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THE EFFECT OF ATOMIC LAYER DEPOSITION OF ZrO2 ON THE PHYSICOCHEMICAL PROPERTIES 
OF COBALT BASED ALLOYS INTENDED FOR PROSTHETIC DENTISTRY

The paper presents the effect of ZrO2 layer deposition by the ALD process on the physicochemical properties of cobalt-based 
alloys (Realloy C and EOS CoCr SP2) intended for application in prosthetic dentistry. The paper shows the results of the surface 
roughness measurements made by the AFM method as well as the wettability and free surface energy measurements. Additionally, 
potentiodynamic tests of pitting corrosion resistance and electrochemical impedance spectroscopy in a solution of artificial saliva 
were carried out. Tests were carried out on the samples in the initial state and after surface modification with the ZrO2 layer. Based 
on these results, the usefulness (e.g. enhancement of corrosion resistance and biocompatibility) of the proposed ZrO2 layer on the 
cobalt alloys was assessed.
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1. Introduction

The dental materials used for manufacturing prosthetic res-
torations must be characterized by biocompatibility and corrosion 
resistance in the oral environmental. However, corrosion products 
and metal ions could be released from the alloy and could cause an 
allergic reaction in a sensitized patient. The relationship between 
pre-existing metal sensitivity and implant-related (prosthetic 
device) contact dermatitis or implant failure remains unclear 
and therefore nearly impossible to predict. The human stoma-
tognathic system is subjected to varying changes in temperature 
and pH, which is why this dynamic microenvironment allows for 
unpredictable conditions that may actually enable biocorrosion. 
In dental applications the most popular metal biomaterials are 
cobalt-based alloys. Due to the constantly rising performance 
requirements, materials used for manufacturing prosthetic res-
torations must be characterized by biocompatibility, good corro-
sion resistance and satisfying mechanical properties. All of the 
properties of a material are inherently related with its chemical 
composition and structure. Meanwhile the structure of a mate-
rial is dependent on the type of manufacturing technology  [1-8]. 
Currently, modern CAD/CAM systems based on 3D printing are 
increasingly used in dental applications and thus they become 
alternatives to the traditional method of casting. The Direct Metal 
Laser Sintering (DMLS) procedure is among the most popular 
3D methods. The elements produced with the use of the DMLS 
method are characterized by i.e. high dimensional accuracy [9-14].

It should generally be emphasized, that the oral environment 
is an extremely aggressive corrosive environment. That is why, 
the current research on biomaterials used in the stomatognathic 
system, includes the modification of its surface as a strategy to 
improve the biocompatibility or to enhance the functionality of 
the biomaterial in an environment of saliva. In order to prevent 
degradation of dental materials, their surface can be modifiedby 
a thin oxide layer. One promising method seems to be the atomic 
layer deposition (ALD) method. The oral environment and the 
effect of tribological wear of prosthetic restorations could cause 
a faster degradation process. In view of this fact, the ALD method 
has been used more and more often. ALD is characterized by 
sequencing of the process and the self-limitation of layer growth. 
The sequencing character of the process is based on the fact that 
the precursors are alternately introduced to the chamber. In the 
next step the chamber is washed by inert gas. Based on this the 
ALD process offers high quality, chemical homogeneity and 
control (at the Angstrom level) the thickness of the deposited 
layer [14-21].

2. Materials and methods

The subject of the study was cobalt – based alloys, divided 
into two groups by the manufacturing technology. The first group 
of samples was obtained by traditional casting techniques (Real-
loy C), and the second by Direct Metal Laser Sintering (EOS 
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CoCr SP2). The chemical composition of the tested alloys is 
shown in Table 1. The samples were subjected to mechanical 
treatment: mechanical grinding with the use SiC abrasive paper 
with grain sizes of 320, 500, 800 and 1000 and mechanical pol-
ishing, performed with SiO2 polishing paste. The mechanical 
treatment was carried out with the use of polishing – grinding 
machine Tergamin –30 by Struers.

TABLE 1

Chemical composition of tested alloys

Material
Elements, [%]

Co Cr Mo W N Si Fe Mn
Realloy C 59.00 25.00 3.90 10.10 0.19 1.60 — 0.75

EOS 
CoCr SP2 63.80 24.70 51.00 5.40 — 1.00 >0.50 >1.00

The surface modification of the tested samples was per-
formed at the Institute of Electron Technology in Warsaw. 
A zirconia oxide layer was deposited by the ALD method in 
a TFS – 200 – 190 reactor by Beneq. During the ALD process, 
the 6N-purity argon pressure inside the reactor was approxi-
mately 2 mbar. TEMAZr was used as a precursor for zirconia and 
deionized water for the oxide and argon as an inert gas. Growth 
per cycle (GPC) for ZrO2 (at the ALD process temperature of 
200°C) was approximately 0.092 nm/cycle.

