction on the bacterial growth around 

the coatings. On the other hand, the coating with higher silver content, Ag 20_act (20 at. %), 

presents a more pronounced and transparent halo, clearly with no bacterial growth, followed by 

a diffuse halo.  

Comparing both series of coatings it is interesting to note that the halo formed by coating Ag 

8N_act shows an irregular shape and smaller size, when compared with the coating Ag 6_act. 

The same behavior was observed in the coating Ag 17_act, comparatively with the coating with 

similar silver content (Ag 20_act).  

Since these coatings present similar silver contents, these results should be explained attending 

to the differences in the matrix where the silver is incorporated. In fact, in the first series, the 

coatings present an nc-ZrCN/nc-Ag/a-CNx structure, with a columnar morphology, allowing an 

easier silver segregation from this coating matrix [42], with a favored oxidized nanosilver 

formation, as seen in the previous sections. When in contact with the biological medium, silver 

ions are leached from the oxidized nanosilver and spontaneously diffuses over the surrounding 

aqueous medium (bacteria agar), inhibiting or limiting the bacterial growth [46]. In the second 

series (nc-ZrCN/nc-Ag), the absence of an a-CNx matrix and the coating compact structure may 

delay/inhibit the silver release from deeper areas of the coatings and consequently the 

formation and the leaching of the silver ions to the fluids/medium, leading to the formation of 

diffuse and irregular halos (Figure 5.8).  

So, it is clear that the silver activation plays a crucial role in silver ionization and a consequent 

ions release into the medium, a necessary condition for antibacterial activity [47–49], enhanced 

by the presence of the a-CNx structure, on the nc-ZrCN/nc-Ag/a-CNx coatings. The results 

corroborate that the activation process, combined with a high silver content and a carbon 

amorphous matrix may be a determinant step to enhance the silver ionization and consequently 

the antibacterial activity.  

 

5.4 Conclusions 

Ag-ZrCN coatings were deposited by reactive magnetron sputtering with variable silver content, 

with two different structures: nc-ZrCN/nc-Ag/a-CNx and nc-ZrCN/nc-Ag. Similarly to the previous 

coatings, a silver activation procedure on the coatings was performed, in order to increment the 

silver ionization in the coatings.  
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Differences in the coatings morphology were observed between the series, within similar silver 

contents, which can be explained by the phase composition of each deposition series. 

The columnar structure, present in the coatings with a nc-ZrCN/nc-Ag/a-CNx, may function as 

channels that allow the penetration of the oxidizing agent to deeper areas of the coatings, 

favoring silver ionization and the consequent formation of oxidized nanosilver on the coatings 

surface.  

From this part of the work, it is possible to conclude that coatings matrix with amorphous 

phase’s shows better ionization and antibacterial properties.  

Hence, a further biological characterization (cytotoxicity and biofilm formation) will be addressed 

in the next chapter for the Ag 6 and Ag 20 coatings characterized herein. 
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 Chapter VI 

Activated Ag-ZrCN multifunctional coatings for biomedical devices: effect of silver content on 

antibacterial and cytotoxic response 

Amorphous matrices subjected to the activation procedure positively influence the ionization 

of the silver present in the coatings. In this sense the coatings with nc-ZrCN/nc-Ag/a-CNx 

structure showed better performance in the bacterial growth inhibition, after activation 

process. A further biological study becomes essential on these coatings, mainly focusing on 

the effect of silver content on the cytotoxicity behavior. Taking into account this idea it could 

be interesting to define the maximum amount of silver that can compromise one important 

issue on biomedical devices – the biocompatibility by cytotoxicity problems. The next chapter 

deals with the results about the cytotoxicity of coatings with silver content up to 20 at%. In 

fact this content value is related with studies already developed by the group on Ag-TiCN 

coatings, which demonstrated no cytotoxicity problems with silver up to 15 at%. Additionally, 

biofilm formation on these surfaces was also considered. The results achieved on this chapter 

could open new opportunities as antibacterial surfaces for this system.   
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6.1 Introduction 

The increase of the elderly population enhanced health and locomotion problems. Therefore, 

hip joint prostheses are being widely used worldwide. Beyond knee prosthesis, hip replacement 

surgery is the most common procedure used in orthopedics, annually with more than 1 million 

worldwide procedures, being expected that this number duplicate within 10 years [1] and, 

consequently, the need for hip replacement revision surgeries will be doubled in 2026 [2].  

