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Abstract: Physical surface properties including surface roughness, topography, morphology, and wettability could influence the implant 

material behavior, bio-response, bacterial contamination and contact with other bio-active surfaces or fluids. This work investigates micro- 

and nanoscale roughness parameters and surface morphology of PVD deposited (Ti,Al,V)N/TiO2 coating using optical microscopy, white 

light interferometry (WLI), contact profilometer and scanning electron (SEM) microscopy. Results indicated that vacuum oxidized surface 

possessed medium roughness values, anisotropy in surface texture and irregular morphology. The vacuum oxidation of the nitride 

maintained the oxide with nano-crystal size and showed pores at the interface between the layers. The effect of prolonged exposure to 

Ringer-Braun solution droplet on the modified crystalline structure of the oxide was also explained. 
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1. Introduction 

The identification, assessment, and quantification of the implant 

topographic features are essential for ensuring desirable cellular 

response and successful performance of the implant. In general, the 

rougher topography shows increased bone apposition in comparison 

with smooth surfaces (as-machined) that exhibit poor fixation 

strength [1]. The roughened implant surface serves as adhesion 

scaffold for the cell facilitating their localization and 

immobilization. However, compared to the smooth surface, 

roughened one enhances the accumulation of infectious bacteria [2]. 

Therefore, surface roughness and texture will determine the healing 

rate through enabling the bone cell to colonize the implant surface 

and will contribute to the strength of bone-to-implant contact as 

well as the surface morphology will exercise influence on bacterial 

proliferation. 

Titanium alloys are commonly employed to manufacture hard 

tissue replacement, including dental implants, bone plates and 

artificial hip joints [3]. Many experiments confirmed the feasibility 

of using TiO2 thin films as a biocompatible material [4-6]. A 

mixture of crystalline and amorphous titanium oxide film with a 

few nanometers thickness is formed naturally in the air. Titanium 

oxide layers formed at room temperature (e.g. anodically oxidized, 

sol-gel produced) are often obtained mainly in amorphous form, 

which can be converted to anatase (300 – 500 °C) or rutile (> 550 

°C) by a thermal treatment [7]. The need for crystallization is 

because the crystal TiO2 is demonstrated to improve the bioactivity 

on biomedical implant surfaces [8]. At the same time, a significant 

temperature-dependent growth of the crystals takes place. The 

problem that occurs with titanium adhesive joints is that the 

transformation of amorphous titanium oxide into titanium oxide 

crystals leads to failure due to the change of oxide volume at the 

interphase [9]. The amorphous oxides residues could worsen the 

bonding strength to the crystal substrate. The biological outcomes 

of anatase crystal architecture are highly significant for implants 

[10, 11]. Additionally, the micrometer scale surface topography 

with dimensions comparable to cells possesses the ability to 

influence cell adhesion, morphology, and contact guidance. 

Commonly used surface characterization tools for quantitative 

analysis are optical microscopy (OM) analysis, white light 

interferometry (WLI - non-contact optical technique) and scanning 

electron microscopy (SEM). In this regard, the work reports on 

surface characteristics of gradient functional (Ti,Al,V)N/TiO2 

coating describe by complementary analysis (OM, WLI and SEM) 

in order to investigate its topography and morphology. No 

additional substrate roughening before the modification is applied 

so as to determine only the surface characteristics of coating and to 

facilitate the examinations and interpretation of results. The 

information about the morphological characteristics is used to 

explain the observed time-related wettability of the modified 

surface. The results were post-processed and schematically shown 

so that they give a more comprehensive set of data. 

2. Materials and Methods 

Specimens in disk form (Ø20 x 6mm) of commercially pure Ti 

(cpTi) (Grade 1 in ASTM classification) were prepared by turning 

and fine-polishing. Thereafter, they were ultrasonically washed with 

ethanol, acetone, isopropanol and distilled water for 5 min. 

