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Abstract  

Incorporating silver (Ag) into titanium nitride (TiN) coatings is an effective strategy to enhance their structural 

integrity, mechanical strength, surface characteristics, and antibacterial activity. In this study, Ti–Ag–N coatings were 

deposited via DC magnetron sputtering using Ag plates with diameters of 0, 4, 6, and 8 mm. The resulting films were 

analyzed using XRD, SEM/EDS, hardness tests, and water contact angle measurements, while their antibacterial 

performance was tested against Staphylococcus aureus. Moderate Ag incorporation (Ag-6) yielded the best overall 

properties, improving crystallinity, producing a uniform Ag distribution, and increasing surface energy. This composition 

also demonstrated the highest hardness (179.24 VHN) and excellent wettability. Antibacterial tests confirmed that Ag-

containing coatings - particularly Ag-6 - suppressed bacterial growth by up to 99.99%, mainly due to controlled Ag ion 

release and enhanced surface energy. These results indicate that optimizing Ag content effectively balances durability, 

functionality, and antibacterial performance, making Ti–Ag–N coatings promising candidates for biomedical and 

advanced engineering applications. 
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Introduction 

Bacterial adhesion and surface colonization 

remain major challenges across various industries, 

particularly in medical devices and food packaging, 

where microbial contamination can threaten health, 

reduce product quality, and cause economic losses [1,2]. 

Materials used in these sectors such as food packaging, 

medical tools, dental and orthopedic implants, and water 

purification systems are constantly exposed to bacterial 

contamination [3]. Among these, food packaging is 

especially critical. Insufficient antibacterial protection 

can accelerate the growth of harmful bacteria, 

compromising food safety and shortening shelf life [4]. 

This not only affects overall food quality but also poses 

broader public health concerns [5]. This situation 

underscores the urgent need for innovative surface  

 

technologies that can effectively suppress bacterial 

growth and enhance consumer safety. 

For decades, antibiotics have been the primary 

means of controlling bacterial contamination and 

ensuring food safety. However, excessive and 

uncontrolled use has led to the rise of multidrug-

resistant (MDR) bacteria, diminishing the effectiveness 

of traditional antimicrobial strategies. As a result, 

researchers have turned to alternative, sustainable 

solutions particularly metal-based nanoparticles (NPs), 

nanocomposite coatings, and multifunctional thin films 

[4]. These approaches provide new opportunities to 

extend product shelf life, maintain food quality, and 

reduce microbial risks without depending solely on 

antibiotics. 
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Biofilm formation further complicates bacterial control. 

When bacteria adhere to a surface and secrete a 

protective extracellular matrix of polysaccharides, 

proteins, and DNA, they form biofilms that are far more 

resistant to antimicrobials and environmental stress than 

free-floating cells [5]. In food packaging, biofilms 

enable persistent contamination that is difficult to 

remove [6]. Preventing bacterial attachment and early 

biofilm formation is generally more effective than 

attempting to eliminate mature biofilms [7]. Surface 

morphology, physicochemical properties, and 

environmental conditions strongly influence these 

processes [7,8]. Therefore, modifying surface features 

through advanced coatings and nanocomposites offers a 

promising route to suppress biofilm development and 

improve food safety. 

Key surface properties such as roughness, 

wettability, and nanoscale texture play central roles in 

bacterial adhesion. Wettability, often represented by 

contact angle, is particularly influential [9]. Generally, 

hydrophilic surfaces with low contact angles discourage 

bacterial attachment and enhance surface cleanliness. 

However, the relationship between wettability and 

adhesion is complex: Some studies report reduced 

adhesion on hydrophilic surfaces, while others observe 

the opposite [8]. This suggests that wettability should be 

assessed alongside other surface and environmental 

factors when designing antimicrobial materials. 

Effective antibacterial coatings for food packaging 

must meet several criteria. They should inhibit bacterial 

adhesion and biofilm formation while maintaining 

safety, non-toxicity, and compliance with food safety 

standards [10]. In addition, they must exhibit broad-

spectrum antibacterial activity, strong mechanical 

durability, and cost-efficiency to withstand the demands 

of packaging, storage, and distribution [11]. Achieving 

these characteristics requires multifunctional materials 

that balance performance, safety, and scalability.  

