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ABSTRACT –Nitriding treatment and a carbon nitride 

(CN) coating were applied to Ti-6Al-4V alloy 

specimens fabricated using selective laser melting (3D). 

The CN coating was deposited on non-nitrided and 

nitrided specimens using closed-field unbalanced 

magnetron sputtering. The microstructure and hardness 

of of the Ti-6Al-4V alloy and CN coatings were 

measured using X-ray diffraction and a nanoindenter, 

respectively. Wear tests were performed using a 

reciprocating sliding wear tester. The results show that 

the surface treatments (nitriding and CN coating) 

effectively improved wear resistance, giving the alloy 

potential for biomedical implants. 

 

1. INTRODUCTION 

Ti-6Al-4V alloy has high strength, high toughness, 

low specific weight, good corrosion resistance, excellent 

biocompatibility, and a relatively low elastic modulus 

[1]. However, its poor tribological performance results 

in osteolysis due to wear particles [2]. In order to extend 

the life of medical implants, the mechanical properties 

of Ti-6Al-4V alloy can be enhanced using surface 

treatment, such as heat treatment, nitriding, and physical 

vapor deposition. 

Selective laser melting (3D), a type of rapid 

manufacturing technology, has been used to fabricate 

Ti-6Al-4V alloy specimens that have higher hardness 

[3] and higher ultimate tensile strength [4] compared to 

those of conventionally cast specimens. In this study, 

amorphous carbon nitride (CN) coatings are deposited 

using closed-field unbalanced magnetron sputtering 

(CF-UMS) on specimens fabricated using 3D and 

subjected to nitriding treatment. The specimens are 

denoted as 3D-Ti (as-fabricated Ti-6Al-4V alloy), 3D-

Ti-N (Ti-6Al-4V alloy with nitriding treatment), 3D-Ti-

CN (Ti-6Al-4V alloy with CN coating), and 3D-Ti-N-

CN (Ti-6Al-4V alloy with nitriding treatment and CN 

coating) 

 

2. METHODOLOGY 

2.1  3D process, nitriding treatment, and coating 

deposition 

The 3D process was conducted layer-by-layer 

under protective nitrogen and argon atmospheres using a 

beam from a ytterbium-doped fiber laser. The 3D 

system controlled the laser beam to create the geometry 

(three-dimensional CAD data) of the layer on the 

surface of the spread material. The particles of the 

material are heated and melted by the laser; they attach 

to each other and the previous layer. After a layer has 

been sintered, a new layer is deposited; this process 

continues until the part has been constructed. To 

enhance the mechanical properties of Ti-6Al-4V alloy, 

we used a high-temperature nitriding method. Ti-6Al-

4V specimens were heated to 900 °C at a rate of 

17.5 °C/min and maintained for 120 min under a high-

purity nitrogen environment. The specimens were then 

cooled to 60 °C at a rate of 84 °C/min. The nitrided 

specimens were polished with 0.05-μm Al2O3 powder 

to make their roughness similar to that of the non-

nitrided specimens. CN coatings were deposited on 

specimens using CF-UMS with three graphite targets 

and one titanium target. The CN coating thickness was 

1.7 μm. The deposition parameters are listed in Table 1.  

 
Table 1 Parameters deposited of CN coatings. 

 
Target 

1 

Target 

2 

Target 

3 

Target 

4 
Ar N2 Time 

 Ti(A) C(A) C(A) C(A) sccm sccm min 

Ti 1 0 0 0 30 0 10 

TiC 1 2 2 2 30 0 6 

CN 0 3 3 3 24 6 120 

Substrate bias: 80V 

 

2.2 Tribological properties 

The tribological properties of samples were 

evaluated using a reciprocating sliding wear tester. The 

wear parameters were a loading of 10 N, a frequency of 

50 Hz, a stroke length of 1 mm, and a sliding time of 24 

min under 0.9 wt.% NaCl solution. Sliding tests were 

conducted using 316L stainless steel and 3D-Ti balls, 

respectively, with a diameter of 10 mm. After the wear 

tests, wear scars on samples were observed using 

scanning electron microscopy (SEM). The wear depth 

was measured using an optical profilometer. 

