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ABSTRACT

Purpose: Commercially pure titanium is recognised as one of the most biocompatible 
materials used in everyday medicine, particularly in prosthodontics. However, its high reactivity 
with oxygen and low thermal expansion makes titanium difficult to process, making it less 
popular as a material for porcelain fused to metal substructures. Analysing the available 
literature studies, both positive and negative effects of the oxide layer on the titanium-ceramic 
bond have been found. The given work attempted to anodically create oxide coatings in a 2% 
Na2SiO3 solution on commercially pure titanium, which could serve as substructures for crowns 
and dental bridges.
Design/methodology/approach: Grade 2 titanium discs (diameter 20 mm, height 5 mm) 
were ground and polished. The alloy composition was determined by X-ray fluorescence 
analysis. The samples were divided into six groups and subjected to anodic oxidation in a 2% 
Na2SiO3 solution at constant voltages: 230 V, 270 V, 300 V, 350 V, 400 V, and a time of t = 1 min. 
The obtained oxide layers were examined by X-ray diffraction, chemical composition analysis, 
and SEM observation.
Findings: Coating thicknesses ranging from 0.65 μm to 13.2 μm were obtained. Besides 
titanium oxide, an amorphous phase is present in the anodised layer.
Research limitations/implications: It is crucial to provide the ideal voltage directly related 
to the employed solution to maintain the useable thickness of the oxide layers. Variations in 
oxide layer thickness beyond optimal value may lead to exfoliating if it exceeds 1 μm or present 
fractures if it subceeds 1 μm.
Originality/value: Titanium oxide layers obtained by anodic oxidation are mainly tested on 
their biocompatibility and tissue integration so important in implantology. However, the given 
paper focuses on creating oxide layers that may strengthen the bond between titanium and 
dental ceramics.
Keywords: Titanium, Dental ceramics, Anodising, Passivation
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1. Introduction 
 

Currently, we are witnessing rapid development in the 
field of medicine, including dentistry. It is driven by 
continuous efforts to find better materials and improve their 
processing technologies. The introduction of 3D printing 
technology has made it possible to reduce the time and 
labour required to produce prosthetics or orthodontic 
appliances [1]. Alongside 3D printing, there is also an 
increasing interest in biocompatibility, which is receiving 
considerable attention [2,3]. Not only the proper selection of 
materials but also their appropriate combination or pairing 
influences the potential occurrence of allergies or irritations 
[4-8]. Commonly used Ni-Cr and Co-Cr alloys, employed in 
the production of crowns and dental bridges, have a negative 
impact on periodontal tissues. Therefore, continuous efforts 
are made to address the problem of metal ion release, 
bacterial plaque accumulation, and subsequent periodontal 
inflammation [9,10]. 

Titanium, valued for its unique properties [11], finds 
applications in various sectors of the economy, including 
both service and industrial sectors, as well as general 
medicine and dentistry. Commercially pure titanium, 
containing over 99% Ti, is considered one of the most 
biocompatible materials, mainly due to its resistance to 
corrosion processes. Such resistance arises from forming 
oxide layers on its surface, primarily TiO2, through 
passivation [12]. Thanks to the presence of oxides on its 
surface, titanium elements integrate perfectly with the body's 
tissues, even without additional treatment. For aesthetic 
reasons, titanium crowns require ceramic veneering, which 
poses a challenge. The high reactivity of titanium with 
oxygen, low thermal expansion, and passivation make it 
difficult to achieve adhesion between titanium and ceramics 
[13]. Thermal processing, commonly used for nickel-
chromium and cobalt-chromium alloys, is unsuitable for 

titanium due to its reactivity and difficulty in obtaining a 
homogeneous oxide layer below 1 µm [14,15]. Alternatively, 
to improve the bond with dental porcelain, the surface can 
be subjected to abrasive or electrolytic treatment [16]. The 
latter method is successfully used in dental implants while 
maintaining full biocompatibility. Similar results on fixed 
prosthodontic appliances can be achieved with anodised 
titanium but in a controlled manner [17]. The process is 
usually conducted in sulfuric or orthophosphoric acids with 
various modifications [8-20]. To fulfil their function, the 
produced oxide layers should have an appropriate thickness, 
i.e., 1 µm, along with a well-developed surface. 

