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Abstract: Wirobond® C is a commercial dental casting alloy suitable for the fabrication of crowns,
bridges as well as metal-ceramic restorations. This work aims with the study of the effect of ready-
to-use Listerine® and Meridol® mouthwashes and sodium fluoride on corrosion resistance of the
CoCrMo dental alloy to electrochemical corrosion in artificial saliva at 37 °C. SEM, EDS, SKP, and
microhardness investigations were carried out to characterize the material under study. In vitro
corrosion resistance of the CoCrMo alloy was conducted by the open circuit potential method,
electrochemical impedance spectroscopy, and anodic polarization curves. The presence of Co 59.8(8)
wt.%, Cr 31.5(4) wt.%, and Mo 8.8(6) wt.% was confirmed. The CoCrMo alloy was characterized by
Vickers microhardness of 445(31) uHVos. Based on EIS data, the capacitive behavior and high
corrosion resistance of CoCrMo alloy was revealed. The kinetics of pitting corrosion in the artificial
saliva was lower after the modification with NaF and Listerine® and Meridol® mouthwashes. The
potentiodynamic characteristics revealed the passive behavior of CoCrMo alloy in all solutions.
Based on the SKP measurements of the CoCrMo alloy after corrosion tests, the effect of artificial
saliva modification on electronic properties of Bego Wirobond® C dental alloy was found.

Keywords: electrochemical impedance spectroscopy; CoCrMo dental alloy; pitting corrosion;
artificial saliva

1. Introduction

The requirements that a dental metal biomaterial must meet for applications with living tissue
are primarily biocompatibility in the tissues and fluids of the dental organ as well as good corrosion
resistance, tissue compatibility, resistance to abrasive wear, appropriate electrical properties, lack of
initiation of unfavorable reactions in peri-implant tissues, specific mechanical properties, and
acceptable manufacturing costs. Corrosion of dental alloys may have biological, functional, and
aesthetic consequences. The biological consequences are of the greatest importance. Metallic
construction biomaterials introduced into the oral cavity contribute to the formation of
electrochemical phenomena. These phenomena have a negative impact both locally and generally on
the human body. Therefore, metallic materials’ corrosion resistance is a very important factor
influencing their suitability in prosthetic applications [1-8].

Metal materials constitute the widest group of biomaterials used in dental prosthetics, oral
surgery, and orthodontics. Precious and base metals and their alloys are mainly used in dental
prosthetics. Precious metals such as gold and platinum have been used for many years, but for
economic reasons, their use has been significantly limited [10,11]. Titanium [1-3,5,6,8,12,13] and
cobalt [14-17] alloys are widely used in dental prosthetics, which is why they have taken a permanent
position in dental practice instead of precious metals. Metal materials used for the production of
implants can be divided into short-term ones, the duration of which should not exceed two years in
the human body, including cobalt alloys and austenitic steels and long-term ones, such as titanium
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and its alloys, where the service life can reach up to 25 years. The currently used cobalt alloys can be
divided into three groups: (i) Vitalium-type foundry alloys, (ii) wrought alloys, and (iii) alloys
produced by powder metallurgy. Cobalt-casting alloys are the most frequently used materials for the
production of components used for biomedical implants [14-17]. Cobalt-based alloys are classified
as materials with good biotolerance, resulting from the presence of a passive layer on their surface.
This layer is mainly composed of chromium oxide, which is formed spontaneously. Their suitability
for implantation was determined by their greater biocompatibility in the environment of tissues and
body fluids than the austenitic CrNiMo steels and Ti6Al4V alloy, as well as their greater resistance to
pitting and crevice corrosion and their lower susceptibility to initiating fatigue cracks. The tendency
of the CoCrMo alloy to crevice corrosion is ten times lower than that of CrNiMo steel. These alloys
also show good resistance to pitting and crevice corrosion in chloride solutions and physiological
salts. Their mechanical properties and corrosion resistance are determined by their chemical
composition and structure, which depends on the type of technology and manufacturing conditions.
In this respect, they can be divided into foundry and plastically processed. Mainly prosthetic
implants are made from casting alloys. However, plastically processed alloys are sometimes used to
produce plates, bone screws, points, wires, and shaped elements for anastomoses, as well as frames
of removable dentures [15-17].

When testing the corrosion resistance of dental alloys in vitro, the aim is to obtain conditions
most similar to those in the oral cavity [1,2,13-15]. Due to the very low corrosion rate of dental alloys,
corrosion symptoms are not visually noticeable in most cases. This limits in vivo corrosion testing,
which can only be performed in cases where the corroding metal components are removable. An
increase in interest in the CoCrMo alloy has been observed in the literature in recent years [14-17].
This alloy is widely used in dental practice. An increasing number of publications are devoted to
electrochemical tests using electrochemical impedance spectroscopy (EIS), which provides more
research possibilities compared to direct current methods and allows us to determine in detail the
mechanism and kinetics of electrochemical corrosion.

