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A B S T R A C T   

The problems associated with Stainless Steel 316 L (SS 316 L) orthopedic implants, when 
implanted in the human body, are infection, local inflammation, and the possibility of bacterial 
growth. In this study, SS 316 L was coated with copper-doped Titanium Nitride (Ti–Cu–N) using 
the DC Sputtering technique. This Ti–Cu–N film improved the antibacterial performance and 
mechanical properties of SS 316 L. The Ti–Cu–N films were deposited using reactive DC sput-
tering with an 80%:20% argon to nitrogen ratio. The source voltage and current were kept 
constant at 10 kV and 10 mA, respectively. X-Ray Diffraction (XRD) showed that the phases 
formed were TiN and Cu with FCC crystal structure. Results show that the surfaces of samples 
containing 44.34 wt% and 54.97 wt% Cu had antibacterial effectiveness against Staphylococcus 
aureus (S. Aureus). The highest hardness value of a Ti–Cu–N layer was 212.032 Vickers Hardness 
Number (VHN), which was an improvement of 36.63% on the raw material (155.18 VHN). 
Surface morphology analysis using SEM-EDS was performed on the samples before and after the 
antibacterial test to investigate the antibacterial mechanism of the surfaces of SS 316 L containing 
Ti–Cu–N against S. Aureus.   

1. Introduction 

Biomaterials are synthetic or natural materials in the form of ceramic polymers, or a combination of these materials, which can 
restore or replace body parts to improve human health. Depending on the application, biomaterials may need to be biocompatible, 
biodegradable, or bioabsorbable [1]. The most widely used metal-based biomaterials are stainless steel 316 L (SS 316 L), titanium 
alloy, and alloy Co-Cr [2]. Stainless steel is one of the materials widely used in the health care environment. However, it lacks 
antibacterial properties which limits its practical applications [3]. The deposition of antibacterial films on the material’s surface is an 
effective way of improving the biomaterial quality of stainless steel [4]. One excellent material for modifying the surface of medical 
implants, such as dental implants, joint prostheses, and artificial joints, is Titanium Nitride (TiN) [5] as it possesses excellent corrosion 
resistance and favorable tribological properties [6,7]. A third element, such as silver or copper, can be added to the TiN to allow for the 
formation of the desired structure and nature [8]. It has been reported that silver ion has a bactericidal effect on more than 16 species 
of bacteria, while copper (Cu) ion is effective against other bacteria [9,10]. 

Copper ions can also increase the activity of osteoblasts and promote the proliferation and deposition of osteoblast collagen [11]. 
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Thus, the biological functions and unique properties of copper have attracted the attention of many researchers in the field of bone 
implants [12,13]. Furthermore, copper is an essential element in the human body and is very beneficial in physiological systems [14]. 
Its low toxicity properties on the right weight percent and good biological function make it the choice of doping agent for the 
improvement of antibacterial properties of biomaterials [15]. 

Many researchers have studied Ti–Cu–N films for biomaterial applications as these films enhance the antibacterial, mechanical and 
tribological properties of TiN films [16]. Various techniques can be used to deposit Ti–Cu–N, including DC Magnetron Sputtering [6,7, 
16,17], plasma surface alloying [18], pulse biased arc ion plating [19], arc ion plating [20], and arc ion deposition [21], all of which 
result in an increase in the antibacterial properties of biomaterials. However, all of these techniques require complicated preparation 
and technology for the Cu doping process on TiN films. This inspired the researchers of this study to investigate making Ti–Cu–N films 
for better antibacterial and mechanical properties via a simple and practical method - using reactive sputtering. Insertion was carried 
out using a thin plate of Cu as an antibacterial element. The thin plate of Cu was placed directly on the surface of the sputtering target, 
and then the sputtering process was carried out. This deposition technique has never been carried out before, especially with Ti–Cu–N, 
for the purpose of increasing the antibacterial properties of SS 316 L implant biomaterial. This technique can also be applied to other 
antibacterial elements, such as silver (Ag). In this study reported the results of morphological analysis, antibacterial and mechanical 
properties of SS 316 L coated with Ti–Cu–N. 