Titanium (Ti) and its alloys are promising 

candidates due to their high strength, corrosion 

resistance, and excellent biocompatibility [12]. 

Incorporating silver (Ag) into Ti-based coatings further 

enhances antibacterial performance and surface 

functionality [8,13-16]. Silver is widely recognized for 

its strong, broad-spectrum antibacterial properties 

against both Gram-positive and Gram-negative bacteria, 

making it highly suitable for advanced food packaging 

applications [17]. Despite these advantages, the effects 

of Ag incorporation on nanoscale surface features such 

as roughness, wettability, and contact angle behavior are 

still not fully understood, especially in Ti–Ag–N thin 

films designed for multifunctional antibacterial 

coatings. 

Several deposition methods have been developed 

to create thin films with tailored properties, including 

sol-gel, spin coating, anodic oxidation, physical vapor 

deposition (PVD), and electrodeposition [18,19]. 

Among these, magnetron sputtering stands out for its 

ability to produce smooth, dense, and uniform coatings 

with precise compositional control [12,20]. In this study, 

Ti–Ag–N thin films were fabricated via DC magnetron 

sputtering on SS316L substrates, using varying Ag plate 

diameters to adjust coating composition and properties. 

The films were systematically characterized in terms of 

structure, surface morphology, wettability, elemental 

composition, and antibacterial performance. This work 

aims to clarify the relationship between Ag 

incorporation, surface characteristics, and antibacterial 

activity, offering insights for the design of durable and 

efficient Ti–Ag–N coatings. Ultimately, the study 

proposes a practical route to develop high-performance 

antimicrobial surfaces that enhance food safety and 

prolong product shelf life. 

 

Methodology 

Materials and methods 

TiN thin films with varying silver (Ag) atomic 

contents were synthesized using a reactive DC 

magnetron sputtering technique. The substrates 

consisted of single-side polished SS316L foils with 

dimensions of 10×10 mm2 and a thickness of 0.9 mm. 

The chemical composition of the SS316L substrate, 

obtained from energy-dispersive X-ray spectroscopy 

(EDS) analysis, is presented in Table 1. High-purity 

titanium (Ti) disks (99.99%, Goodfellow) with a 

diameter of 50 mm and a thickness of 3 mm were used 

as sputtering targets. For silver doping, high-purity Ag 

foils (99.99%, Goodfellow) were prepared in 5 different 

diameters 5, 7.5, 10, 12.5 and 15 mm - with a constant 

thickness of 0.1 mm. Details of the sample codes and 

deposition parameters for the Ti-Ag-N films are 

summarized in Table 2. 

The deposition process was conducted under an 

initial base pressure of 2.5×10−4 mbar and a constant 
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working pressure of 2×10−2 mbar. Prior to deposition, 

all substrates were sequentially cleaned in an ultrasonic 

bath using a mild detergent solution followed by ethanol 

for 10 minutes each to ensure complete surface 

decontamination. The Ti–Ag–N films were deposited 

using a reactive DC sputtering process with an 

optimized gas flow ratio of argon to nitrogen (Ar:N₂) at 

80:20. During deposition, the discharge voltage and 

current were maintained at 5 kV and 10 mA, 

respectively. Optimization of the deposition parameters 

was performed based on the measured Vickers hardness 

values of the films, as illustrated in Figure 1. The Ag 

content within the coatings was precisely controlled by 

systematically varying the diameters of the Ag foils 

placed directly on the Ti target surface, enabling 

controlled doping without altering other sputtering 

conditions.

 

 

Figure 1 Schematic deposition Ti–Ag–N on SS 316L with co-sputtering method. 

 

Structural and surface characterization of Ti–

Ag–N Films 

The surface morphology of the Ti–Ag–N coatings 

deposited on SS316L substrates was examined using a 

scanning electron microscope Hitachi. The elemental 

composition and variations in Ag content were analyzed 

using energy-dispersive X-ray spectroscopy (EDS). The 

crystalline structure of the films was characterized by X-

ray diffraction (PANalytical), enabling phase 

identification and analysis of preferential growth 

orientations. 