Despite all progresses achieved since the first implant, failures still occur since the materials 

used in conventional prostheses have a limited lifespan [3–5], entailing revision arthroplasties. 

Infection remains the most common reason for the surgical procedures, as arthrotomy and 

prosthesis removal [6], besides instability/dislocation and mechanical loosening. In fact, the 

infection rates of total joint hip arthroplasties range between 0.5 % and 3.0 %, in primary total 

hip arthroplasty [7]. 

The efforts in the prevention of hospital infections have been remarkable so far, however, even 

with the strengthening of preventive measures in the surgical procedures, pathogenic 

microorganisms are still found at the site of approximately 90% of all implanted medical devices 

[8], which represent a serious problem in the biomedical field [9–12]. Implant infections in 

orthopedics are mainly caused by staphylococci [13]. Staphylococcus epidermidis, for instance, 

have emerged as one of the major nosocomial pathogens associated to these infections, 

triggered by its adhesion to implants [7,14]. The ability to adhere to different materials and to 

promote biofilm formation is the most important feature of their pathogenicity [15]. Once a 

biofilm is formed on a medical device it become very difficult to be eradicated, since it 

significantly decreases the levels of susceptibility to antimicrobial agents and hampers 

phagocytosis [15]. So, since the use of antibiotic therapeutics, associated to a high level of 

bacterial resistance [16], is not effective in this stage of infection, new approaches are desirable 

in orthopedics, such as the introduction of surface modified biomaterials [11,17,18].  

The current lines of research in material’s science highlight the use of silver as antimicrobial 

agent (in its different forms: silver ion, metallic silver and silver nanoparticles) in the medical 

field, as for example in burn treatment [19], textile fabrics [20], dental implants [21], coating 

materials for prostheses, etc. [8,22–26].  

Silver ions show antimicrobial properties due to their strong binding to the biological thiol groups 

in the critical molecules (proteins, DNA, RNA) of the microorganisms [27,28], disrupting the 

bacterial respiratory chain generating reactive oxygen species (ROS) that can lead to oxidative 
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stress [29] which provokes their death. Despite the widespread and fashionable use of silver 

nanoparticles [30,31], there is an increasing evidence that silver ions release from 

nanoparticles can be responsible for the biological effect [32]. The study of the applicability of 

medical devices with silver, for antimicrobial purposes, should be inseparable from the 

evaluation of their cytotoxicity, since it is necessary to confirm the innocuousness of the 

material. However, the available data on the silver cytotoxic effect can be considered conflicting. 

Wang et al. [33] obtained cytotoxic effects on mammalian cells when the concentration of silver 

in the culture media was higher than 1.1 ppm, which was also in accordance with the studies 

of Zhang et al. [34] and AshaRani et al. [29]. In contrast, some other studies with silver based 

coatings have reported, as well, no cytotoxic effects [25,35].  

Considering this broad range of results, it is essential that a silver coated material, to be used 

in medical devices, allows a release of silver ions in the biological media and simultaneously 

does not compromise cytotoxicity levels. As described before [36], zirconium carbonitrides with 

silver (Ag-ZrCN) coatings were tested and it was concluded that the presence of silver up to 11 

at. % seems not be a sufficient condition per se to obtain antibacterial effect. Coatings’ 

antibacterial activity was only obtained after a silver activation process. Since the major ion 

source is oxidation, the activation allows silver ionization and enhances the ions release in the 

biological media.  