2. Experimental 

2.1. Materials and methods 

TiN films with various Cu atomic contents were prepared using a reactive sputtering system. SS316L foils with a mirror polish on 
one side (Goodfellow FF210376) and a size of 10 × 10 mm with a thickness of 0.9 mm were used as the substrate. These had a Vickers 
Hardness Number (VHN) of 155.18. Table 1 shows the chemical composition of SS 316 L from EDS data. A high purity titanium 99.99% 
(Goodfellow TI009300) disk with a diameter of 50 mm and a thickness of 3 mm was used as the sputtering target. High purity Cu foil 
99.99% (Goodfellow CU000570) was processed to sizes of 5, 7.5, 10, 12.5, and 15 mm with a thickness of 0.1 mm for the doping. The 
Cu was shaped in a circle to avoid electrical discharge from high voltage. Table 2 shows a sample code with the deposition parameters 
of the Ti–Cu–N films. The standby vacuum was 2.5 × 10− 4 mbar, and the constant working pressure of the sputtering was 2 × 10− 2 

mbar. The substrate was cleaned with an ultrasonic cleaner for 10 min using soap, water, and ethanol. The Ti–Cu–N films were 
deposited by reactive DC sputtering with an 80%:20% ratio of argon to nitrogen gas. The source voltage and current were kept constant 
at 10 kV and 10 mA, respectively. The optimization of the sputtering parameters of TiN based on hardness is shown in Fig. 1 and the 
greatest hardness was achieved in 2 h. This is in line with research on corrosion resistance which has also shown achievement of the 
greatest hardness in 2 h [22]. The Cu content of the Ti–Cu–N films was controlled by varying the diameter of Cu foil put directly on the 
surface sputtering target. 

2.2. Structure and surface characteristics of Ti–Cu–N films 

The surface morphology of the Ti–Cu–N films on SS 316 L was observed using a Scanning Electron Microscope (SEM) Hitachi SU- 
3500. The chemical composition of the Ti–Cu–N films with different Cu contents on the SS 316 L surface was analyzed using Energy- 
Dispersive X-ray spectroscopy (EDS). Film thickness was investigated using Field Emission Scanning Electron Microscopes (FE-SEM) 
JEOL JIB-4610F. The crystal structure of the Ti–Cu–N was determined using X-ray diffraction (XRD PANalytical) with 1.5410 Cu Kα. 

2.3. Mechanical and adhesion characterization 

Hardness was measured using a digital hardness Vickers tester (Matsuzawa MMT-X7) with an indentation time of 10 s and an 
indenter load of 1 g. The test was carried out at 10 points, and then the results were averaged. The thin film adhesion test was carried 
out qualitatively using the Rockwell C Adhesion test based on standard VDI Guidelines 3198 [23]. After indenting using Rockwell C, 
observation and analysis of damage to the thin layer was conducted via visual observations through an optical microscope. The results 
of visual observations are compared in Fig. 2. HF 1 – HF 4 show results of good adhesion strength, while HF 5 – HF 6 show poor 
adhesion strength. 

2.4. Antibacterial test 

The test method used was based on JIS Z 2801: 2000 Antimicrobial products – Test for antimicrobial activity and efficacy with 
modification. A Staphylococcus aureus bacteria suspension was prepared by inoculation of 1 loop of Staphylococcus aureus bacteria in 

Table 1 
Chemical Composition Stainless Steel 316 L from EDS data.  

Raw Material Fe (wt.%) Cr (wt.%) Ni (wt.%) Mo (wt.%) Others (wt.%) 

SS 316 L 70.45 17.05 10.44 1.94 0.12  

I. Aziz et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e17170

3

nutrient broth, which was incubated at room temperature and in a shaker of concentration 5 × 108 colony-forming units per milliliter 
(cfu/mL). The metal plate sample was placed in a sterile Petri dish, then sterilized using ultraviolet for 15 min. A total of 50 μL of 
Staphylococcus aureus bacterial suspension was inoculated on the surface of the film and of the control samples. Petri dishes containing 
the pieces of test metal and inoculated bacteria were incubated at 37 ◦C with a humidity of ±90% for 24 h. After incubation, the metal 
plates containing the Staphylococcus aureus bacteria were washed using 10 mL of phosphate-buffered saline solution. To count the 
number of bacterial cells, a 10-fold serial dilution of the sample was carried out until the dilution reached 1 × 105 and the agar plate 
culture method were used. Using the jelly plate culture method, 0.1 mL of the diluted solution was inoculated on a nutrient jelly 
medium on a spread plate using an aseptic Drigalsky. This was then incubated at a temperature of 37 ◦C for 24 h. After incubation, the 
number of visible bacterial colonies was counted using a colony counter. To determine antimicrobial performance, the following 
equation was used [18]: 