2.1. Atomic force microscopy

In order to determine the surface topography, atomic force 
microscopy was performed. For this purpose, an XE-100 micro-
scope by Park Systems with a non-contact mode was used. The 
obtained results were determined by parameters describing the 
surface roughness: the Root Mean Square, (RMS/Rq), the arith-
metic average of ordinates profile (Ra) and sum of the maximum 
height and maximum depth (ΔZ). The parameters were calculated 
over three scan areas of 25 × 25 μm, 10 × 10 μm and 2 × 2 μm.

2.2. Wettability and free surface 
energy tests

The contact angle measurements were performed in order to 
determine the physicochemical properties. The study was carried 
out with the use of a test stand, incorporating a Surftronic Uni-
versal goniometer by OGE and a PC with Surface 4.5 software 

to analyse to recorded drop image. Drops of the measured liquids 
(distilled water and diiodomethane), each 1.5 μl in volume, were 
placed on the surface of the tested samples. The measurements 
were performed at a room temperature T = 23°C and started 20 s 
after dispensing the drops on the samples. The values of surface 
free energy (SFE) and their polar and dispersion properties for 
the Owens-Wendt method are given in Table 2.

2.3. Electrochemical impedance 
spectroscopy

In order to obtain information on the physiochemical 
properties, electrochemical impedance spectroscopy was 
conducted. The test stand included an AutoLab PGSTAT 
302N system with an FRA2 module (Frequency Response 
Analyzer) and three-electrode system, where the work-
ing electrode was represented by the test sample, the aux-
iliary electrode was a platinum wire (PTP-201) and the 
reference electrode was in the form of a calomel electrode 
(SEC KP-113). The research was carried out in the frequency 
range of 104-10–3 Hz. The amplitude of the sinusoidal signal 
that actuated the tension amounted to 10 mV. The impedance 
system spectra in the form of Bode`s diagrams and in the form 
of Nyquit diagrams for different values of frequency were de-
termined. The obtained measurement data were adjusted to the 
substitute setup. On this basis, the numerical values of resist-
ance R and capacity C of analysed systems were determined. 
The EIS test was carried out in artificial saliva (pH = 6.5-6.8) 
at temperature T = 37 ± 1°C. The chemical composition of the 
artificial saliva solution was in line with recommendations of 
the ISO standard [22].

2.4. Potentiodynamic polarization

In order to determine the resistance to pitting corrosion, 
potentiodynamic tests were carried out by recording anodic 
polarization curves as recommended by the ISO 10993-15 
standard [23]. The measurement was performed with the use 
a VoltaLab PGP201 potentiostat, a computer with VoltaMaster 4 
software and an electrochemical cell with a three-electrode sys-
tem (identical to that used in the corrosion test). In the first step, 
the open circuit potential Eocp was determined. Next the anodic 
polarization curves were recorded from the initial potential 
Eint = Eocp – 100 mV. The polarization rate was equal to 3 m/s 
and the potential change was in the direction of the anode. Once 
the anodic current density reached i = 1 mA/cm2, the polarization 
direction was changed and the return curves were recorded. On 
this basis, the characteristic parameters of corrosion were set: 
corrosion potential Ecorr [mV], breakdown potential Enp [mV], 
repassivation potential Ecp [mV], and transpassivation potential 
Etr [mV]. The value of polarization resistance Rp [kΩ·cm2] was 
determined by the Stern method. The pitting corrosion test was 
carried out in identical conditions to the EIS test.

TABLE 2

The values of SFE and their polar and apolar components for liquids 
used in Owens – Wendt method

Measure liquid γL, [mJ/m2] γLd, [mJ/m2] γLP, [mJ/m2]
Distilled water 72.80 21.80 51.00
Diiodomethane 50.80 50.80 0.00
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3. Results and discussion