From chapter V it was concluded that the coatings with a nc-ZrCN/nc-Ag/a-CNx matrix structure 

presented a favored pathway to silver ionization, which translates in regular and larger inhibition 

halo. Hence, since a promising antibacterial activity was achieved with these coatings, the 

purpose of this study was to evaluate the cytotoxic response and biofilm formation of activated 

Ag-ZrCN coatings, with nc-ZrCN/nc-Ag/a-CNx matrix, with different silver content.  

 

6.2 Materials and Methods 

6.2.1 Coatings production  

The Ag-ZrCN coatings under study in this chapter were deposited using a pure zirconium target 

and a zirconium target doped with silver pellets, as described in chapter V (section 5.2.1). Some 

deposition conditions are summarized in the Table 6.1  
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Table 6.1 – Chemical composition (measured by EDX), number of silver pellets used on Zr 

target, density current applied to each target and sputtering atmosphere.  

Coatings 
Coating composition (at. %) Silver 

pellets 

J
Zr
 

(mA/cm
2

) 

J
Zr + Ag

 

(mA/cm
2

) 

Sputtering atmosphere (sccm) 

Zr N C O Ag 
argon acetylene nitrogen 

Ag 0 36 19 37 8 0 0 10 0 

60 

 

4 

 

3 Ag 6 33 21 36 4 6 6 7.5 2.5 

Ag 20 22 23 31 4 20 8 6.5 3.3 

 

 

6.2.2 Silver activation as pre-oxidation process 

Silver activation was performed in all coatings, following the procedure described in section 

4.2.2 from chapter IV. 

 

6.2.3 Coatings characterization 

The morphology of the coatings (before and after activation) was evaluated by SEM in both 

backscattering (BSE) and secondary electrons (SE) modes. EDX analyses were also performed 

in different zones of the coatings (with and without oxidized nanosilver), in order to analyze the 

composition differences between the particles and the matrix. Silver ion release was determined 

following the ICP-OES. 

 

6.2.4 Biological characterization 

6.2.4.1 Cytotoxicity analysis 

Cytotoxicity analysis was performed, using 3T3 (CCL-163) fibroblasts cells and MTS assay, 

using the conditions described in section 2.4.3 from chapter II. 
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6.2.4.2 Antibacterial properties 

Bacterial colonization was assessed by CFU enumeration. For this assay, an initial S. 

epidermidis suspension concentration of 1 x 105 CFU.mL-1 was used, as described in section 

2.4.2.2 from chapter II. 

SEM was used for the visualization of the coatings’ surface after bacterial colonization. For this 

assay, a cellular suspension with final concentration of approximately 1 x 108 CFU.mL-1, was 

prepared. 

 

6.3 Results and discussion 

6.3.1 Cytotoxicity analysis 

The cytotoxicity can be considered as one element of the broader term that composes 

biocompatibility definition, but considering its importance should be emphasized. Hence, 

cytotoxicity can be defined as the destructive or killing capacity of an agent. Cytotoxicity assays 

allow the determination of the biological response of mammalian cells, in vitro, using 

appropriate incubation of the cultured cells in direct contact with a device and/or through 

diffusion, with device extracts (indirect contact). Reduction of cell viability by more than 30 % is 

considered a cytotoxic effect [37] and the material for implants should be considered harmful 

and incompatible as biomaterial. 

The MTS assay, a precise, fast and reliable technique [38], was used to measure the coatings 

toxicity on fibroblast’s cells. The cellular viability as a function of the different coatings is shown 

in Figure 6.1. The graph presents the results for the different coatings before (Ag 0, Ag 6 and 

Ag 20) and after the activation procedure (Ag 0_act, Ag 6_act and Ag 20_act).  
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Figure 6.1 – Cellular viability results for the different coatings, before (Ag 0, Ag 6 and Ag 20) 

and after the activation procedure (Ag 0_act, Ag 6_act and Ag 20_act). The dotted line is the 

cells viability percentage (30 %) used as higher limit for cell toxicity. The fibroblasts cells, after 

grow with the medium which was in contact with the different activated coatings, were 

photographed and shown in the insets. Scale bar = 100 µm.* - Ag 20_act coating is significantly 

different (p < 0.05) from the control (Ag 0).  