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

Sample 
Code 

Cu plate diameter (mm) Deposition Time (Minutes) 

S1 5 120 
S2 7.5 120 
S3 10 120 
S4 12.5 120 
S5 15 120  

Fig. 1. Vickers hardness for optimation deposition time and gas comparation (Ar:N2) sputtering parameter TiN films.  

Fig. 2. Classification into the adhesion classes HF 1 to HF 6 by using the Rockwell-indentation method according to VDI 3198 [23].  
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Reduction (%) : [(λ0 – λt) / λ0] × 100%  

where λt (expressed in cfu) represents the number of bacterial cells in the sample and λ0 represents the number of the uncoated 
reference sample (SS316L). The test was repeated three times then the average value is taken. 

3. Result and discussion 

3.1. Structure and element distributions 

Fig. 3 shows the XRD pattern of the Ti–Cu–N film on the surface of SS 316 L. The diffraction peaks of FCC TiN crystals appeared at 
2θ angles around 36.6◦ TiN (111), 61.89◦ TiN (220), and 74.1◦ TiN (311), according to the ICDD cards 00-031-1403. The diffraction 
peaks of FCC Cu crystals were seen at 2θ around 50.37◦ Cu (200) and 73.9◦ Cu (220), according to the ICDD card 00-002-1225. This 
XRD pattern is similar to the results of other research [ [18]; however, at an angle of 74.1◦, TiN (311) coincides with Cu (220). Based on 
the XRD data, the Ti–Cu–N film wholly adhered to the surface of SS 316 L, giving only two types of crystalline phases in the Ti–Cu–N 
film, namely the TiN and Cu phases. In samples S3, S4, and S5, the TiN (111) peak appeared at 36.6◦ and was the highest peak in 
sample S5. This peak did not appear at all in samples S1 and S2. Based on the results of the EDS of samples S1 to S5, the Cu composition 
increased in proportion to the size of the disk diameter. In S5, the Cu composition decreased slightly, but the intensity of the XRD peak 
at TiN (111) increased. This indicates that Cu composition does not affect crystal growth but triggers the emergence of TiN (111) at an 
angle of 36.6◦. The appearance of the TiN (111) peak does not affect the intensity of other peaks. Cu affects the formation of the TiN 
phase: the greater the Cu concentration, the greater the intensity of the TiN phase. In samples S1 and S2, the amount of Cu deposited 
was still small, so the TiN phase formed was also still small, and only certain crystal planes reflected X-rays. When more TiN phases 
were formed, the probability that plane (111) reflected X-ray diffraction was higher, and so S3– S5 formed the TiN phase (111) [24]. 
CuN bonding did not appear. Instead, it was Ti that made a stronger bond, meaning that formation of TiN was easier than CuN [19,24, 
25]. 

Fig. 4 shows the content of the Ti–Cu–N elements in the film. Fig. 4 (a) displays data of the Ti–Cu–N elements in the sample before 
the antibacterial test. Based on this data, Cu content from S1–S4 increased from 7.4 wt% to 54.97 wt%, then dropped to 44.34 wt% in 
S5. Ti content from S1–S4 decreased from 12.82 wt% to 4.51 wt%, then increased to 9.85 wt% in S5. The nitrogen content in S1–S3 was 
stable at 5 wt%, but it fell in S4–S5 to 4.3 wt% and 4.5 wt%, respectively. Thus, as the diameter of Cu increases, the content of Ti–Cu–N 
elements appears to rise and fall. Ti and N displayed similar trends in that they decreased in amount in S1–S4 and then rose in S5. The 
number of Cu element that deposited to the sample is greater than Ti because the sputtering yield of Cu is greater than Ti [26]. In S5, 
the amount of Cu decreased due to the process of Cu deposition; when the formation of Ti–Cu–N reaches saturation, no more can be 
deposited. This is related to the properties of Cu bonds which aren’t as strong in the Ti–Cu–N layer [25]. 