(TiAlV)N/TiO2 coatings were deposited on the substrates in a hand-

made PVD chamber while the specimens were rotated with a 

frequency of 0.5 Hz. After loading the specimens, the PVD 

chamber was evacuated up to a pressure of 1.10-4 mbar. A cleaning 

in glow discharge (substrate bias -400 V) was applied in pure Ar 

atmosphere at a pressure of 2.5.10-2 mbar for 60 min. To ensure the 

coating stress relaxation and necessary adhesion a very thin pure 

layer from the TiAl5V4 target (at 2.5.10-3 mbar for 5 min.) was 

previously applied. Thereafter, the (Ti,Al,V)N film was made by 

reactive arc deposition in the N2 atmosphere at 300 °C substrate 

temperature for a time of 120 min., 120 A arc current (3000 W 

target power), bias -250 V and 2.5.10-3 mbar pressure in the 

working chamber. Directly after deposition, on the (TiAlV)N layer 

a second TiO2 film with 0.2-0.3 µm thickness was made by 

oxidizing, using glow discharge at a negative bias voltage of 400 V 

in an oxygen atmosphere at a pressure of 2.5.10-2 mbar for a 

deposition time of 90 min. 

After the PVD patterning and oxidation, the samples were 

analyzed using an optical microscope (NIKON, Japan) to obtain 

optical micrographs of the surface of the sample. The images were 

used to obtain 3D surface plot by Image J software. WLI Photomap 

3D (FOGALE Nanotech, France) with sub-nanometer vertical 

resolution (down to 0.1 nm) at all magnifications, was used to 

determine roughness parameters for the samples. The two-

dimensional surface roughness values of the coatings were 

measured by MITUTOYO Surftest SJ-201Р contact stylus profiler. 

Scanning electron microscopy (JEOL/EO Version 1.0 JSM-5510) 

was performed at various magnifications under an acceleration 

voltage of 10 kV. For wettability studies sessile drop method 

(CSEM Alpha–Kit CH-2000) was used to measure hydrophilicity 

by surface contact angle at room temperature after 5 seconds and 

every 5 minute thereafter with Ringer-Braun solution (8.60 g/L 

NaCl, 0.30 g/L KCl, 0.33 g/L CaCl2.2H2O, pH = 5.7±0.02 at 37°C) 

droplet. CpTi was used as reference material in order to determine 

the influence of the oxidation in the (Ti,Al,V)N on the surface 

hydrophilicity of natural titanium oxide layer and vacuum oxidized 

one. Before the tests, the surfaces were rinsed with distilled water 

and dried in air. The droplet of 100 μl volume was pipetted onto the 

surface using a micro-syringe. It was illuminated with diffuse light 

in order to obtain an image of the drop with sharp borders. The 

images were recorded with a camera and the angle between the 
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baseline of the drop and the tangent at the droplet boundary was 

measured. 

3. Results  

Figure 1 shows the software obtained 3D image representing 

surface characteristics determined by OM. The pseudo-colored 

height map (Fig. 1) gives a relative view of peaks density without 

actual roughness values. The measured roughness values by the 

contact stylus profiler and WLI method are shown in Table 1. 

Taking into account that the multiphase coating reflects light 

differently because of the micro-roughened surface, small oxide 

thickness, underlying (Ti,Al,V)N gold color and its roughness, etc., 

and the contact method sensitivity limitations, the perceived 

differences in the average roughness values are identifiable. 

Although the former factors affect the OM image accuracy, the 

model surface topography establishes a rough picture of the overall 

surface morphology. 

 

Fig. 1 Optical microscopy 3D model surface (Image J), objective – Nikon 

x20. 

Table 1. Comparison of the average surface roughness values obtained by 

WLI (x = 847.51 μm, y = 639.78 μm area) and contact stylus profiler (base 
line 0.25 mm). 

Method Roughness  

parameters 

Ra, 

[nm] 

Rq, 

[nm] 

Rz, 

[μm] 

Ry, 

[μm] 

Contact 

stylus 

profiler 

Bare cpTi 

values 

90 95 0.87 0.87 

Coating 

values 

270 370 2.21 2.21 

 

WLI 

Roughness 

parameters 

Sa, 

[nm] 

Sq, 

[nm] 

Sp,  

[μm] 

Sv, 

[μm] 

Coating 

values 

467.45 583.46 2.81 2.43 

 

The WLI measured Sa roughness value for the scanned area of 

847.51 x 639.78 μm is 467.45 nm in contrast to Ra value of 270 nm 

obtained by the contact profiler. The differences could be attributed 

to the damageable surface heights during the measurements with the 

contact profiler. WLI determined that the maximum peak hight Sp 

was equal to 2.81 µm and the maximum valley depth Sv was 2.43 

µm. Using WLI analysis, the surface morphological information on 

the dimensional scale of lateral resolution is as good as 1 μm while 

the depth resolution reaches down to 1 nm [12]. Despite the lack of 

contact with the sample and wear of its surface, the lateral pixel 

sampling was less than the light wavelength and a part of the peaks 

and sub-micron features were masked which affected the 

measurements. It is known that WLI can lead to significant errors 

when applied to measure or image surfaces that contain features that 

are less than 3 μm in lateral extent and less than 500 nm in height 

[1] and in this context, including the (Ti,Al,V)N/TiO2 coating. 