The main aim of this work is therefore to determine the corrosion resistance of the CoCrMo
dental alloy in a standard corrosive environment of 0.9% NaCl solution (saline) by the ISO 10271
standard [18] and in solutions of modified artificial saliva. Artificial saliva solutions with neutral and
acidic pH were modified with NaF, which is the main ingredient of toothpastes and mouthwashes
with alcoholic (Meridol®) and aqueous (Listerine®) solvents. Classic electrochemical methods, such
as the open circuit potential method and the anodic polarization curve method, were used to
determine in detail the mechanism and kinetics of electrochemical corrosion, combined with the
complementary EIS research technique. The effect of modification of the corrosion environment on
the electronic properties of the CoCrMo alloy is also discussed.

2. Materials and Methods

2.1. Surface Preparation of Samples

The biomaterial under study was a dental Wirobond® C cobalt-chrome metal-to-ceramic alloy
(BEGO Bremer Goldschlédgerei Wilh. Herbst GmbH & Co. KG, Bremen, Germany), which complies
with ISO 22674 [19] and ISO 9693-1 [20]. The Wirobond® C is produced in accordance with ISO 13485
[21] and is approved as a class Ila medical device. This alloy is commercially used for the fabrication
of prosthetic restorations or sections thereof with thin cross-sections exposed to very high loads, e.g.
removable partial dentures, clasps, veneered crowns, long-span bridgework or bridges with small
cross-sections, bars, retainers, implant-supported superstructures (Figure 1).
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Figure 1. Wirobond® C dental alloy: (a) [22]; (b) In the dental and prosthetic office used for partial
dentures [23]; (c) In trading condition available as cylinders [24].

The Wirobond® alloy does not contain nickel, cadmium, beryllium, and lead. It is intended
primarily for patients allergic to nickel. Cerium in its chemical composition ensures high bond
strength with the ceramic, minimising the risk of subsequent flaking or chipping. This cobalt-based
dental casting alloy does not cause a chemical reaction in the patient’s mouth. It does not require
oxidation. It is characterized by simple processing and casting, carbon-free composition especially
suitable for laser welding, high adhesion to ceramics, low heat conductivity ensuring pulp protection
and high wearing comfort for the patient (Table 1). The Wirobond® alloy is biocompatible, corrosion
resistant thanks to a firmly-adhering passive layer and can be easily laser welded. It is as flexible as
precious metals. No cytotoxic potential was determined in accordance with the ISO 10993-5 standard
[25].

Table 1. Wirobond® C dental alloy characteristics.

Parameter Value

Type (accord. to ISO 22674) 4

Density 85gcm?3
Preheating temperature 900 1,000 °C
Solidus, liquidus temperature 1,360 °C, 1,420 °C
Casting temperature 1,500 °C
Young’s modulus 180 GPa
Proof strength (Rpo.2) 440 MPa
Ultimate strength (Rm) 780 MPa
Elongation after fracture 16 %

Vickers hardness 310 HV10

Coefficient of thermal expansion (CTE)

25 500 °C, 10 ¢ K1 143

The Wirobond® C dental alloy was provided in the form of cylinders from which disc-shaped
samples were cut with 3 mm in thickness. The samples were included in graphite using an ATM Opal
400 hot mounting press (Spectrographic Ltd., Guiseley, Leeds, UK) at a pressure of 3.5 bars at 180 °C
for 10 minutes. The included samples were ground using the metallographic grinding and polishing
machine Metkon Forcipol 102 (Metkon Instruments Inc., Bursa, Turkey) on P320-P2500 abrasive
papers (Buehler Ltd., Lake Bluff, IL, USA) and polished using a colloidal SiO: suspension (0.04 um
grain size, Struers, Cleveland, OH, USA). The polished samples were degreased in acetone (Avantor
Performance Materials Poland S.A., Gliwice, Poland) for 20 minutes using an ultrasonic cleaner USC-
TH (VWR International, PA, USA), and then sonicated in ultrapure water (Milli-Q Advantage A10
Water Purification System, Millipore SAS, Molsheim, France) for 20 minutes.

2.2. SEM and EDS Study of the CoCrMo Alloy

Microstructure investigations of CoCrMo alloy were conducted using a JEOL JSM-
6480 scanning electron microscope (SEM, Peabody, MA, USA). A resolution of 3 nm and a
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voltage acceleration of 20 kV were applied. The microanalysis of local chemical composition
of the samples was performed using the EDS method.