Fig. 4 (b) displays data of the Ti–Cu–N elements in the sample after the antibacterial test. It can be seen that the amount of Cu from 
S1–S3 increased from 6.13 wt% to 14.4 wt%, then dropped in S4–S5 to 8.5 wt% and 6.8 wt%, respectively. The amount of Ti fluctuated 
between S1–S5, with the lowest content being in S3, which was 2.5 wt%. Cu content decreased significantly in S4–S5, which is the 
result of the release of Cu ions to kill bacteria [27,28]. Nitrogen content increased after the antibacterial test as evidenced by the 
elemental data before the antibacterial test on S3–S4. The addition of nitrogen elements to S3 and S4 was caused by S. Aureus bacterial 
carcass contamination because the bodies of S. Aureus bacteria are composed of peptidoglycan guanine and cytosine, which contain 
nitrogen [29]. 

Fig. 5(S1–S5) illustrates the surface morphology of SEM analysis of the Ti–Cu–N films before the antibacterial test was carried out. 

Fig. 3. XRD patterns obtained for each Ti–Cu–N film.  
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Raw refers to the surface morphology of the sample surfaces without Ti–Cu–N film. In this analysis, the particle size in S1–S4 can be 
seen to gradually decrease because the Cu content increases. Even in S4, tiny particles were observed attaching themselves together to 
form clusters like islands. In S5, particle size increased again because the amount of Cu decreased as compared to the EDS data of S5. As 
shown in Fig. 5 (S2, S3, S5), a rather large grain was observed which was unlike the original grain arrangement. Differences in grain 
size are caused by structural deviations on the surface of the substrate and the stocking fault of the neighbor during the deposition 
process [30]. 

Fig. 6(S1–S5) shows the morphology of the cross-sectional SEM images of samples. The average film thickness for S1–S5 was 0.618, 
1.238, 0.558, 0.674, and 0.626 μm, respectively. The morphology of the cross-section displayed a distinctive dense structure with a 
well-defined film interface, this is similar to the results of other research [31]. The gap width between the film and substrate of samples 
S1–S5 gradually turned narrow. The addition of Cu can affect the growth mode of TiN and inhibit the gap film interface from width 
becoming narrow. There was an irregular layer of Ti–Cu–N; the irregularity of this layer was caused by specific defects on the surface of 
the substrate [30]. 

Fig. 7(S1–S5) shows the surface morphology of samples after the antibacterial test. Compared to the morphology before the 
antibacterial test, the surfaces of S1–S5 changed significantly. The granules on the surface of the layer were not visible because they 
had formed different patterns. This morphological change was caused by bacterial carcasses on the sample’s surface. Surface patterns 
observed in S3–S4 resembled the morphological form of S. Aureus bacteria [32]. In S5, the bacterial carcass was visible but did not have 
the bacterial pattern shape of S3–S4. This indicates that increasing Cu concentrations kill bacteria at greater speeds. 

Fig. 8(S1–S5) shows the distribution of elements N, Ti, and Cu on the sample surface. Although not dominant, the blue and pink Ti 
and N elements appeared relatively evenly distributed on the surfaces of samples S1–S5. Based on the EDS mapping data of Cu 
concentrations on the surface of sample S1, a green color could be seen accumulating in the middle of the sample surface. This shows 
that the Cu tended to accumulate in the middle of the sample. Sample S4 had the greatest Cu content, evidenced by the stronger green 
color it had than the other samples. For samples S2, S3, and S5, Cu concentrations were fairly evenly spread on the sample surface. 

Fig. 4. Ti–Cu–N composition of the sample analyzed by EDS: (a) Before antibacterial activity testing, (b) After antibacterial activity testing.  