SEM is the gold standard in morphology analysis to obtain 

qualitative descriptions of the surface over multiple length scale and 

amplitude. In such case, tilting the sample is a useful imaging 

technique to explore coating morphology and disclose 3D effect. 

Typical tilted SEM images providing secondary electron contrast 

are shown in Fig. 2. 

a) 

b) 

c) 
 Fig. 2 SEM images (SE contrast); a) top view (θ =10°); b) tilted 

topographic image at θ = 45°; c) oxidized droplet of the coating on the 

surface seen at θ = 90°. 

 
High-resolution SEM revealed clearly the presence of micro- 

and nanofeatures on the surface of the coating (Fig. 2a). The surface 

displayed uneven topography with well-defined peaks with 

semispherical, “vulcanoes”- like shapes and shallow valleys (Fig. 

2b). Both peaks and valleys had random distribution on the surface. 

The higher peaks produced during the Arc deposition of the nitride 

layer were spread at a distance of about 1 to 30 μm. The finer 

texture of the flatter surface contained repetitive microwaved 

morphology with dimensions from 0.5 to 1 μm that corresponded to 

step growth of the nitride coating. The crystal architecture of the 

thin nanostructured uppermost TiO2 on the droplets’ peaks and the 

flatter nanoscaled surface is demonstrated in Fig. 3c.  

The wettability of the surface is important for the adsorption of 

physiological fluids that take place immediately after the 

implantation process. The kinetics of contact area evolution of the 

droplet on the coated surface depending on the interaction time is 

schematically shown in Fig. 3. It was found out that after 30 min. of 

emersion, the contact angle value of the coating yielded 18° (Fig. 
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3a), whereas the smooth titanium surface produced contact angle of 

32° (Fig. 3b). Therefore, the Ringer-Braun solution contact angles 

of the modified substrate showed close to high (but not extremely) 

hydrophilic properties.  

 

           

            

           

            

            

            

a) b) 
Fig. 3 Measurements of the evolution of contact angle droplet of Ringer-

Braun solution with time: a) pristine Ti substrate; b) (Ti,Al,V)N/TiO2 coated 
cpTi. 

 

 
Fig. 4 Comparative measurements of Ringer-Braun solution droplet 

contact angles, contact diameters D and droplet heights (in mm) with time. 

 

The evolution of the contact angle does not provide information 

on whether the changes in time were caused by surface morphology 

or chemistry or they were related to the kind and way that the 

molecules were adsorbed. In order to determine if the observed 

effect is simply due to the surface differences or due to binding 

strengths and wetting mechanism, the droplets contact diameters 

and heights were measured. The lines almost parallel to each other 

were seen for measured values up to 15 min. (Fig. 4), indicating 

constant droplet diameters and heights of both surfaces. After that 

moment, the inconsistencies in the measured values increased. The 

linear slope of the angle and droplet heights decreases with time (20 

and 30 minutes) with insignificant change in the droplet diameter, 

especially for the coated samples. 

4. Discussions 

The topographic observations indicate that the (Ti,Al,V)N/TiO2 

coating has an anisotropic morphology. As regards the roughness 

values, Sa (average height) value of 467.45 is more descriptive 

parameter than Ra due to the latter takes into account a single line 

profile while Sa parameter determines the whole area observed. Like 

Rq value, Sq is making sense when the height points are uniformly 

distributed according to the normal distribution curve [13]. As 

randomly placed peaks are present on the oxidized coating, the Sq 

values are not precisely determined but in comparison with a 

smooth sample (Sq< 0.1 nm), the topographic parameter Sq (583.46 

nm) of the modified surface is enhanced. There is conflicting work 

in the literature whether an ordered topography or a disordered 

topography is superior in soliciting a favorable cellular response 

and effective protein adsorption [14]. Despite having relatively low 

values, it is commonly accepted that the moderately rough surfaces 

(500 nm up to 2 μm) have shown better results concerning 

osseointegration. 