 

Mechanical characterization 

The hardness of the Ti–Ag–N coatings was 

measured using a Vickers digital microhardness tester 

(Matsuzawa) under a constant load of 10 g with a dwell 

time of 10 s. Measurements were performed at ten 

randomly selected points on each sample, and the 

average Vickers hardness value (HV) was calculated to 

ensure statistical reliability. 

 

Wettability (contact angle) measurements  

The wettability of the Ti–Ag–N coatings was 

evaluated by measuring the static water contact angle on 

the sample surfaces. Contact angle measurements were 

performed using a VHX-5000 digital microscope 

equipped with an advanced CMOS sensor, capable of 

capturing high-resolution images at 50 frames per 

second. The VHX-5000 also integrates a high dynamic 

range (HDR) imaging algorithm, which enhances image 

contrast and minimizes overexposure or underexposure 

on unevenly illuminated surfaces. Furthermore, the 

device utilizes a super-resolution imaging mode 

combined with short-wavelength light and pixel-shift 
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technology, enabling a 25% improvement in spatial 

resolution with a magnification range from 0.1× to 

5,000×. 

 

Antibacterial activity assay 

The antibacterial performance of the Ti–Ag–N 

films was evaluated against Staphylococcus aureus 

using a modified colony-forming unit (CFU) counting 

method. A bacterial suspension was prepared by 

inoculating a single colony into nutrient broth, followed 

by incubation under continuous shaking at room 

temperature until the bacterial concentration reached 

approximately 5×10⁸ CFU/mL. Sterile SS316L plates 

coated with Ti–Ag–N films were placed in UV-

sterilized Petri dishes and exposed to UV light for 15 

min prior to testing. Subsequently, 50 μL of the bacterial 

suspension was carefully dropped onto the coated films 

and uncoated control samples. The Petri dishes were 

then incubated at 37 °C under ~90% relative humidity 

for 24 h.  

After incubation, the samples were gently rinsed 

with 10 mL of phosphate-buffered saline (PBS) to 

remove non-adherent bacteria. Serial dilutions of the 

bacterial suspensions were prepared up to 10⁵-fold using 

PBS. From each dilution, 0.1 mL of solution was spread 

onto nutrient agar plates using a Drigalski spreader 

under aseptic conditions. The plates were incubated at 

37 °C for 24 h, after which the number of bacterial 

colonies was quantified using a colony counter. The 

antibacterial effectiveness (R) of the coatings was 

calculated using Eq. (1): 

 

Antimicrobial effectiveness: (N0 – N)/N0×100%  (1) 

 

where N0 represents the number of colonies on the 

control sample, and N represents the number of colonies 

on the Ti–Ag–N-coated sample.

 

Table 1 Chemical composition stainless steel 316L from EDS data. 

Raw material 
Fe  

(wt.%) 

Cr  

(wt.%) 

Ni  

(wt.%) 

Mo  

(wt.%) 

Others   

(wt.%)  

SS 316L 70.45 17.05 10.44 1.94 0.12 

 

Table 2 Deposition parameter of Ti–Ag–N films. 

Sample code Ag plate diameter (mm) Deposition Time (min) 

TiN 0 120 

Ag-4 4 120 

Ag-6 6 120 

Ag-8 8 120 

 

Results and discussion 

The XRD patterns (Figure 2(a)) show cubic TiN 

phases, metallic Ag, and minor γ-Fe from the stainless-

steel substrate. For undoped TiN, diffraction peaks 

appear at 2θ ≈ 36.7°, 42.6°, and 61.8°, corresponding to 

the (111), (200), and (220) planes of TiN (ICDD PDF 

No. 38-1420) [21]. With Ag incorporation, new peaks 

emerge at 2θ ≈ 38.1°, 44.3°, and 64.4°, indexed to 

metallic Ag (ICDD PDF No. 04-0783) [22]. Their 

increasing intensity, especially in Ag-8, indicates Ag 

crystallite growth and surface enrichment. Small peaks 

near 2θ ≈ 43.5° and 77.5° match γ-Fe planes (ICDD PDF 

No. 31-0619) [23],  confirming substrate contributions. 