2.3. Microhardness of the CoCrMo Alloy

Micromechanical properties of the CoCrMo alloy were examined in the microhardness test using
a Wilson®-WolpertTM Microindentation Tester 401MVD (Wilson Instruments, LLC, Carthage, TX,
USA). The Vickers method was used in the study with a Vickers indenter as a square-based
pyramidal-shaped diamond indenter with face angles of 136 ° by the ISO 6507-1:2018 standard [26].
A hardness scale was HV = 0.1. A maximum indentation load of 0.3 N was used for 10 to 15 seconds.

2.4. Corrosion Resistance of the CoCrMo Alloy

The in vitro corrosion resistance of the CoCrMo electrode to electrochemical corrosion was
conducted in artificial saliva solution of pH 7.4(1) and pH 5.5(1) by the AFNOR/NF standard S90-701
[27]. The artificial saliva solutions modifiers were 0.1 M NaF solution and 15 mL of commercial
antiseptic mouthwash Listerine Total Care Teeth Protection® (McNeil Consumer Healthcare McNeil-
PPC, Inc., Fort Washington, PA, USA) based on alcohol (21.6 % v/v), and Meridol® (Colgate-
Palmolive Company, NY, USA) alcohol-free. For comparison, a 3.5% NaCl solution (saline) of pH
7.4(1) by the ISO 10271:2021 standard was also used [18]. All solutions were prepared using ultrapure
water and reagents pure for chemical analysis (Avantor Performance Materials Poland S.A., Gliwice,
Poland).

An electrochemical cell with a three-electrode configuration was used, in which the working
electrode (WE) was the CoCrMo alloy, the counter electrode (CE) was a Pt foil, and the reference
electrode (RE) was a saturated calomel electrode (SCE). Electrochemical measurements were
conducted at 37(2) °C in deaerated solutions by the ISO 10271:2021 standard [18] using the
Autolab/PGSTATI12 (Metrohm Autolab B.V., Utrecht, The Netherlands). Open circuit potential (Eoc)
was registered for a time (t) of 2 h. EIS spectra were recorded at the Eoc in the range of frequency (f)
20 kHz-10 mHz. An amplitude of the sinusoidal signal was 10 mV. Electrical equivalent circuits using
the EQUIVCRT program with the circuit description code by Boukamp [28] and the complex non-
linear least squares (CNLS) method were used to interpret the EIS spectra. Anodic polarization curves
were recorded in the potential range from 150 mV more negative than Eoc to 1 V at a polarization
rate of 1 mVs-.

2.5. Scanning Kelvin Probe Measurements of the CoCrMo Alloy

The electronic properties of the CoCrMo alloy before and after corrosion tests were
studied by non-contact scanning Kelvin probe (SKP) method in the air. The M370 scanning
electrochemical workstation (Prinston Applied Research) with the built-in SKP370 module
and the VCAMS optical video microscope was applied with the tungsten microprobe U-
SKP-150 (Uniscan Instruments) of 150 pum diameter. The microprobe tip was approximately
100 um away from the sample surface. The scanning was performed for an area of 2.5 x 2
mm?. Changes in the contact potential difference (CPD) distribution on the surface of
samples were determined using the height tracking mode. The microprobe scanned at a
sweep scan mode with a velocity of 20 um s . The Scanning Electrochemical Work Station
M370 Version 2.45 software was used for measurements and analysis of the results
obtained.

3. Results and Discussion

3.1. Microstructure and Chemical Composition of the CoCrMo Alloy

To control the chemical composition of the CoCrMo alloy, the inlcuded samples as shown in
Figure 2a were studied using the EDS method. Figure 2b presents the SEM image of the surface
morphology of the tested alloy in the microregion selected for EDS microanalysis. The exemplary
EDS spectrum is displayed in Figure 2c. Based on the binding energy of characteristic peaks, the
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presence of Co 59.8(8) wt.%, Cr 31.5(4) wt.%, and Mo 8.8(6) wt.%. The obtained chemical composition
results are in very good agreement with the chemical composition provided by the manufacturer of
the CoCrMo alloy.

Counts

0 5 10 15 20
Binding energy [keV]

(a) (b) ()

Figure 2. The commercial CoCrMo alloy: (a) SEM image of the sample after inclusion in graphite; (b)
SEM image of the surface morphology in the selected microregion selected for EDS microanalysis; (c)

EDS spectrum collected in the investigated microregion.

3.2. Micromechanical Properties of the CoCrMo Alloy

The Vickers microhardness tests were performed for two samples of the CoCrMo alloy at 10
measuring points. The obtained results of the Vickers microhardness are presented in Table 2.

Table 2. Results of the Vickers microhardness for the Wirobond® C dental alloy.