The SEM analysis clearly reveals the micro- and nanofeatures 

on the modified surface. On the (Ti,Al,V)N/TiO2 coating the larger 

pits sidewalls are smooth with gradually decreasing curvatures and 

their bottoms are flattened. On the basis of the shallow valleys with 

small size and form, it could be suggested that the larger 

depressions are the result of the droplets initial attack and 

interference with surface and their movements before condensation. 

Such valley morphology would less entrap and even impede the 

bacterial rigid cell wall to adhere. Furthermore, considering the 

crystalline structure of the oxide, seen in Fig. 2c, its crystal 

architecture would be more beneficial for the decreased bacterial 

proliferation because Del Curto B et al. [15] discovered that the 

amorphous TiO2 promote bacterial attachment. According to 

Pokrowiecki R. et al. [16], nano-rough titanium plates were much 

less colonized by bacterial cells than the conventional machined 

surface. 

The wetting behavior differences upon emersion should be 

considered in conjunction with the differences in the surface 

structure of the oxide. After pipetting, the molecules and ions on 

both samples are physically adsorbed to the surface with no 

systematic orientation (Fig. 3). The Ti-O bond is generally thought 

to be ionic with negligible covalence. Even in the presence of small 

quantity of Al, Ti atoms bond stronger to the O than Al [17]. 

Increasing the time of emersion, due to the hydrophilic interaction 

surface monolayer of amphiphilic water molecules orients close to 

the surface in order to compensate the ionic surface polarization 

charge. On one hand, the increase of surface energy (decrease of the 

contact angle) of the modified surface can be related to the increase 

of surface roughness. In contrast, on polished cpTi the naturally 

formed compact oxide film is discovered to show predominant flat 

morphology and thickness of 3.17 nm achieved after 1 day of 

exposure to air [18]. For the machined cpTi Mendonça G. et al. [19] 

found no evidence of nanofeatures on the surface. In the particular 

case, the topographical pattern of the surface modification decreases 

the contact angle compared to the polished cpTi surface even at 5 

sec. time. The nanostructured oxide morphology of the coating 

unequivocally established a nanoscaled roughness (Fig. 3) with an 

increased number of atoms and, therefore, charge density on the 

surface. The considerable vertical surface roughness influences not 

5 sec. 

5 min. 

10 min. 

15 min. 

20 min. 

25 min. 

30 min. 
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only its topography but also increases the coating superficial area. 

Thus, the superficial activity of the real surface area is increased 

and the quantities of the H-bonds and ions interactions are 

substantially greater. 

However, the slope of the angle decreases with time (20 and 30 

minutes) with insignificant change in the droplet diameter (Fig. 4), 

indicating an increase in adsorbate-surface interactions. Due to the 

liquid penetration in the modified surface, the effective area wetted 

by the solution in case of micro- and nano-rough surfaces is larger 

than the area of the smooth surface. It is likely the liquid to 

penetrate deeper in the oxidized coating because of the intrinsic 

polarity of the material. In the bottom side of the oxide, the fine-

grained morphology and its uneven structure that contains pores 

with different sizes are also seen (Fig. 5 b). The reasons for the 

presence of larger pores are the smaller droplet phases surrounded 

by the oxide that remained unstuck at the nitride surface (Fig. 5a). 

a) 

b) 

Fig. 5 Oxide characteristics: a) scheme of the surface sampling for 
examining the bottom area of the oxide; b) SEM images (SE mode) of 

surface oxide structure at the bottom side. 

 

The other reason for the small covered pores presence at the 

oxide-nitride interference suggests not only the explanation of 

oxide-solution interaction but the mechanism of (Ti,Al,V)N 

oxidation. It follows that near to the surface the nitride undergoes 

complete phase transformation during the oxidation procedure. 

Underneath the TiO2 area, the low temperature of the glow 

discharge during vacuum oxidation does not provide high mobility 

of oxygen species for complete phase segregation. Then, below the 

surface oxide, a complex titanium oxy-nitride nanostructure is 

reasonable to be expected. In addition to the interstitial atom 

positioning, lateral fluxes of oxygen through already existing voids, 

defects and/or strained parts in the small grains could be estimated. 