 

 

Before the activation procedure, coatings did not present any cytotoxic effect, conferring good 

conditions for fibroblast growth. Interestingly, although the silver content in the coating Ag 20 

is much higher than in coating Ag 6, there is no cytotoxic effect for both coatings, which may 

be indicative of the reduced release of silver ions from these coatings, in agreement with the 

results shown in chapter III and also for similar samples [39].  

After the activation process, the degree of cytotoxicity varied according to the % of silver present 

in the coatings, Ag 6_act showed a mortality rate inferior to 10 %, whereas Ag 20_act presents 

43 % of inhibition on cells growth, above the indicative value for cytotoxic effect (30 %), with a 



Chapter VI: Activated Ag-ZrCN multifunctional coatings for biomedical devices: effect of silver content 
on antibacterial and cytotoxic response 

 

140 
 

clearly reduced cell growth and the remaining cells showing an irregular shape. The visual 

features shown by the different activated coatings are in agreement with the quantitative results 

(Figure 6.1). Considering that the activation process was used as the triggering factor for the 

silver ionization, the cytotoxicity results obtained may be explained by an enhanced silver 

ionization and subsequent release of large silver ions amount to the biological medium. Recent 

studies have already highlighted the toxicity of either silver nanoparticles [29,40], as well as 

silver ions from AgNO3 [41,42]. Moreover, this silver release is dependent on the silver 

concentration on the coatings, since in the Ag 6_act coating, the release of silver ions to the 

biological medium was not enough to avoid cell adhesion, showing no cytotoxicity. 

In order to better understand the correlation between silver activation and silver content in the 

biological behavior of these coatings, a morphological characterization was carried on. 

 

6.3.2 Morphological analysis 

The films’ morphology was evaluated before and after the activation. Figure 6.2a shows the Ag 

0 coatings (control). After the activation (Figure 6.2b), this coating presents no significant 

morphological alterations due to the oxidizing agent activity. In contrast, in coatings containing 

silver (Figures 6.2c and 6.2e), the activation procedure brings significant morphological 

changes, which explains the difference in the activated coatings’ behavior. The activation 

procedure leads to the agglomeration of the silver and the formation of oxidized nanosilver 

preferably in the grain boundaries of the Ag 6_act coating (Figure 6.2d) and dispersed over the 

entire film surface, in the Ag 20_act coating (Figure 6.2f). This effect is apparent in both 

coatings, but more evident in the coating with higher silver content (Ag 20_act), with silver 

clusters arranged as “grape bunch” with individual sizes of ~45 nm.  

During the activation step the pre-oxidation of silver occurs, with the formation of oxidized 

nanosilver. EDX analyses of two different zones of the coatings (with and without oxidized 

nanosilver) are presented in Figure 6.2f and clearly reveal the composition differences between 

the particles and the matrix. The oxidized nanosilver particles reveal an intense silver peak in 

addition with an oxygen peak, more intense than in the area outside of these oxidized nanosilver 

particles. In fact, Djokić and Burrell [43] suggested that the critical factor to antimicrobial effect 

is the presence of oxide(s) in the silver material. However, the small size of these nanoparticles 

did not allow the determination of its proper composition.  
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It is clear, however, that the presence of different amounts of the oxidized nanosilver dispersed 

on the coatings’ surface, after the activation process, influences the biological behavior. 

 

 

Figure 6.2 – SEM micrographs of the surface of the different thin films: Ag 0 before (a)) and 

after activation (b)), Ag 6 before (c)) and after activation (d)) and Ag 20 before (e)) and after 

activation (f)). The insets in the Figures c), d) e) and f) present the SEM image from the samples 

surface, where Ag agglomerates (BSE image) are evident. EDX of the Ag 20 (before and after 

the activation) is presented in Figures e) and f), respectively.  