Number of measurement Sample 1 Sample 2
[WHVos] [WH Vo]

1 432 468

2 415 418

3 505 414

4 475 456

5 450 488

6 404 472

7 410 453

8 440 401

9 467 417

10 480 443
Average value 445
Standard deviation 31

The Vickers microhardness test was performed on samples in the initial state. Based on the
obtained results, it is shown that the samples that were tested are characterized by similar
microhardness values and the average Vickers microhardness is 445(31) pHVos. The alloy owes its
high microhardness to the presence of Cr, which increases the resistance to shape change [29].

3.3. In Vitro Electrochemical Tests Using the Open Circuit Potential Method

A summary of the experimentally obtained relationships Eoc= f(t) for the CoCrMo electrode in
artificial saliva solution before and after modification and comparatively in physiological saline is
presented in Figure 3. From the course of the obtained Eoc = {(t) curves for the tested electrode in the
corrosion environments used, it is possible to conclude about the ability of the CoCrMo alloy to self-
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passivation in the environment of body fluids and physiological saline and to initially predict the rate
of corrosion changes occurring on the surface of the tested material.

After approximately 7200 seconds, the ion-electron equilibrium was established at the interface
between the surface of the tested electrode and all the electrolytes used, resulting in a stabilized Eoc
value. The most negative Eoc value of -317(63) mV was recorded for the CoCrMo alloy in artificial
saliva solution with pH = 7.4 [30], which indicates the lowest corrosion resistance of the tested alloy.
In an artificial saliva solution with pH = 5.5, which simulates the inflammation of the body, the Eoc
value increases more than threefold, and in a physiological saline solution with pH =7.4, it increases
more than one and a half times compared to an artificial saliva solution with physiological pH. The
obtained Eoc= f(t) characteristics also indicate that modification of the artificial saliva solution with
both pH =7.4 and pH = 5.5 causes an increase in the Eoc value for the CoCrMo electrode. The tested
electrode showed the highest open circuit potential value in artificial saliva solution with pH = 5.5
with the addition of 0.1 M NaF, Eoc =-53(10) mV.

0.0

-0.1

o
3]
7]
0
> 4
2 05 salivapH = 7.4
3 1 salivapH =55
W -0.6+ saliva pH = 7.4 + 0.1 M NaF
) salivapH=5.5+0.1 M NaF
—0.74 saliva pH = 7.4 + 15 mL Listerine
" 8—- saliva pH = 7.4 + 15 mL Meridol
] saline pH =74
0.9 4+—

— T T T " T " T " T T T T 1
0 1000 2000 3000 4000 5000 6000 7000

t[s]

Figure 3. The relationship Eoc = f(t) for the CoCrMo electrode in the applied corrosion environments
at 37 °C.

After modification of artificial saliva solution with pH = 7.4 with Listerine® and Meridol®
mouthwashes, the Eoc value for the CoCrMo electrode increases to —0.205(41) mV and —0.143(28) mV,
respectively. Further electrochemical measurements were carried out assuming that the obtained Eoc
values could be treated as approximate corrosion potential (Ecor).

3.4. In Vitro Electrochemical Study Using Electrochemical Impedance Spectroscopy

To determine the mechanism and kinetics of electrochemical corrosion occurring on the surface
of the CoCrMo electrode in the environment of artificial saliva before and after modification, and
comparatively in a saline, a complementary method of electrochemical impedance spectroscopy (EIS)
was used.

Figure 4 shows the CPE1 model used, consisting of the electrolyte resistance (Rs) and a parallel
system of a constant-phase element (CPE) combined with the charge transfer resistance (R«t). The best
fitting of the experimental EIS data with the software-generated model curve for the real and
imaginary part of the circuit impedance was obtained depending on the frequency of changes in the
measurement signal for all corrosive environments used (Figures 5-7). The CPE1 equivalent electrical
circuit with a one-time constant is characteristic of an electrode material with an undifferentiated
surface morphology, with shallow pits on the surface. For the purposes of CNLS fitting, CPE was
used instead of a capacitor, which was treated in the considerations as a “leaky” capacitor with a non-
zero real and imaginary components. The CPE impedance (Z,, ) is given by Equation (1) [31]:
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ZCPE = %

T(jw)
where T [F cm 2s° 1]is a capacitive parameter which is a function of the electrode potential, and the
dimensionless parameter ¢ is the angle of rotation of the purely capacitive line on the Nyquist plot,

0.=90°(1 ¢). cPE

)

Rct

Figure 4. CPE1 model of equivalent electrical circuit for the pitting corrosion of CoCrMo electrode in

the biological environment.

