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saturated water steam at 121°C, during 20 minutes. Evaluation 
comprised the presence of both, aerobic and anaerobic bacteria. 
Bacteriological tests pointed to no changes in corrosive poten-
tial of the implants or in the surface quality. Sterilization of the 
implant surface protects successfully against the development 
of bacterial flora. Final verification of quality and evaluation of 
usefulness of the implant coating was performed “in vitro” and 
“in vivo” upon pre-clinical and clinical tests [32,33]. No reactive 
complications or general body reactions were observed. 

The elements of Ti6Al4V ELI alloy implants were modi-
fied with different preparation options: preliminary (grinding, 
tumbling, mechanical polishing, sandblasting), electrochemi-
cal (electrolytic polishing) and final (anodic oxidation, steam 
sterilization) [34].

The produced surface layers differ in colour, depending on 
the applied voltage of anodic oxidation and on the geometrical 
structure of the surface – Fig. 4. 

Susceptibility to degradation of the outer layers of Ti6Al4V 
ELI implants was evaluated through the measurement of resist-
ance to pitting and crevice corrosion and the measurement of 
the number of metal ions penetrating the solution after 28 days 
of storage in Ringer solution [35-40].

Polarization curves are different after different surface 
modification procedures – Fig. 5. Anodic oxidation and steriliza-
tion following directly the mechanical processing are marked by 
the absence of hysteresis loop, regardless of the anodic oxidation 
voltage – Fig. 5, curve I. This points to the effective passivation 
of the implant surface. On the other hand, implants subjected to 
anodic oxidation after electrolytic polishing are marked by the 
hysteresis loop and the repassivation potential Erep, regardless 
of the voltage – Fig. 5, curve II. The alloy is prone to pitting 
corrosion, as proved by microscopic observation – Fig. 6. Such 
course of the polarization curves was observed for both, the 
sterilized samples as well as those sterilized and stored for 28 
days in Ringer solution. 

Fig. 4. Surfaces of implants of Ti6Al4V ELI alloy after: a) grinding, b) grinding, tumbling, c) grinding, tumbling, mechanical polishing, d) 
grinding, tumbling, mechanical polishing, sandblasting, e) grinding, tumbling, mechanical polishing, sandblasting, electrolytic polishing, SEM
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Fig. 5. Characteristic polarization curves for Ti6Al4V ELI alloy sam-
ples, I – samples anodized and sterilized after machining, II - samples 
anodized and sterilized after electropolishing

cessing [39-42]. Moreover, passive layers formed on the base of 
Ti6Al4V ELI alloy show good hydrophilous properties (wetting 
angle of about 63°). Studies carried out by other authors [43-45] 
showed that such surface layers ensure good osteoconductive 
properties of the implants. 

Distinguished in the structures of the formed layers was 
mainlyTiO2 as well as oxides of the alloy elements and the 
phosphorous oxide. Aluminium was usually present in the 
form of Al2O3, the share of which was reduced along with the 
growing distance from the surface, while concentration of the 
metallic aluminium increased. Phosphorous, introduced to the 
passive layer during anodic oxidation, was present on the layer 

Fig.6. Surface corrosive damage of Ti6Al4V ELI alloy samples after anodic oxidation and sterilized after electrolytic polishing preceded by 
mechanical polishing, SEM 

Evaluation results showed resistance to crevice corrosion, 
regardless of the methods of modification of the outer layers, 
on the base of Ti6Al4V ELI alloy. 

Measurements of metal ions concentration penetrating 
from the alloy modified surface showed that their type and 
concentration depend on the initial method of modification of 
the surface layer, preceding anodic oxidation and sterilization. 
Strengthening of the layer through sandblasting has a favourable 
effect, reducing the number of ions diffusing into the solution. 
Moreover, it was shown that concentration of ions diffusing into 
the solution decreases along with the growing anodic oxidation 
voltage and current [39].