The highly reactive oxygen atoms are likely to occupy the nitrogen 

position in the fcc lattice of the nitride. Nitrogen atoms 

recombination during oxidation process should be considered as the 

cause for the pore presence at the oxide-nitride interface. The 

precipitation of molecular nitrogen (N2) would be favored at grain 

boundaries of the nitride sublayer. The nitrogen depletion provokes 

augmented titanium oxidation rate in depth. The residual N atoms 

occupied O-atoms sides in the TiO2 to form Ti-N bonds. As the 

vacancy mechanism is known to be more effective than simply 

expanding the lattice volume, many processes including adsorption, 

diffusion, incorporation, chemical reactions etc., impact the kinetic 

coefficients of the processes. The charge compensation is likely to 

experience downward-pointing electrical gradient near to the 

surface and below it (in the pores) because of the potential effect 

inside the micro- and nanopores. Schematic representation of the 

process is shown in Fig. 7.  

a) 

b) 
Fig. 6 Scheme of time-dependent interaction of the coated sample with 

Ringer-Braun solution droplet: a) initial contact; b) evolution of the 

adsorbate-surface interactions in time. 

This electrostatic field is also caused by the enhanced 

compressive strain that follows the nitride-oxide transformation 

near to the surface. This is because in crystalline TiO2 the Ti atoms 

bond with six oxygen atoms that form an octahedral structure and O 

atoms prefer three titanium atoms as neighbors. As the crystal ionic 

radii of Ti4+ is 74.5 pm and the O2- is 126 pm (in contract to Ti3+ - 

81 pm and N3- - 134 pm), the lattice parameter of TiO2 decreases 

with increasing the oxygen content. Because the oxygen 

concentration decreases in depth (not shown), the nitride-oxide 

transformation leads to compressive stress state development near 

to the surface. The local volume decrease within nitride – oxide 

phase transformation accompanies strains that contribute to the 

geometry and strength of adsorbate-surface interactions and 

capillary phenomenon. For that reason, the relative change in the 

droplet height with the increase of time substantially decreases for 

the coated sample (Fig. 7) while the drop diameter stays merely 

unchanged. 

 
Fig. 7 Relative change in the Ringer-Broun droplet height in time. 

 

Examined area 

Conductive 

sticky layer 

(Ti,Al,V)N/TiO2 

coating 

Substrate 
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The Ringer-Braun solution paths for penetration into the 

interfacial areas via diffusion processes or capillary attraction are 

tightened at the surface because of the compressive stresses in the 

coating. The discrepancy in the contact angle values increases with 

time indicating that the molecules and/or ions from the solution 

access the coating in depth via pinholes in the TiO2 layer that are 

not initially accessible. The porous surface can absorb parts of the 

solution and because of that, the drop floats in. In this way, the 

adsorbate-surface interactions increase their strength. 

5. Conclusions 

In this study biomimetic approach of micro- and nano-metric 

modification by means of a deposition of a nitride PVD coating and 

its vacuum oxidizing is used. Complementary topography and 

morphology analysis in addition to statistical roughness description 

is performed to obtain a definitive characterization of the 

(Ti,Al,V)N/TiO2 surface that is essential to understand different 

biological effects. The numerous features seen in SEM images show 

a qualitative difference between OM representation and more 

comprehensive view at two length scale. The composite film tended 

to be irregularly rough. The irregular features were random groups 

of “volcanoes” with different size (from tens of nanometers to 

several micrometers) and flat valleys with various sizes. The peak-

to-peak distance was of the order of about one to five micrometers. 

The surface morphology was regulated by the physical processes of 

condensation, crystallographic pre-determined growth, and specific 

nitride oxidation. The micro- and nano-features of the underlying 

film and the oxide thickness determine the structure of the overlying 

oxide. By studying the changes in the drop contact angle it could be 

seen that the increased wettability compared to the polished cpTi 

surface was due to a combination of the surface roughness, 

oxidative treatment, nanocrystal oxide characteristics, coating 

pattern, and porosity. It is well known that the increased wettability 

is highly recommended for implant surfaces because the hydrophilic 

surface has a beneficial impact on the proteins conformation and 

their folding activity. Simultaneously, the permission of solution 

along the sidewall down to the substrate could trigger corrosion 

processes in the implant material. Then the most fundamental 

question - which surface chemistry or morphology is more 

important, remains still unanswered. 
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