3.1. Atomic force microscopy

The results of AFM observation for both material are 
presented in Figs. 1, and 2. The characteristic values describ-
ing the surface roughness are shown in Table 3. The highest 
values of surface roughness were obtained for the cast samples 
in the initial state. The mean values of parameters in the output 
state of scan areas were as follows: for the 25 × 25 scan area, 
ΔZmax = 1915 nm, Rq = 97 nm and Ra = 84 nm; for the 10 × 10 μm 
scan area, ΔZmax = 1358 nm, Rq = 78 nm and Ra = 67 nm; and 
for the 2 × 2 μm scan area, Zmax = 316 nm, Rq = 26 nm, and 
Ra = 19 nm. For the EOS CoCr SP2 samples in the initial state 
recorded the lowest values and the mean values were as follows: 
for the 25 × 25 μm scan area, ΔZmax = 265 nm, Rq = 83 nm, and 
Ra = 67 nm; for the 10 × 10 μm scan area, ΔZmax = 273 nm, 
Rq = 39 nm, and Ra = 32 nm; and for the 2 × 2 μm scan area, 
Zmax = 89 nm, Rq = 19 nm, and Ra = 17 nm. With deposited ZrO2 
layer the surface roughness parameter for the cast samples de-
creased and the mean values were as follows: for the 25 × 25 μm 
scan area, ΔZmax = 377 nm, Rq = 98 nm, and Ra = 84 nm; for 
the 10 × 10 μm scan area, ΔZmax = 348 nm, Rq = 60 nm, and 
Ra = 52 nm; and for the 2 × 2 μm scan area, ΔZmax = –101 nm, 
Rq = 22 nm, and Ra = 19 nm. For the samples obtained from the 
DMLS method with the ZrO2 layer, the values of surface rough-
ness parameters were similar to the values of samples in initial 
state. Based on the obtained results, it can be concluded that for 
the all analyzed samples, the values of the roughness parameter 
for the smallest scan areas decreased.

TABLE 3

The results of surface roughness by the AFM method

Area,
[μm × μm]

25 × 25 10 × 10 5 × 5
ΔZmax Rq Ra ΔZmax Rq Ra ΔZmax Rq Ra

Realloy C_is 1915 97 84 1358 78 67 316 26 19
EOS CoCr 

SP2_is 265 83 67 273 39 32 89 19 17

Realloy 
C_ald 337 98 84 348 60 52 –101 22 19

EOS CoCr 
SP2_ald 333 70 59 270 67 51 95 34 25

3.2. Wettability and free surface energy tests

The obtained results of the contact angle and SFE calcula-
tion are presented in TABLE 4. The average value of the contact 
angle of cast samples in the initial state was 82.75°. The contact 
angle values of less than 90° indicate the hydrophilic character 
of the surface. Meanwhile, the mean value of the contact angle 
of the samples obtained from the DMLS procedure was 91.83° 
and pointed to the hydrophobic character of the surface. It was 
observed that the wettability, similarly to the surface roughness 
value, decreased due to the deposition of the ZrO2 layer on the 
surface of both material variants. For the cast samples with 
ZrO2 layer, the mean value of contact angle was 114.06° and 
for the EOS samples it was 105.69°. The values of surface free 
energy γ were comparable for all tested samples. The obtained 
high value of the apolar component and the low values of the 
polar components allowed it to be concluded that the surface of 

Fig. 1. Surface geometry of the Realloy C: a) initial state, b) with ZrO2 layer

Fig. 2. Surface geometry of the EOS CoCr SP2: a) initial state, b) with ZrO2 layer



1080

tested samples exhibited a greater affinity for the apolar groups 
than to the polar ones.

TABLE 4

The results of wettability and surface free energy

Sample
Contact angle, [°] Surface free energy, [mJ/m2]

Distilled 
water

Diiodo-
methane γs γLd γLP

Realloy C_is 82.75 54.24 32.82 27.83 6.59
EOS CoCr 

SP2_is 91.83 57.31 30.58 28.43 2.15

Realloy C_ald 114.06 54.02 47.38 44.83 2.56
EOS CoCr 

SP2_ald 105.69 54.63 38.89 38.00 0.89

3.3. Electrochemical impedance spectroscopy

The obtained results of the electrochemical impedance 
spectroscopy test in the form of impedance spectra are shown 
in Figs. 3 and 4. On the basis of the recorded spectra the elec-

tric values were determined, and are presented in Table 5. The 
best fit of the model spectra to the impedance spectra for both 
variants of material in the initial state and with the ZrO2 layer 
was provided by the equivalent circuit composed of two parallel 
electric elements representing capacitive or constants of border 
combined with resistance transitions and resistance (Fig. 5). 
In the figures, Rct denotes the resistance of the charge transfer, 
CPEdl the capacity of the oxide layer, Rpore the resistance of 
electrolyte in the porous phase, Cpore the capacity of double 
layer, and Rs the resistance of the artificial saliva solution. That 
indicates the presence of a double layer with different values 
of charge transfer resistance Rct. The values were equal to 
Rct = 4.93 MΩcm2 for Realloy C_is, Rct = 3.85 MΩcm2 for EOS 
CoCr SP2_is, Rct = 23.11 MΩcm2 for Realloy C with ZrO2 and 
Rct = 30.00 MΩcm2 for EOS CoCr SP2 after the ALD process. 
The set of Nyquist diagrams for all the tested samples presented 
of fragments of incomplete semicircles. This was a typical im-
pedance response for an oxide thin layer. The maximum values 
of phase displacement at a broad range of frequencies of the 
samples in the initial state for both materials were similar and 
amounted to θ = 80-70°. Meanwhile, for the samples with ZrO2 

Fig. 3. Sample spectra impedance for the Realloy C samples in initial state and with ZrO2 layer: a) Nyquist diagram, b) Bode`s diagram

Fig. 4. Sample spectra impedance for the EOS CoCr SP2 samples in initial state and with ZrO2 layer: a) Nyquist diagram, b) Bode's diagram
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layer, the maximum value of phase displacement in the case of 
Realloy C material was θ = 75° and that for the EOS CoCr SP2 
material was θ = 65°. The inclinations log |Z | in the whole scope 
of the frequency change were close to –1.