In the Nyquist spectral spectrum for the CoCrMo electrode in all tested corrosion environments,
only one semicircle is observed in the entire range of tested frequencies, the radius of which depends
on the type of corrosion environment (Figure 5). As a result of adding modifiers in the form of NaF
and mouthwashes to the artificial saliva environment, there is a tendency for the recorded semicircle
in the spectrum to become increasingly blurred. This means that the electrochemical corrosion
process occurs more easily in the environment of unmodified artificial saliva.

saliva pH = 7.4, exp.
saliva pH = 5.5, exp.
saliva pH =7.4 + 0.1 M NaF, exp.
saliva pH = 5.5 + 0.1 M NaF, exp.
| saliva pH = 7.4 + 15 ml. Listerine, exp.
| saliva pH = 7.4 + 15 mL Meridol, exp.
6 ] % saline pH = 7.4, exp.
8 saliva pH = 7.4, CNLS fit
saliva pH = 5.5, CNLS fit
saliva pH =7.4 + 0.1 M NaF, CNLS fit
T saliva pH =5.5 + 0.1 M NaF, CNLS fit
saliva pH = 7.4 + 15 mL Listerine, CNLS fit
saliva pH = 7.4 + 15 mL Meridol, CNLS fit
saline pH = 7.4, CNLS fit

voOdD>OoDo

-Z" x10° [ cm?]

0 1 2 3 4 5 6 7 8 9
Z'x10°[Q cm?]

Figure 5. Experimental (symbols) and simulated (lines) Nyquist diagrams in the form Z”={(Z’) for
the CoCrMo electrode in the applied corrosion environments at a temperature of 37 °C.

The Bode diagrams presented in Figures 6 and 7 confirm a very good fit of the experimental
data to the software-generated model curve. The value of the phase angle shift provides important
information about the mechanism and kinetics of the ongoing corrosion processes. Obtaining the
shape of Bode diagrams in the form @ = f(logf) visible in Figure 6 is characteristic of pitting corrosion
occurring on the passivated material [5,8,13,30]. The increase in the value of the phase angle shift is
proportional to the increase in the corrosion resistance of the material. Moreover, in Figure 6 there is
only one time constant for the samples tested in all environments, which means that the
electrochemical corrosion process took place in one stage. The ® = f (logf) graphs are characterized
by a wide plateau range visible for the middle frequencies and one maximum, which proves the high
corrosion resistance of the passivated material. The tested alloy owes such high resistance to the
elements Cr and Mo, which are characterized by excellent resistance in extremely aggressive
corrosive environments. The widest plateau ranges are observed for the CoCrMo electrode in an
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artificial saliva environment with the addition of Meridol® and Listerine® mouthwashes. The
narrowest plateau range is characterized by the tested electrode in a solution of artificial saliva with
pH =7.4. The remaining environments have very similar plateau ranges.

% | O saliva pH =7.4, exp.
80 O salivapH = 5.5, exp.
i A salivapH=7.4+0.1 M NaF, exp.
70 4 v salivapH=5.5+0.1 M NaF, exp.
< saliva pH = 7.4 + 15 mL Listerine, exp.
60 4 > saiiva pH = 7.4 + 15 mL Meridoi, exp.
o saline pH = 7.4, exp.
£ 50 ——— saliva pH = 7.4, CNLS fit
é’ saliva pH = 5.5, CNLS fit
= 404 saliva pH =7.4 + 0.1 M NaF, CNLS fit
GI' ] saliva pH =5.5 + 0.1 M NaF, CNLS fit
30+ saliva pH = 7.4 + 15 mL Listerine, CNLS fit
saliva pH = 7.4 + 15 mL Meridol, CNLS fit
204 saline pH = 7.4, CNLS fit
10 4
0 T Ad T T T T T T T

log(f [Hz])

Figure 6. Experimental (symbols) and simulated (lines) Bode diagrams in the form and ®=f(log f) for
the CoCrMo electrode in the applied corrosion environments at a temperature of 37 °C.

The Bode plot in the form log | Z|=f(log f) provides information about the corrosion resistance of
the tested material in a given environment (Figure 7). The highest corrosion resistance is
demonstrated by the sample in the environment of artificial saliva at neutral pH with the addition of
NaF, the value of the logarithm of the impedance modulus at the lowest tested frequency f =1 mHz
is 6.06 Q2 cm?. A slight decrease in the value of log | Z¢=1mi. = 6.03 Q2 cm?was observed in the case of
the sample tested in the saline environment. For an artificial saliva with pH = 7.4 with the addition of
Meridol® mouthwash (log | Z | =1mnz=5.9 Q cm?) and Listerine® (log | Z | &1 miz = 5.94 QO cm?) we observe
a slight difference in the impedance modulus, which is caused by the different chemical composition
of the added fluids. One of the basic factors influencing the corrosion resistance of a material is the
chemical composition of the corrosive environment. In an acidic artificial saliva solution after
modifying the environment with NaF, the value of log |Zl miz is 5.32 () cm? and in a neutral
environment with the addition of NaF, log |Zl#1 mtz is 6.06 QQ cm?2. In the environment of neutral
artificial saliva, the value of log |Z |1 mh, is 4.62 ) cm? and this is the lowest value obtained in
impedance tests, which is associated with the lowest corrosion resistance of the sample in this
environment. Figure 7 clearly shows that the corrosion resistance of the CoCrMo electrode is in the
range between good and basic protection against electrochemical corrosion. Depending on the
modifiers added to the tested environment, we can increase the corrosion resistance of the tested