 
 

2. Aim of research 
 

Due to the beneficial effect of oxide layers on the bond 
with ceramics, an attempt was made to electrochemically 
create oxide layers on samples of commercially pure titanium, 
which served as the substructure for prosthetic restorations. 
 
 
3. Material and methods 
 

For the purposes of this study, cylindrical titanium 
samples (commercially pure titanium, Grade II) with a 
diameter of 20mm and a height of 5mm were utilised. The 
chemical composition of the samples was analysed using an 
ARL PERFORM'X X-ray spectrometer from THERMO 
SCIENTIFIC, and the results were presented in Table 1. 
Subsequently, the sample bases were wet ground using  
a rotating grinder with progressively increasing grit sizes: 
180, 360, 600, 800, 1200, 2400, and 4000. The samples were 
divided into six groups based on the applied voltage during 
the oxidation process. 

 
Table 1.  
Chemical composition of the titanium samples used in the study, weight % 

Element Al Mo Si Sn V Fe Ni W Ti 

Content 0.009 0.002 0.096 0.032 0.017 0.149 0.012 0.019 rest 
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Fig. 1. X-ray diffraction pattern of the sample at 450V 
 

Before the anodising process, the samples were 
degreased for 5 minutes in a bath with the following 
composition: 
 Na2CO3 ‒ 60g/dm3, 
 NaOH ‒ 40g/dm3, 
 Na3PO4 ‒ 30g/dm3, 
followed by rinsing with running water.  

The prepared samples underwent anodic oxidation in a 
2% Na2SiO3 (sodium metasilicate) solution with a pH of 
13.1 for 1 minute at different current voltages: 230 V, 270 V, 
300 V, 350 V, 400 V, and 450 V.  

After the anodising process, the samples were subjected 
to the following analyses: 
1. X-ray diffraction (XRD): to determine the phase 

composition of the anodised layer, XRD analysis was 
performed using a PANalytical Empyrean X-ray 
diffractometer. 

2. Depth profiling of elemental distribution: to determine 
changes in the chemical composition within the layer and 
to assess the thickness of individual layers, a Glow 
Discharge Optical Emission Spectroscopy (GDOES) 
analysis was conducted using a LECO GDOES 750 
instrument. 

3. Scanning Electron Microscopy (SEM) analysis of 
oxidised surfaces and cross-sections: the morphology of 
the obtained layers was examined using a Hitachi S-
3000N scanning electron microscope. 

4. Profilometric analysis: surface profiling was performed 
using a Mitotuyo SJ-410 stylus profilometer and 
dedicated software. 

5. Measurement of surface free energy using the Owens-
Wendt method: The surface free energy of the samples 
was determined using the Owens-Wendt method. 

3. Results and discussion 
 

Figure 1 represents an example X-ray diffraction pattern 
of the oxide layer from the sample in group number 6. 

The diffraction patterns from the remaining groups were 
similar, with differences primarily in intensity resulting from 
varying coating thicknesses. In addition to the reflections 
from the titanium oxide coating, the diffraction patterns also 
showed reflections from the underlying titanium substrate. 

Figures 2-7 represent elemental distributions across the 
cross-sections of individual layers. 

Presented charts reveal the presence of silicon in the 
anodised layer, alongside with oxygen and titanium. It is due 
to the use of a 2% Na2SiO3 anodising bath. The obtained 
charts determined the thicknesses of the layers obtained at 
different anodising voltages. The results are presented in 
Table 2. 

 

 
 
Fig. 2. Elemental distribution in the oxide layer for the 
sample anodized at 230 V 

4.  Results and discussion
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Fig. 3. Elemental distribution in the oxide layer for the 
sample anodized at 270 V 
 
 
 

 
 
Fig. 4. Elemental distribution in the oxide layer for the 
sample anodized at 300 V 
 
 
 

 
 
Fig. 5. Elemental distribution in the oxide layer for the 
sample anodized at 350 V 

 
 
Fig. 6. Elemental distribution in the oxide layer for the 
sample anodized at 400 V 
 
 

 
 
Fig. 7. Elemental distribution in the oxide layer for the 
sample anodized at 450 V 

 
 

Table 2. 
Thickness of oxide layers for each anodising voltage 
Anodising 
voltage, V 230 270 300 350 400 450 

Layer thickness, 
µm 0.65  0.8 1 2.5 4.6 13.2 

 
 

Figure 8 shows microscopic images of the surface of the 
obtained layers, while Figure 9 depicts microscopic images 
of cross-sections of the obtained layers.  