The narrower FWHM of Ag peaks compared to TiN 

suggests larger Ag crystallite sizes, consistent with 

Scherrer analysis [24]. Overall, these findings 

demonstrate that Ag atoms tend to form well-defined 

crystalline inclusions without significantly disrupting 

the TiN lattice, leading to the formation of TiN/Ag 

hybrid composites with improved structural and 

functional properties [15]. Such microstructural 

evolution is in strong agreement with recent studies [25] 

reporting enhancements in hardness, wear resistance, 

and biofunctionality when noble-metal nanoparticles are 

integrated into TiN-based coatings. Crystallite size and 

microstrain (Figure 2(b)) depend strongly on Ag 

content. Undoped TiN shows ~22.5 nm grains with low 

microstrain (~2.1×10⁻³). Adding small Ag (Ag-4) 
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increases size to ~24.8 nm and slightly reduces 

microstrain (~2.05×10⁻³), suggesting Ag promotes grain 

coarsening and reduces lattice defects [26]. The 

presence of distinct Ag peaks without shifts in TiN 

reflections, together with constant nitrogen levels from 

EDS, confirms that Ag does not enter the TiN lattice but 

segregates at grain boundarie.

 

 

 
Figure 2 (a) XRD data fitted using Rietveld refinement; (b) Microstrain and crystallite size.  

 

 

Table 3 Comparison of Experimental XRD Peaks with Reference Data 

Phase ICDD Card No. hkl 2θ (Experimental) 2θ (Reference) 

TiN 38-1420 (111) 36.7° 36.66° 

TiN 38-1420 (200) 42.6° 42.62° 

TiN 38-1420 (220) 61.8° 61.84° 

Ag 04-0783 (111) 38.1° 38.12° 

Ag 04-0783 (200) 44.3° 44.28° 

Ag 04-0783 (220) 64.4° 64.43° 

Austenite (γ-Fe) 31-0619 (111) 43.5° 43.52° 

Austenite (γ-Fe) 31-0619 (220) 77.5° 77.49° 

 

 

However, further increasing the Ag content (Ag-

6) leads to a gradual reduction in crystallite size (~23.5 

nm), accompanied by a noticeable rise in microstrain 

(~3.5×10⁻³ nm), implying the onset of Ag clustering and 

localized lattice mismatch between the TiN and Ag 

phases. At the highest Ag concentration (Ag-8), a 

pronounced decrease in crystallite size (~21 nm) is 

observed together with a sharp increase in microstrain 

(~5.9×10⁻³ nm), indicating phase segregation and 

significant lattice distortion induced by the 

accumulation of Ag-rich domains. The increase in 

microstrain at high Ag content (Ag-8) arises mainly 
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from lattice mismatch with Ag clusters, further 

aggravated by defects and residual stress. Similar trends 

have been reported in other Ag-doped nitride and 

chalcogenide systems, where low Ag content improves 

crystallinity and reduces residual stress, whereas 

excessive Ag promotes grain refinement and defect 

formation [27,28]. These findings confirm the existence 

of an optimal Ag content, where controlled Ag 

incorporation effectively enhances crystallite growth 

and minimizes lattice strain, while excessive Ag leads to 

microstructural disruption, which is consistent with 

previous studies on Ag-modified thin films [27].  

Figure 3 shows that Ag content strongly 

influences the surface morphology of Ti–Ag–N films on 

SS316L. The undoped TiN coating displays a compact, 

fine-grained surface, consistent with XRD results 

indicating small crystallites and low microstrain (Figure 

2(b)). With Ag-4, grains coarsen and the distribution 

broadens, while XRD confirms larger crystallites and 

slightly reduced microstrain. This suggests that Ag 

promotes heterogeneous nucleation, enhancing atomic 

mobility and reducing lattice defects. At Ag-6, the 

morphology becomes irregular with signs of 

agglomeration. The crystallite size decreases and 

microstrain rises, indicating strain accumulation from 

Ag clustering and lattice mismatch. For Ag-8, the 

surface shows large, irregular agglomerates and severe 

grain size variation. These features align with a sharp 

reduction in crystallite size and increased microstrain, 

pointing to phase segregation and structural distortion. 