 

 

6.3.3 Silver ion release by inductively coupled plasma optical emission spectrometry (ICP-OES) 

analysis  

The amount of silver ions released from coatings Ag 6 and Ag 20 (before and after activation), 

was determined by ICP-OES, using the simplest electrolyte medium (0.9 % (w/v) NaCl). From 

Figure 6.3 it is possible to observe that in the activated coatings the silver release to the medium 
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is higher than in the same coatings without activation. Also, the silver release is slightly higher 

in the Ag 20 coating when compared with Ag 6. This trend is also observed in the activated 

coatings Ag 6_act and Ag 20_act. In Ag 6_act, the amount of released silver is 4 x higher than 

in the Ag 6 coating before activation. On the other hand, in the Ag 20_act coating, the amount 

of released silver is 1260 ppb, almost 10 x higher than in the Ag 20 coating before activation.  

 

 

Figure 6.3 – Concentration (ppb) of silver released from the different coatings, after 24 h of 

immersion on 0.9 % (w/v) NaCl. The red dotted line represents the cytotoxic limit, as proposed 

by [29]. 

 

 

These results are similar to those obtained in other studies, quantifying the ionic release of 

silver and the relationship with its cytotoxicity [29,33,34]. In fact, when the concentration of 

silver in the culture media was higher than 1100 ppb, cytotoxic effects on mammalian cells 

were observed [34]. On the other hand, if lower silver ion release is observed, as in Ag 6 (97 

ppb) and Ag 20 (130 ppb), no cytotoxic response and no bacterial growth inhibition were 

observed (as previously showed in chapter V), although some studies refer antibacterial activity 

for concentrations of silver up to 100 ppb [44]. In the coating Ag 6_act, a sufficient ion release 

to obtain some bacterial inhibition growth and no cytotoxicity was observed (438 ppb – Figure 

6.3). The response threshold is very broad (≈ 600 ppb), allowing the release of ionic silver in 

higher concentrations without reaching the cytotoxicity limits. 
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These results corroborate the hypothesis that the activation process in these coatings act as a 

silver ionization trigger and the silver content in the coating matrix seems to affect the amount 

of the released silver and consequently the biological response. 

 

6.3.4 Bacterial colonization 

Biomaterial implants and other indwelling medical devices provide foreign surfaces prone to be 

colonized by bacteria. Bacterial adhesion to these surfaces is the first stage of biofilm formation 

and this adhesion is regulated by several factors [25]. Biofilms can be defined as a community 

of bacteria that is irreversibly attached to a biotic or abiotic surfaces and enclosed in a 

exopolymeric matrix segregated by itself [45,46]. The formation of these communities and their 

inherent ability to resist to antimicrobial agents are the root of many persistent and chronic 

bacterial infections [45]. These biomaterial infections represent a treatment challenger, and in 

most cases, the removal of the implant is the only way to eradicate the infection. So, it is of 

major importance that an antibacterial coating on biomaterials allows a prevention of the biofilm 

formation on its surface, since in the first 24 hours of contact between bacteria and the 

indwelling device, biofilm develops and become mature [14]. 

In order to further characterize the obtained coatings, bacterial colonization was assessed on 

coatings that did not present cytotoxicity (exclusion of Ag 20 and Ag 20_act). The assays 

included the evaluation of the number of viable cells, by CFU counting (Figure 6.4).  
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Figure 6.4 – Logarithm of bacterial concentration after 24 h of contact between coatings 

(previous and after activation process) and the S. epidermidis.  

 

 

From Figure 6.4 it is possible to see that for the coating Ag 6_act, the silver activation procedure 

promotes decrease in biofilm formation (p < 0.05), when compared with the same coating 

previously the activation procedure (3 log). Additionally, a statistically significant decrease (p < 

0.05) was also observed when compared to the control (Ag 0 - 4 log). The statistically significant 

decrease (p < 0.05) in bacterial concentration between the coating Ag 0 and Ag 6 cannot be 

understood as an antibacterial activity since the difference in the logarithmic value of viable cell 

counts between the coatings without and with silver incorporation is not higher than 2. 