Fig. 5. SEM images of the films with varying Cu plate diameter before antibacterial activity testing: (Raw) SS316L uncoated, (S1) 5 mm, (S2) 7.5 
mm, (S3) 10 mm, 
(S4)12.5 mm, (S5) 15 mm. 
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3.2. Mechanical and adhesion measurement 

Fig. 9 displays Vickers hardness data for samples S1– S5. The test data in Fig. 9 is an average of 10 measurements. In S1–S4, 
hardness decreased from 212.032 VHN to 187.97 VHN; however, it increased in S5 to 197.77. When Cu content is low, Ti–N bonds 
increase near Cu atoms, thereby increasing hardness. Conversely, according to the Theory of Weak Bonds, the hardness of Ti–Cu–N 
decreases when Cu content increases [24]. The grain size and crystal structure affect hardness value of thin films [33]. Adhesion is the 
ability of two dissimilar particles to attract. The adhesion ability of thin films can be measured in several ways. One of these ways is 
qualitative measurement using the Rockwell C Adhesion Test approach. This test damages the thin layer causing cohesive and adhesive 
failure [34]. The results of the adhesion test for samples are shown in Fig. 10(S1–S5). Compared to the VD3195 standard in Fig. 2, the 
adhesion of all samples was acceptable as only a few cracks formed in the thin films of each sample. However, there were more cracks 
in the S4 sample, which spread around the indented traces. This indicates that sample S4 had a muscular film strength, but the 
lamination that occurred was quite large. The delamination formed was due to the low adhesion properties of the film. The adhesion of 
thin films is influenced by many factors, such as the roughness and cleanliness of the substrate, the films’ structure, and the films’ 
mechanical properties [35]. The results of this adhesion are in accordance with hardness test data, which show that S4 has the lowest 
hardness. 

Fig. 6. Cross-sectional SEM images of the samples with varying Cu plate diameter before antibacterial activity testing: (S1) 5 mm, (S2) 7.5 mm, (S3) 
10 mm, (S4)12.5 mm, (S5) 15 mm. 

Fig. 7. SEM images of the films with varying Cu plate diameter after antibacterial activity testing: (Raw) SS316L uncoated, (S1) 5 mm, (S2) 7.5 mm, 
(S3) 10 mm, (S4)12.5 mm, (S5) 15 mm. 
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3.3. Antibacterial properties 

Fig. 11 describes the number of bacterial colonies in samples S1–S5. The samples were tested using Staphylococcus aureus bacteria 
with the spread plate method, then the number of colonies was calculated using the Colony Counter. Bacteria had contact with samples 
before inoculation for 1 h. S. Aureus bacteria was chosen because Staphylococcus aureus is the most dominant bacteria causing implant 
infections [36]. Based on photos of the colonies, bacteria that can survive appear in the form of white dots. Table 3 describes the 
number of bacterial colonies that grew and antibacterial effectiveness, presented as a percentage, of samples S1–S5. There was a 
significant reduction in the number of colonies from S1 to S5. The reduction in the number of colonies occurred due to the presence of 
Cu on the sample’s surface. In S4–S5, no bacteria grew because all the bacteria had died [37], which was confirmed by SEM-EDS data. 
Based on Fig. 4, EDS Cu increases when the diameter of the doping is enlarged. Cu ions in the sample are released when bacteria come 
into contact with the sample’s surface. The Cu damages bacteria by penetrating [3] negatively charged bacterial cell walls to enter the 
cell [37] and then interacting with the bacterial thiol protein and enzymes; thus, causing the bacteria to die [16,38]. Despite a highest 
dosage of copper within films would provide most augmented antibacterial properties, a balance between this property and other basic 
performance is critical for selection of the optimum concentration of copper into the films [39]. 

Fig. 8. EDS Mapping of sample S1–S5.  

Fig. 9. Vickers hardness Ti–Cu–N films sample S1–S5.  
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4. Conclusion 

Ti–Cu–N films with various Cu contents were successfully grown using the reactive technique of DC sputtering. XRD demonstrated 
the formation of the crystalline phases FCC TiN and FCC Cu. Mechanical observations showed that the amount of Cu strongly in-
fluences the hardness of the Ti–Cu–N layer. The Vickers hardness number for S1–S4 decreased, but the values were still above the raw 
material hardness value. SS 316 L with Ti–Cu–N film has been observed to give an extraordinary increase in antibacterial activity. SEM- 
EDS confirmed that, in the presence of greater amounts of Cu, more S. Aureus bacteria dies. 

Fig. 10. Rockwell C imprints from sample S1–S5.  

Fig. 11. Photos of colony forming units of viable S. Aureus after being in contact with control (SS316L without film) and S1–S5.  
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