Overall, low Ag levels enhance crystallinity and grain 

uniformity, whereas excessive doping destabilizes the 

microstructure - consistent with trends reported in other 

Ag-modified nitride and chalcogenide systems [29,30]. 

At higher Ag levels (Ag-6), microstructural 

instability becomes evident: XRD suggests strain 

buildup and decreased crystallite size, while SEM/EDS 

highlight Ag-rich agglomeration—behavior also 

reported in TiAlN films doped with Ag [31]. At the 

highest doping level (Ag-8), morphological degradation 

accelerates, with SEM showing roughened, 

inhomogeneous surfaces, while XRD indicates 

significant lattice distortion. This mirrors findings in 

decorative TiN-Ag coatings where surface roughness 

sharply increases beyond ~8 at% Ag [15]. Collectively, 

these real-world studies substantiate that low-to-

moderate Ag doping can enhance crystallinity and grain 

structure, but excessive Ag induces phase segregation, 

elevated microstrain, and morphological instability 

underscoring the critical need to optimize Ag content for 

high-performance Ti–Ag–N coatings.
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Figure 3 SEM Surface morphology and grain size distribution. 
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Figure 4 SEM-EDS elemental distribution mapping. 

 

Figure 5 shows that silver content strongly alters 

the composition of Ti–Ag–N coatings. The undoped 

film consists mainly of Ti and N, confirming a near-

stoichiometric TiN matrix. With Ag-4, silver appears in 

significant amounts while nitrogen remains stable, 

suggesting that Ag segregates at grain boundaries rather 

than integrating into the Ti–N lattice. At Ag-6 and Ag-

8, silver fraction continues to rise as titanium decreases, 

while nitrogen stays nearly constant. This trend 

indicates progressive enrichment of Ag in metallic 

domains, consistent with previous reports of Ag-rich 

particles embedded within TiN matrices [15]. Overall, 

controlled Ag doping enables adjustment of the metal-

to-nitride ratio, improving properties such as 

conductivity and antibacterial activity. However, 

excessive Ag promotes segregation that may 

compromise structural stability.
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Figure 5 EDS weight percentage of Ti–Ag–N.  

 

 
Figure 6 Graphical representation of the effect of Ag content on hardness. 

 

Figure 6 shows that hardness is strongly 

influenced by Ag content. Undoped TiN records ~129 

VHN, which increases to ~143 VHN at Ag-4, 

suggesting that small Ag additions promote 

densification and microstructural refinement. The 

highest hardness is observed at Ag-6 (~179 VHN), 

indicating an optimal balance where Ag contributes to 

grain boundary strengthening. The peak hardness at Ag-

6 reflects optimal grain boundary strengthening, while 

the decline at Ag-8 results from both the soft metallic 

nature of Ag and disruption of grain boundaries due to 

higher microstrain. At higher loading (Ag-8), hardness 

falls to ~123 VHN, reflecting embrittlement and phase 

segregation as Ag behaves like a soft metallic phase 

within TiN [32]. These results confirm that moderate Ag 

improves mechanical integrity, while excessive Ag 

weakens it.  