material.
7 O saliva pH = 7.4, exp.
O saliva pH = 5.5, exp.
6 A salivapH=7.4+0.1 M NaF, exp.
v salivapH=5.5+0.1 M NaF, exp.
— 5 < saliva pH = 7.4 + 15 mL_ Listerine, exp.
T > saliva pH = 7.4 + 15 mL Meridol, exp.
£ saline pH = 7.4, exp.
:t’ 4 saliva pH = 7.4, CNLS fit
2 saliva pH = 5.5, CNLS fit
E 3] saliva pH =7.4 + 0.1 M NaF, CNLS fit
> saliva pH =5.5 + 0.1 M NaF, CNLS fit
o saliva pH = 7.4 + 15 mL Listerine, CNLS fit
2 saliva pH = 7.4 + 15 mL Meridol, CNLS fit
saline pH = 7.4, CNLS fit
14
0 T T T T T T T T

log(f [Hz])
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Figure 7. Experimental (symbols) and simulated (lines) Bode diagrams in the form log|Z|=f(log f) for
the CoCrMo electrode in the applied corrosion environments at a temperature of 37 °C.

In the case of a NaF-modified artificial saliva solution, fluoride ions act to improve the corrosion
resistance of the CoCrMo electrode. The drop in pH (acidification) accelerates corrosion due to the
increased intensity of hydrogen depolarization. The corrosion rate increases significantly in the
presence of aggressive chloride ions (Cl ). Additionally, chloride ions inhibit the formation of passive
layers and can also penetrate the oxide layer through pores or lattice defects and destroy it, which
then leads to corrosion of deeper parts of the metal. In order to explain the impedance behavior of
the CoCrMo electrode in the tested corrosion environments, the model of the electrical equivalent
circuit CPE1, presented in Figure 4, was used. The detailed error in determining the parameters was
below 28% (Table 3). The ¢ values ranged from 0.720 to 0.881.

Table 3. Parameters of the electrical equivalent circuit obtained on the basis of CNLS fitting of
experimental EIS data for the CoCrMo electrode in the biological environment at 37 °C (see Figures

5-7).
Ri1 CPE:-T Rz Cal

Electrolyte Type (@ em?) (F em2 s 1) CPE1-¢ @ em?) (F cm)
Saliva pH =7.4 [30] 11.72(92) 0.74(9) x 105 0.880(14) 3.71(21) x 104 4.11 x10®
Saliva pH =5.5 10.33(65) 0.24(2) x 105 0.720(6) 6.6(11) x 104 7.72 x 106
Saliva pH=7.4+0.1 M NaF 12.13(63) 0.14(12) x 10+ 0.862(8) 4.10(35) x 105 7.00 x 106
Saliva pH=5.5+0.1 M NaF 9.64(61) 0.37(3) x 105 0.820(10) 2.71(16) x 104 7.77 x 107
Saliva pH=7.4+15mL " . "

Listerine® 7.79(32) 0.83(4) x 10 0.843(4) 1.59(16) x 10 5.26 x 10
Saliva pH=7.4+15mL " . -

Meridol® 27.43(35) 0.27(6) x 10 0.800(16) 1.03(29) x 10 9.97 x 10
Saline pH=7.4 6.39(34) 0.14(9) x 10+ 0.881(5) 1.43(17) = 106 7.81 x 106

The R« parameter is characterized by the highest value of 1.59(16) x 10°Q cm? for the electrode
in the environment of artificial saliva with the addition of Listerine® mouthwash, which has the
strongest protective properties (Table 3). The corrosion resistance decreases successively, but it is of
the same order of 10¢ in saline, and saliva with pH = 7.4 with the addition of Meridol® mouthwash.
The electrode in artificial saliva solution with pH = 7.4 + 0.1 M NaF decreases by an order of
magnitude. Saliva with pH = 5.5 before (Rt = 6.6(11) x 10 cm? ) and after addition of NaF (Re=
2.71(16) x 10*Q cm?), and in saliva with pH = 7.4 (R«-3.71(21) x 10* Q cm?) are characterized by the
lowest R« values. The smaller the R», the faster kinetics of the pitting corrosion of the CoCrMo
electrode.