According to the Japanese Industrial Standard Z 2801: 2000 [47], the difference in the 

logarithmic value of viable cells counts between antimicrobial products and untreated products 

(control) must be higher than 2 to consider an antimicrobial activity.  

SEM micrographs of adhered bacteria on the Ag 6 coatings, before and after the activation 

process, are shown in the Figure 6.5. The Ag 6 coating presents on its surface a well-formed, 

three-dimensional and mature biofilm, covering the surface of the coating (Figure 6.5).  
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Figure 6.5 – SEM micrographs of adhered bacteria to Ag 6 coatings after 24 h, before and after 

the activation process. The insets show the SEM magnified images from the surfaces. 

 

After the activation procedure, Ag 6_act coating shows a reduction in the amount of biomass 

on the surface, with a less compressed biofilm structure and more scattered bacterial cells. 

However, the release of silver ions from the oxidized nanosilver does not seem to occur in 

sufficient quantity to kill all the bacteria used in this assay (initial concentration of 1 x 108 

CFU.mL-1), but seems to limit the adhesion of the remaining live bacteria on the coating surface 

and thus preventing the formation of a “compact” biofilm. These results are in accordance with 

the quantitative results obtained by CFU counting. 

From Figure 6.5 it can be inferred that the in the activated silver coating the activation process 

triggers a different response comparatively to the same non-activated coating.  

Figure 6.6 outlines the activation process. Silver ions are leached from the activated coating, 

when in contact with the pathogenic bacteria.  

 

 

Figure 6.6 – Schematic representation of activated coating action, with silver ions leached from 

the oxidized nanosilver (not to scale). 
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6.4 Conclusions 

The silver released from the activated nc-ZrCn/nc-Ag/a-CNx coatings and consequently its 

biological response was affected by the silver content in their matrices and therefore by the 

amount of the oxidized nanosilver formed on the coating surface after the activation process. In 

the coating Ag 6_act, a sufficient ion release was observed (438 ppb), to obtain inhibition 

bacteria growth and, simultaneously, no cytotoxicity. A reduction in the biofilm formation (4 

Log10) was also obtained. On other side, cytotoxic effects on mammalian cells were observed for 

the coating Ag 20_act (1260 ppb Ag+), and, consequently, this activated coating was rejected 

as biomaterial. 

Therefore, it was possible to produce multifunctional coatings possessing an amount of ionic 

silver with antibacterial activity and low cytotoxicity that can be used as biomedical devices. 
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 Chapter VII 

Concluding statements and work perspectives 

The major conclusions withdrawn from this thesis are presented in this chapter. Considering 

the results and the conclusions obtained throughout this work, some future work lines are 

also proposed. 
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7.1 Concluding statements 

The aim of this work was to obtain antibacterial Ag-ZrCN coatings with potential for application 

in joint prostheses. Hence, firstly (i) mechanical properties were studied. As, preliminary results 

on these coatings showed no antibacterial effect, an activation procedure was performed in 

order to enhance the silver ionization from the coatings (ii). Additionally, coatings with different 

phase composition (crystalline/amorphous) and different silver content (low/high) were 

analyzed, and a relation between the presence of amorphous phase and coating’s biological 

properties was obtained (iii). Further biological properties were studied, as cytotoxicity and 

biofilm formation, and their relation with silver content on coatings was evaluated (iv).  

 

To achieve those goals, some relevant aspects were analyzed through this thesis, specifically,  

 

i) Thin films with silver content up to 8 at. % showed adequate adhesion and cohesion values, 

a vital feature for the desired application. The incorporation of silver and amorphous carbon 

phases decreased both hardness and Young’s modulus. It was also observed that the coatings 

presented resistance to successive impacts without fracturing, which translates in promising 

mechanical performance for biomedical devices use. However, preliminary studies pointed out 

to no antibacterial activity.  