The wettability of Ti–Ag–N surfaces also evolves 

with time (Figure 7). Initial water drops show high 

contact angles, but within 35 - 60 min they approach 

zero, indicating a transition to superhydrophilicity. This 

behavior reflects surface energy changes and possible 

oxidation, and is consistent with earlier reports where 

Ag reduced contact angles to ~40°, enhancing 

biocompatibility [16]. Such time-dependent wetting 

may help coatings resist biofouling initially while later 
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supporting tissue integration. Time-resolved 

measurements (Figure 8) confirm Ag’s role in tuning 

wettability. Undoped TiN gradually becomes 

hydrophilic, while high Ag content (Ag-8) delays 

wetting. In contrast, Ag-6 shows a sharp drop around 30 

min, suggesting that silver concentration can act as a 

switch for surface energy. Similar phenomena are 

known in TiO₂ films, where surface restructuring creates 

hydrophilic sites. For applications, this dual behavior 

implies that Ag-doped coatings can balance early 

repellency with long-term compatibility. The transition 

from hydrophobic to hydrophilic is mainly driven by 

surface oxidation and Ag-induced restructuring, making 

it more permanent than simple water adsorption.

 

  
Figure 7 Contact angle images for droplets water on surface sample. 

 

The wettability transition in Ti–Ag–N coatings 

mainly results from Ag-induced oxidation and surface 

restructuring. When Ag segregates to the surface, it 

forms thin Ag₂O or AgO layers that increase surface 

polarity and enhance water affinity, making the surface 

more hydrophilic. Moderate Ag levels create uniform 

oxide coverage and fine surface roughness that promote 

water spreading, while excessive Ag causes coarse 

clusters and heterogeneous wetting regions. Thus, 

controlling Ag content is crucial to balance oxidation, 

morphology, and surface energy for optimal hydrophilic 

behavior [15,33,34]. 

The antibacterial effectiveness data (Figure 9) 

demonstrate that Ti–Ag–N coatings exhibit dramatically 

improved kill rates against S. aureus as silver content 

increases, with TiN alone reducing bacterial load by 

only ~52.9%, while Ag-4, Ag-6, and Ag-8 achieve near-

complete efficacy 98.9%, 99.98%, and 99.99%, 

respectively. The corresponding culture images 

illustrate this trend clearly: Whereas residual bacterial 

colonies are visible on TiN, Ag-doped surfaces notably 

diminish colony formation proportionally to Ag content. 

Such potent antibacterial performance aligns with 

earlier findings where TiN/Ag multilayer coatings 

significantly inhibited S. aureus proliferation, 

confirming that silver synergizes with TiN in 

bactericidal activity [25]. The underlying mechanism, 

widely supported in the literature, involves the release 

of Ag⁺ ions that disrupt bacterial cell membranes and 

denature critical proteins and DNA, ultimately leading 

to cell death [15]. These results underscore the critical 

role of silver content in optimizing antimicrobial 

behavior in Ti–Ag–N coatings for biomedical 

applications. Overall, our data indicate that an Ag 

concentration of 6 wt% or higher may provide a 

desirable balance between structural coating properties 

and superior antibacterial efficacy.
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Figure 8 Time-dependent variation of the contact angle. 

 

XRD and SEM–EDS analyses provide direct 

evidence of Ag segregation, phase separation, and 

microstrain formation in the Ti–Ag–N coatings. The 

XRD patterns show that, besides the characteristic TiN 

peaks, additional reflections corresponding to metallic 

Ag appear and intensify as Ag content increases, 

confirming the emergence of a separate Ag phase. The 

slight shift of TiN peaks toward lower 2θ angles 

indicates lattice expansion and microstrain, likely 

caused by atomic-size mismatch between Ti and Ag. 

SEM–EDS mappings further reveal uniform Ti and N 

distributions in pure TiN, whereas Ag-containing films 

display localized Ag-rich regions that become more 

evident at higher Ag levels, particularly in the Ag-8 

sample, signifying Ag segregation and partial phase 

separation. These findings demonstrate that Ag 

incorporation modifies the TiN lattice, leading to 

localized stress and the formation of discrete metallic 

clusters within the coating matrix. 

As Ag concentration increases, distinct structural 

and compositional transitions occur. EDS data confirm 

a progressive rise in Ag content, accompanied by 

reduced TiN crystallite size and enhanced microstrain, 

both indicative of lattice distortion due to phase 

segregation. SEM observations reveal gradual grain 

coarsening and agglomeration with higher Ag levels. 