Determining by extrapolation a straight line with a slope equal to -1 in the Bode system log | Z|
=f(logf) allows you to determine the parameter determining the capacity of the electrical double layer
(Ca) (Table 3). The high Ca value indicates a greater exposure of the CoCrMo electrode surface to
pitting corrosion due to the faster kinetics of the electrochemical process. Based on the discussion of
the results obtained using the EIS method, it can be concluded that the corrosion resistance of the
CoCrMo dental alloy has improved, caused by the presence of Meridol® and Listerine® mouthwashes
in a neutral environment. Both the acidic reaction of the environment and the presence of Cl ions
reduced the corrosion resistance of the tested electrode in the environment of body fluids. Chloride
anions initiate the growth and expansion of pits on the self-passive oxide layer on the electrode
surface and were the main cause of the deterioration of parameters such as Re, which is confirmed
by the values of the corrosion current density determined in direct current electrochemical tests. The
Ca values for the CoCrMo electrode in a physiological saline are relatively high, which proves the
material’s high ability to corrode in an environment containing Cl ions.

The addition of NaF to the artificial saliva environment reduced the Ca value in both acidic and
neutral environments. The increase in Ret value is caused by modifiers of the corrosive environment
in the form of mouthwashes. A change in the pH of the electrolyte may destabilize the passive layer
due to local anodic reactions. The drop in pH means that there is an increased concentration of H*
ions due to the hydrolysis of cations, which makes it harder for the passive film to form and for
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corrosion reactions to occur more easily. The additives used, although in small amounts, have a
significant impact on individual corrosion resistance parameters. The use of EIS allowed for the
determination of parameters defining the mechanism of the corrosion processes occurring. It was
found that this is an activation mechanism, which involves transferring charged particles to the
outside, resulting from the dissolution of the material, through the corrosive environment, where
they combine with ions coming from the corrosive environment. The result of such a connection is
the formation of a passive layer - a protective layer of the material.

3.5. In Vitro Electrochemical Tests Using the Potentiodynamic Method

The next stage of electrochemical research was the use of the potentiodynamic method to
determine the susceptibility of the CoCrMo electrode to pitting corrosion in the tested environments.
The obtained anodic polarization curves, showing the relationship log! |j = f(E) for the tested material
in body fluid solutions, are presented in Figure 8. These tests were carried out at a polarization rate
v =1mV s ! The current density values were logarithmized in order to determine the parameters
characterizing the corrosion resistance of the tested electrode in particular environments. The
CoCrMo electrode showed passive behavior in each tested environment, thanks to its optimal
chemical composition, where the Cr and Mo content was within the limits ensuring the highest
corrosion resistance [29].

0
salivapH=7.4
-1 saliva pH =5.5
salivapH=7.4+0.1 M NaF
-2 4 saliva pH =5.5 + 0.1 M NaF

1 saliva pH = 7.4 + 15 mL Listerine /
-3 7 saliva pH = 7.4 + 15 mL Meridol p
1 saline pH=7.4 /

-6 4

log(j [A cm™))

7

-8

—9 4

L e e e e e e e e A B
-08 -06 -04 -02 00 02 04 06 08 10 12

E [V vs. SCE]

Figure 8. Anodic polarization curves for the CoCrMo electrode in the applied corrosion environments
at 37 °C.

The values of the corrosion potential determined for the tested material in individual
environments vary depending on the pH of the solutions used and the presence of additives in the
form of mouthwashes and NaF introduced into the solutions as modifiers. The corrosion potential of
the tested electrode varies depending on the environment used. The most negative (cathodic) value
was shown by the CoCrMo in artificial saliva solution with pH =7.4 (Ecr = 365 mV) [30]. A strongly
cathodic value of the corrosion potential was also observed in a saline (Ecor= 237 mV). The CoCrMo
alloy tested in the environment of artificial saliva with the addition of Listerine® and Meridol®
mouthwasesh has similar values of corrosion potential, Ecor = 295 and 203 mV, respectively. In the
artificial saliva solution with pH =7.4 and pH = 5.5 enriched with NaF, we observe the most positive
value of the corrosion potential, Ecor = 174 and 128 mV, respectively. This is related to the presence
of fluoride anions in the solution, which facilitate the formation of a chromium(III) oxide layer on the
electrode surface, in accordance with Okamoto’s theory [32]. Corrosion damage in is caused by the
adsorption of aggressive chloride ions on the metal surface, which penetrate through the passive
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layer. Chloride anions hinder the incorporation of metal ions into the metal layer and facilitate their
penetration into the solution.