 

ii) Coatings with slightly higher silver content (11 at. %) were produced, however still not showing 

any antibacterial properties. Antibacterial effect was achieved only after a silver activation 

procedure, with NaClO solution. By activation, a silver oxidation process occurred: firstly silver 

hydroxide (AgOH) was on its surface, and thereafter silver oxides (Ag2O). Consequently, Ag+ was 

formed from Ag2O, with the enhanced silver ionization being responsible for bacterial growth 

inhibition. Silver oxides were disclosed by XPS and SEM techniques.  

 

iii) Structural characterization of the different set of coatings (by X-Ray diffraction (XRD) and 

Raman spectroscopy), allowed its distinction in two categories: coatings with and without an 

amorphous carbon matrix, nc-ZrCN/nc-Ag/a-CNx and nc-ZrCN/nc-Ag, respectively. Coatings 

were produced with different silver contents. In the matrix nc-ZrCN/nc-Ag/a-CNx coatings with 

6 and 20 at. % were attained and in the matrix nc-ZrCN/nc-Ag coatings with low and high silver 

content (8 and 17 at. %) were attained. Regardless the high silver content of the coatings, none 
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of the matrices allowed the release of required quantities of silver for antibacterial activity. Again, 

it was only possible to obtain this effect after the activation procedure. However, within similar 

silver contents, differences in the shape and regularity of the inhibition halos were observed, 

according to the matrix were silver is inserted. Coatings with a nc-ZrCN/nc-Ag/a-CNx matrix 

showed more regular inhibition halos and an enhanced silver ion release, as confirmed by ICP-

OES results. In fact, the cross-sectional morphology of these coatings, disclosed by SEM, 

showed a columnar structure, which could act as “irrigation channels”, favoring the formation 

of oxidized nanosilver on the coatings’ surface, the focal issue of the activation procedure. 

Hence, coatings with amorphous phases showed better silver ionization and antibacterial 

properties. 

 

iv) The selected nc-ZrCN/nc-Ag/a-CNx activated coatings were further characterized biologically 

and it was found that their biological response was affected by the silver content in the matrix. 

The coating activated with high silver content and increased formation of oxidized nanosilver on 

the coating surface and thereafter higher silver ion release, presented cytotoxicity, being 

discarded as biomaterial. However, in the activated coating with low silver content (6 at% as 

silver content), no cytotoxicity was observed and simultaneously a significant reduction in the 

biofilm formation was achieved (4 log).  

 

The major achievement of this work was the development of a Ag-ZrCN activated coating, able 

to be used in biomedical devices, with an optimum silver content in a nc-ZrCN/nc-Ag/a-CNx 

matrix, without jeopardizing the mechanical properties, and simultaneously being innocuous 

and with antibacterial activity. Therefore, this achievement will be of major interest since it will 

improve the battle against infections associated to the high level of hip prosthesis rejection. 
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7.2 Work perspectives 

Attending to the developed work, some suggestions for future investigation are presented below: 

 

Considering the final application of these coatings (coating the femur head of the prosthesis), it 

will be necessary to develop corrosion and tribocorrosion tests after activation process, since 

human body presents a natural corrosion environment. 

 

From previous team work it is known that the best mechanical compromise was obtained with 

coatings with ZrCN crystalline phases and low silver content. From the present work it was 

concluded that the matrix in which the silver is inserted influence the biological properties, 

obtaining better results with CNx amorphous structures. Hence, it would be interesting to study 

the morphology and thickness of multilayer crystalline/amorphous matrixes, relating with the 

mechanical behavior and silver segregation.    

 

Indwelling medical devices can be colonized by several species. In this sense, it would be 

interesting to test the antimicrobial properties of the activated coatings against other species 

that can colonize the biomedical devices. 

 

SS316L is an inexpensive material, easy to obtain. However, market requests still highlight Ti 

and Ti and CrCo alloys as “gold standards”. Hence, the use of these substrates in the deposition 

system could be an interesting work. 
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