 

3. RESULTS AND DISCUSSION 

3.1 Structure and mechanical properties 

X-ray diffraction (XRD) analysis of 3D-Ti 

revealed hexagonal close-packed Ti. This can be 

attributed to the presense of both the α phase (α-Ti) and 

the α’ phase (α’-Ti), which have the same crystalline 

structure and similar lattice parameters [5]. Martensitic 

α’ has a very fine acicular morphology. This 

microstructure, with typical needles visible, is a result of 

rapid solidification with undercooling [6].  

Table 2 lists the hardness and surface roughness 

values of all samples. After nitriding, the hardness 
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increased from HV390 (3D-Ti) to HV776 (3D-Ti-N). 

After the deposition of CN, the hardness increased to 

15.77 GPa (3D3D-TIi-CN). The 3D-Ti-N-CN sample 

had the highest hardness (17.88 GPa). 

 

Table 2 Hardness and surface roughness of the 

specimens. 

Code HV0.025 
Nanohardness 

(GPa) 

Roughness 

Ra (μm) 

3D-Ti 390 
 

0.02 

3D-Ti-N 776 0.02 

3D-Ti-CN 
 

15.77 0.029 

3D-Ti-N-CN 17.88 0.06 

 

3.2  Tribological properties 

The coefficient of friction values for all wear pairs 

are shown in Figure 1. For sliding against 316L balls, 

the coefficient of friction for uncoated specimens (3D-

Ti) was 1.8; it decreased to 1.31 after nitriding treatment 

(3D-Ti-N). After coating, the coefficient of friction 

drastically decreased to 0.34 (3D-Ti-N-CN), which is 

about 5.3 times lower than that of 3D-Ti.  With sliding 

against 3D-Ti balls, adhesive behavior was observed. 

Therefore, the coefficient of friction for each wear pair 

was higher than the corresponding value obtained for 

sliding against 316L balls. The highest coefficient of 

friction for uncoated specimens was obtained for 3D-Ti 

(1.87), followed by that for 3D-Ti-N (1.73). After 

coating, the coefficient of friction decreases to 1.12 

(3D-Ti-CN) and 1.03 (3D-Ti-N-CN); these high values 

are due to the CN coating remaining intact. 

 

 
Figure 1 Average coefficient of friction for 3D-Ti, 3D-

Ti-N, 3D-Ti-CN and 3D-Ti-N-CN. 

 

Figure 2 shows the wear depths for all wear pairs. 

For sliding against 316 L balls, the highest wear depth 

was obtained for 3D-Ti of (28.1 μm), the wear depth 

decreased to 1.4 μm for 3D-Ti-N. Lower wear depths 

were observed for coated specimens; for the 3D-Ti-CN 

coating, the wear depth was 0.69 μm. The 3D-Ti-N-CN 

coating had the lowest wear depth (0.31 μm). For 

sliding against 3D-Ti balls, the wear depths for all 

specimens were higher than those obtained for sliding 

against 316L balls. The 3D-Ti sample had the highest 

wear depth (41.4 μm), followed by CN-3DT (25.93 

μm). Nitriding treatment greatly improved wear 

resistance; the wear depth of 3D-Ti-N was 3.31 μm. The 

3D-Ti-N-CN sample had a wear depth of 3.23 μm, 

which is 12.8 times lower than that for 3D-Ti. 

 

 
Figure 2 Wear depth of all specimens. 

 

4. SUMMARY 

In this study, the surface of Ti-6Al-4V alloy 

specimens fabricated using 3D was treated using 

nitriding and a CN coating to improve their tribological 

properties to extend the life of medical implants. 3D-Ti-

N-CN samples (both treatments) had the best 

tribological properties (lowest friction coefficient and 

smallest wear depth). The 3D-Ti-N-CN samples thus 

have potential for load-bearing artificial implants. 
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3D-Ti
3D-Ti-

N

3D-Ti-

CN

3D-Ti-

N-CN

316L 1.8 1.31 0.35 0.34

3D-Ti 1.87 1.73 1.12 1.03
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