Fig. 5. Equivalent electric substitute circuit

3.4. Potentiodynamic polarization

The obtained results of the pitting corrosion test for 
samples in initial the state are presented in Fig. 6, while the 
polarization curves for the samples with the ZrO2 layer are 
presented in Fig. 7. The characteristic values describing the 
pitting corrosion are shown in Table 6. For both tested alloys 
in the initial state, the polarization curves had a similar charac-
ter and no hysteresis loops were stated. It was determined the 
value of the transpassivation potential and the mean value for 
cast sample was Etr = 837 mV and that for EOS CoCr SP2_is 
was Etr = 875 mV. For the cast samples after surface modifica-
tion, similarly to the samples in the initial state, the progress 
of the polarization curves was characteristic for materials with 
high corrosion resistance. The mean value of transpassivation 
potential for Realloy C_ald samples was Etr = 1324 mV and 
was higher compared to the samples in the initial state. In case 
of the EOS CoCr SP2 samples with the deposited ZrO2 layer, 
the existence of breakdown potential Eb = 1320 mV and repas-

sivation potential Ecp = 793 mV has been stated. However the 
mean value of breakdown potential was higher compared to the 
transpassivation potential for samples in the initial state. On the 
basis of the obtained results, it was found that the deposition of 
the ZrO2 layer on the surface of both material was beneficial 
for the corrosion resistance.

Fig. 6. Example of polarization curves for materials in initial state

Fig. 7. Example of polarization curves for materials with ZrO2 layer

4. Conclusion

Correct selection of the physical and chemical properties is 
a significant issue in the process of adjusting the functionalities 
of, for example crowns or bridges, and has a direct impact on 
the final quality of the prosthetic devices. One of many phys-
icochemical properties, that decide the quality of the prosthetic 
material, is its wettability, which is related to physical phenomena 
occurring on its surface. These phenomena are mainly connected 
with the surface energy, whose value determines the speed and 

TABLE 5

The results of the electrochemical impedance spectroscopy

Sample Eocp, [mV] Rs, [kΩcm2] Rpore, [kΩcm2]
CPEpore Rst, [MΩcm2]

CPEdl
Y, [Ω–1 cm–ns–n] n Y, [Ω–1 cm–ns–n] n

Realloy C_is –257 55 40.10 0.8553E-5 0.87 4.93 0.6732E-5 0.74
EOS CoCr SP2_is –331 55 0,188 0.1055E-4 0.93 3.85 0.4567E-3 0.60

Realloy C_ald –250 55 613 0.7440E-6 0.95 23.11 0.7616E-6 0.92
EOS CoCr SP2_ald –131 55 0,449 0.9498E-4 0.63 30.00 0.1844E-5 0.88

TABLE 6

The results of the potentiodynamic tests

Sample Ecorr, 
[mV]

Etr, 
[mV]

Eb, 
[mV]

Ecp, 
[mV]

Rp, 
[kΩ/cm2]

Realloy C_is –182 837 — — 15
EOS CoCr SP2_is –273 875 — — 490

Realloy C_ald –173 1324 — — 21
EOS CoCr SP2_ald –208 — 1320 793 126
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degree of factors such as plaque aggregation, water absorbability, 
hydrophilicity, or hydrophobicity of a given material.

Based on the results obtained it can be concluded that 
the physicochemical properties of cobalt-based alloy differed 
depending on the type of manufacturing technology. For alloys 
used in dental applications, the hydrophobic character of the 
surface and low values of the Ra parameters are more favorable. 
The samples obtained from DMLS technology were character-
ized by lower values of roughness and contact angle. The tested 
alloys were characterized by similar corrosion resistance: the 
transpassivation potential has been stated. Additionally, it can 
be concluded that the thin ZrO2 layer deposited on the surfaces 
of both materials affects the improvement of their utility proper-
ties. For the cast samples with deposition on their surface oxide 
layer the values of the roughness parameters Ra decreased. In 
the case of the samples obtained by 3D printing, the ZrO2 layer 
reconstructed the topography of the samples in the initial state. 
Additionally, for both variants of material, the surface modifi-
cation affects the reduction of the wettability and increases the 
pitting corrosion resistance. The breakdown potential obtained 
for the DMLS samples with the ZrO2 layer was higher compared 
to the value of the transpassivation potential for samples in the 
initial state.
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