Topographic examination of the surface layers showed its 
relations to the initial surface modification methods. The great-
est roughness was observed in surfaces which were subjected 
to anodic oxidation and sterilization following sandblasting and 
electrolytic polishing (Ra = 310 nm), while the lowest score was 
observed in the surface layers after mechanical polishing, electro-
lytic polishing, anodic oxidation and sterilization (Ra = 111 nm). 
It was also noted that regardless of the preliminary processing 
method employed prior to anodic oxidation and sterilization, the 
increase in anodic oxidation voltage (from 57 V to 97 V), effects 
in the increased thickness of the passive layer, by about 80 nm. 
Electrolytic polishing performed before anodic oxidation and 
sterilization allows for thicker passive layers, as compared to 
anodic oxidation and sterilization preceded by mechanical pro-

surface in the form of phosphates, while in the oxidized layer it 
appeared as phosphides.

Evaluation of the deep seated profiles showed differen-
tiation of their chemical composition, depending on the initial 
modification procedures [39]. Sandblasting of Ti6Al4V ELI al-
loy, before anodic oxidation and sterilization, produces surface 
layers showing no presence of vanadium – Fig. 7.

It appeared however in the passive layer in the form of V2O3 
oxides, while deeper into the layer it showed a metallic form. 
The use of electrolytic polishing prior to anodic oxidation and 
sterilization effects in introduction of phosphorous to the greater 
depth, as compared to the layers after sandblasting. Moreover, 
it was observed that long time storage of titanium alloy with 
modified surface layer in Ringer solution effects in the increased 
thickness of the passive layer – Fig. 7.

The most favourable properties are shown by a surface layer 
obtained through grinding, mechanical polishing, sandblasting, 
anodic oxidation at 97 V and steam sterilization. No vanadium 
is observed on the surface, neither on the implants following 
sterilization, nor after storage in Ringer solution. Al2O3 oxides 
are present on the surface only after storage in the solution. 

The fixators have also been subjected to cyclic loading 
(n = 1000) within the range of physiological as well as long term 
exposure to a corrosive environment. Macroscopic examination 
of the fixator element surfaces, following exposure to a cor-
rosive environment, showed some minor mechanical damage. 
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Their location and character indicate that they occurred upon 
implantation procedure or during cyclic loading. The damaged 
surfaces were repassivated which was proved by the absence of 
corrosive damage. This means that the developed method for sur-
face processing of implants of different size and shape is useful 
in clinical applications. The outer layers formed on the implants 
ensure high stability of fixation and susceptibility to elastic 
deformation throughout rehabilitation. This ensures proper 
conditions for the bone tissue repair and activation through the 
electromechanic effect. The coating performs as the protective 
barrier, preventing corrosion of the implants and minimizing the 
risk of reactive complications caused by degradation products.

The outer layer formed on the base of titanium alloys shows 
no cytotoxic effect [39]. No changes have also been observed in 
morphology or organization of cells incubated with extracts of 
titanium alloy with the modified outer layer. The most favour-
able properties of the outer layer are obtained as the result of 

grinding, mechanical polishing, sandblasting, anodic oxidation 
at 97 V and steam sterilization.

4. Conclusions

The developed method of producing passive-DLC coatings 
through dual stage electrolytic polishing, chemical passivation 
and RF PACVD offers coating of different shapes of implants 
made of AISI 316L steel. Such layers, with amorphic-nanocrys-
talline structure, adhere well to the metallic base, are deformable, 
show high resistance to pitting, crevice and stress corrosion and 
are biocompatible. Usefulness of the applied technologies for 
implant surface modification has been proved throughout the 
test procedures, designed to meet recommendations of the valid 
standards for “in vitro” and “in vivo” procedures.

Quality of the final physicochemical properties and biocom-
patibility of Ti6Al4V ELI implants are determined by mechanical 
processing preceding anodic oxidation and sterilization. Among 
the evaluated options for modification of the outer layer on the 
base of implants of different geometrical patterns, most favour-
able properties are shown by an outer layer obtained through 
grinding, mechanical polishing, sandblasting, anodic oxidation 
at 97 V and steam sterilization.
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Fig. 7. Chemical composition profile of the outer layer on the base 
of Ti6Al4V ELI obtained through grinding, mechanical polishing, 
sandblasting, anodic oxidation and steam sterilization. Starting point 
and after 28-day exposure to Ringer solution (28D), a) Ti, O, Al, Si, 
b) Ca, P, V