Microscopic images reveal the topography along with 
the determination of the size and shape of the formed 
porosities on the oxidised surfaces of titanium. With 
increasing voltage, the formation of layers with larger 
porosities, more indentations and undercuts can be observed. 
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a)  b)  c) 

   
d)  e)  f) 

   
 
Fig. 8. Microscopic images of the surface of individual samples at: a) 230 V, b) 270 V, c) 300 V, d) 350 V, e) 400 V, f) 450 V 
 
a)  b)  c) 

   
d)  e)  f) 

   
 
Fig. 9. Microscopic images of cross-sections of individual samples at different anodising voltages: a) 230 V, b) 270 V, c) 300 V, 
d) 350 V, e) 400 V, f) 450 V 
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Based on the microscopic images of the cross-sections of 
individual samples, it is possible to determine the layer 
thickness, which is comparable to the thickness determined by 
GDOES analysis, as well as its structure. Porosity of the layers 
is observed throughout their cross-sections, with the coating 
growing both above the titanium surface and into the metal. 

Figures 10-16 present profiles of the oxide layer heights 
for the investigated samples, while Table 3 presents 
numerical values of selected roughness profile parameters 
for each investigated sample. 
 

 
 
Fig. 10. Exemplary surface roughness profile plot of the 
samples after anodisation at 200 V 
 

 
 
Fig. 11. Exemplary surface roughness profile plot of the 
samples after anodisation at 230 V 
 

 
 
Fig. 12. Exemplary surface roughness profile plot of the 
samples after anodisation at 270 V 

 
The presented roughness profiles vary depending on the 

anodising layer. Both the height of the irregularities and the 
width of the formed indentations differ. It can be observed 
that the anodised coatings formed at higher anodising 
voltages exhibit higher roughness profiles, indicating greater 
thickness of those layers. Those observations are consistent 
with the microscopic examinations.  

 
 
Fig. 13. Exemplary surface roughness profile plot of the 
samples after anodisation at 300 V 
 
 

 
 
Fig. 14. Exemplary surface roughness profile plot of the 
samples after anodisation at 350 V 
 
 

 
 
Fig. 15. Exemplary surface roughness profile plot of the 
samples after anodisation at 400 V 
 
 

 
 
Fig. 16. Exemplary surface roughness profile plot of the 
samples after anodisation at 450 V 
 
 

In Figures 17-23, exemplary appearances of the liquid 
droplets used for measurements are presented. Table 4 
provides the results of the contact angle measurements. 
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Fig. 17. Image of water droplet (left side) and diiodomethane 
droplet (right side) on the surface anodised at 200 V 
 

  
 

Fig. 18. Image of water droplet (left side) and diiodomethane 
droplet (right side) on the surface anodised at 230 V 
 

  
 
Fig. 19. Image of a water droplet (left side) and 
diiodomethane droplet (right side) on the surface anodised 
at 270 V 
 

  
 

Fig. 20. Image of water droplet (left side) and diiodomethane 
droplet (right side) on the surface anodised at 300 V 
 

  
 
Fig. 21. Image of water droplet (left side) and diiodomethane 
droplet (right side) on the surface anodised at 350 V 

  
 
Fig. 22. Image of water droplet (left side) and diiodomethane 
droplet (right side) on the surface anodised at 400 V 
 

  
 
Fig. 23. Image of water droplet (left side) and diiodomethane 
droplet (right side) on the surface anodised at 450 V 
 
Table 4. 
Results of contact angle measurements on the surface using 
water droplets 

Anodising 
voltage, V  water diiodomethane 

 Mean XD Mean XD 
200 105.1 2.4 67.3 1.2 
230 87.0 0.9 65.7 0.8 
270 77.0 2.6 61.7 3.1 
300 70.8 2.7 53.2 1.7 
350 53.3 1.7 41.0 1.8 
400 52.9 3.0 38.0 0.5 
450 47.1 0.6 30.6 1.3 

 
Based on the presented images and data from Table 4, it 

can be observed that with an increase in anodising voltage, 
the wettability of the coatings increases for both water and 
diiodomethane. 