Wettability measurements show that moderate Ag 

incorporation (Ag-6) induces a shift from hydrophobic 

to hydrophilic behavior, reflecting surface energy 

modification in TiN/Ag systems. Mechanical testing 

follows the same pattern: Ag-6 coatings achieve the 

highest hardness, while Ag-8 exhibits softening, 

attributed to excessive Ag accumulation that disrupts 

lattice continuity [35].  

Antibacterial evaluations against Staphylococcus 

aureus confirm that Ag addition significantly enhances 

bactericidal performance, achieving ~99.98% inhibition 

for Ag-6 and ~99.99% for Ag-8. This effect arises from 

the synergistic influence of controlled Ag ion release 

and surface energy optimization. Collectively, the 

results indicate that silver acts as a dual-function 

element: Moderate amounts improve crystallinity, 

hardness, wettability, and antibacterial efficiency, while 

excessive addition leads to segregation, softening, and 

morphological instability. The superior overall 

performance observed in the Ag-6 sample aligns with 

prior studies on TiN/Ag multilayers, emphasizing the 

necessity of balanced Ag incorporation to maintain 

structural integrity and antimicrobial durability [16]. 

When precisely optimized, Ti–Ag–N coatings offer a 

combination of strong mechanical stability, tunable 

surface energy, and potent antibacterial capability, 

positioning them as promising materials for advanced 

food-packaging applications that demand enhanced 

hygiene and longer product shelf life.
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Figure 9 Antibacterial activity analysis: (a) Photographs of colonies in the bacterial growth inhibition test and (b) 

Antibacterial efficiency. 

 

The quantitative results demonstrate a strong 

correlation between Ag content, mechanical strength, 

and antibacterial activity in Ti–Ag–N coatings. 

Hardness increased from 129.5 VHN for TiN to 179.2 

VHN at Ag-6, then decreased to 123.4 VHN at Ag-8, 

reflecting the dual role of Ag in strengthening and 

softening the lattice. Moderate Ag incorporation (Ag-6) 

refined crystallites and introduced beneficial 

microstrain, while excessive Ag caused segregation and 

weakened the TiN matrix. Correspondingly, 

antibacterial effectiveness against S. aureus improved 

from 52.9% in TiN to 98.9%, 99.98%, and 99.99% for 

Ag-4, Ag-6, and Ag-8, respectively, indicating a clear 

enhancement linked to Ag⁺ ion release. Preliminary 

stability observations suggest that Ag-6 maintains a 

uniform structure with moderate ion diffusion, ensuring 

long-term performance, whereas Ag-8 shows faster Ag 

depletion and surface roughening under prolonged 

liquid exposure. From a safety perspective, controlled 

Ag levels below ~7 at.% are generally biocompatible, 

minimizing cytotoxicity while maintaining antibacterial 

potency. Thus, optimizing Ag concentration is crucial to 

balance mechanical durability, surface stability, and 

biological safety, making Ti–Ag–N coatings 

particularly at Ag-6 composition highly promising for 

food-packaging and biomedical applications requiring 

both structural reliability and antimicrobial protection. 

 

Conclusions 

This study demonstrates that tailoring the silver 

content in Ti–Ag–N coatings provides a powerful 

strategy to optimize their structural, mechanical, 

surface, and antibacterial properties for multifunctional 

applications. Moderate Ag incorporation, particularly at 

Ag-6, achieves a balance between crystallinity, surface 

energy, and hardness, resulting in enhanced wettability, 

superior mechanical performance, and nearly complete 

antibacterial effectiveness against S. aureus. In contrast, 

excessive Ag loading (Ag-8) leads to structural 

softening and surface instability, although antibacterial 

performance remains high due to increased Ag ion 

release. These findings highlight the critical role of 

controlled Ag concentration in engineering coatings 

with both long-term mechanical durability and potent 

antibacterial activity. Overall, the Ti–Ag–N system 

shows strong potential for advanced biomedical and 

surface engineering applications, provided that the Ag 

content is precisely optimized to achieve a synergistic 
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interplay between structure, surface functionality, and 

biological performance. 
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