Conducted research demonstrated the possibility of 
obtaining anodised oxide layers on titanium with a thickness 
ranging from 0.65 µm to 13.2 µm. Those layers exhibit both 
crystalline and partially amorphous structures. With 
increasing anodising voltage, the surfaces became more 
developed with increased indentation and undercut features. 
Other researchers have made similar observations using 
anodisation with H2SO4 and H3PO4 solutions, indicating the 
correlation between anodising voltage and layer thickness 
[18,20,24]. SEM cross-sectional analysis also revealed a 
similar correlation between increased layer thickness and 
applied voltage. The obtained layers showed close adhesion 
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to the titanium surface. Furthermore, it was confirmed that 
the anodising voltage, rather than the duration of the process, 
influenced the layer thickness, consistent with the findings 
of previous studies by Delplancke J-L et al. and LeClere DJ 
et al. [21,22]. The easy and rapid voltage control appears to 
be more precise and repeatable compared to high-
temperature methods, avoiding errors in abrasive treatment 
mentioned by Gołębiowski [23]. 

Chemical composition analysis of the surface confirmed 
the presence of titanium and oxygen in all tested samples. 
Additionally, the presence of silicon was observed, which 
can be attributed to its passage from the anodising 
electrolyte. Perhaps it contributes to the formation of the 
amorphous phase since previous studies using pure H2SO4 

and H3PO4 solutions did not identify the presence of the 
amorphous phase [18,20,24]. During the process, silicon 
was incorporated into the oxide layer. It is consistent with 
earlier studies where sulfuric acid was used as the 
electrolyte, resulting in the presence of sulphur in the formed 
layer [18]. Similarly, in another study, the use of 
orthophosphoric acid led to the incorporation of phosphorus 
[24]. Since those authors did not detect the presence of the 
amorphous phase, it is possible that silicon was incorporated 
as silica (SiO2). 

The formation of surface indentations and the developed 
titanium surface are relevant regarding the retention of 
applied dental porcelain. Obtained layers exhibit a beneficial 
porous structure. Adjusting the anodising voltage 
appropriately allows the layer thickness and pore size to be 
controlled, as confirmed by the microscopic images of the 
surfaces and cross-sections. However, it should be noted that 
there is a certain threshold thickness beyond which the 
mechanical properties of the layers significantly decrease. 
The optimal thickness, also observed in cobalt and nickel 
alloys, ranges from 0.5 to 1 µm [17]. The presence of pores 
allows the liquid ceramic material to flow in during firing, 
positively affecting the quality of the bond between the 
oxides in the ceramic and titanium oxide, facilitating their 
mutual dissolution during the initial stages of firing. 
However, the influence of silicon incorporated into the layer 
on the subsequent bonding between the dental porcelain and 
the titanium is difficult to estimate. If we assume it is silica, 
considering it is an oxide, its interaction with the porcelain 
should be beneficial. Taking into account the potential use 
of those layers as intermediates during ceramic firing 
(similar to cobalt and nickel-based prosthetic alloys), the 
best option appears to be the layer obtained at an anodising 
voltage of 270 V. The obtained coatings are not too thick, 
which should maintain good adhesion, and after ceramic 
firing, they provide sufficient strength for the bond between 
the ceramic and the titanium. In addition to the appropriate 

thickness, those layers also possess roughness, which should 
enhance the mechanical interlocking of the liquid ceramic 
within the surface irregularities. Both the vertical and 
horizontal roughness parameters seem sufficient to allow the 
flow of liquid porcelain during the firing process. 

Furthermore, the favourable wetting of the anodised 
surface by both polar (water) and non-polar (diiodomethane) 
liquids is crucial in applying and firing dental porcelain. 
Since the ceramic applied to the metal substrate is a water-
based suspension, good wetting by polar liquids ensures its 
proper spreading on the surface. During firing, the water 
from the applied suspension evaporates, and after ceramic 
melting, it becomes a non-polar liquid. In this case, good 
wetting by non-polar liquids will guarantee proper flow in 
the surface irregularities. 
 
 
4. Conclusion 
 
1. The best option, in terms of the connection between the 

metal substrate and the veneering ceramic, appears to be 
anodisation at a voltage of 270 V. 

2. To determine the suitability of anodisation in the studied 
solution, further investigations on the bond strength 
between the veneering ceramic and the anodised titanium 
are necessary. 
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