Based on the obtained electrochemical results, a three-layer model of the formation of a passive
layer on the CoCrMo alloy in the tested corrosion environments can be proposed. It describes the
process and chemical description of the reaction of creating a passive layer on the tested material.
When the CoCrMo alloy (electrode) is immersed in the corrosive medium used and external voltage
is applied to the system, the solution | electrode, chromium dissolution is initiated according to the
Pourbaix diagram [33]. The ongoing process of active chromium dissolution is described by the
reaction:

Cr — (Cr)™ +ne. 2)

Chromium cations enter the solution to reach a lower energy level. On the surface of the
material, they combine with oxygen ions to form the nuclei of a passive layer. The continuous increase
in potential causes the growth of chromium oxide on the surface of the material and a passive layer
is eventually formed according to the formula:

2CrO> +6H* +6¢ — Cr:0s + 40H- + H:O. )

The reaction in a medium with the addition of Cl ions proceeds as follows:
(Cr)* Cln+ mH20 — Cr(OH)n + 2mH* + nHCL. 4)

After dissolution of the “protective” layer, the active state returns, which is associated with
another intense impact of the environment on the material, and there is effective evolution of oxygen
on the surface of the layer and from the dissolved passive layer itself (which has been observed
experimentally) according to the formula:

O2 +4H* + 4¢° — 2H20. ©)

and the beginning of the processes of pitting on the surface of the material. The thickness of the entire
protective layer ranges from several to several nanometers.

The metallic cobalt dissolution reaction, in accordance with the thermodynamic data for the Co-
H:0 system, presented in the form of a Pourbaix diagram [32], proceeds as follows:

Co%+2H* > Co 2+ + Ha. (6)
Chromium dissolution reaction []:
Cr*+H.0 <> Cr(OH)>+ H, @)
Cr(OH)*+H:0 <> Cr(OH)* + Hy, 8)
Cr(OH)(S) «> Cr3+30H-. 9)
The molybdenum dissolution reaction occurs according to the reaction:
Mo¥+2H:0 > MoO:+4H+e. (10)

3.6. Scanning Kelvin Probe Study of the CoCrMo Alloy Surface

Using the SKP method, the surfaces of CoCrMo electrode subjected to the corrosion process in
various solutions were analyzed. The SKP technique allowed for the determination of the contact
potential difference (CPD) distribution on the sample surface (Figure 9).
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Figure 9. Exemplary contact potential difference (CPD) map for the CoCrMo electrode after corrosion
tests in: (a) Saliva pH =7.4; (b) Saliva pH = 7.4 + 15 mL Meridol®; (c) ) Saliva pH =7.4 + 0.1 M NaF; (d)
Saliva pH =5.5.

Based on the registered 3D maps, parameters characterizing the surface state, such as the
arithmetic average of CPD heights (CPDav), the root mean square deviation of CPD heights (CPDrms),
the skewness (CPDs), and the kurtosis (CPDxu), were determined and are shown in Table 4. It was
found that the highest average value of contact potential difference is obtained for sample tested in
saliva pH = 5.5. Samples after corrosion tests in saliva pH = 5.5+ 0.1 M NaF and saliva pH=7.4+ 0.1
M NaF exhibited approximately 50% lower values of CPDav compared to sample after test in saliva
pH =5.5. In turn, the CPDav determined for sample after test in saliva pH = 7.4 + 15 mL Meridol® was
lower by around 80%. For samples tested in saline pH = 7.4, saliva pH = 7.4 + 15 mL Listerine®, and
saliva pH =74, the averages of measured CPD heights were 2.1, 2.7, and 3.1 times lower, respectively,
compared to sample after test in saliva pH = 5.5. The CPDav parameter suggests that sample tested in
saliva pH = 5.5 exhibits the lowest electrochemical activity among all the tested samples. In contrast
sample after corrosion tests in saliva pH = 7.4, has the most electrochemically active surface. Keeping
in mind that the material from which the samples were made was the same and that the samples
underwent similar potential-current treatments, it can be concluded that measured values of CPDav
depend on the composition of the solution. Thus, sample tested in saliva pH = 5.5 is most likely
subjected to the least aggressive environment, whereas sample studied in saliva pH =7.4 was soaked
in the most aggressive one.
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Table 4. Statistical parameters calculated using CPD maps of the CoCrMo alloy; CPDav is the
arithmetic average, CPDrms is the root mean square deviation, CPDsk is the skewness, and CPDxu is the
excess kurtosis.

Electrolyte type CPDav CPDims CPDs« CPDiu
[mV] [mV]

saliva pH=7.4 -346.3 18.6 0.001 0.10
saliva pH=5.5 -112.6 16.5 0.05 -0.14
saliva pH=7.4+0.1 M NaF -172.7 17.7 -0.06 0.04
saliva pH=5.5+0.1 M NaF -169.3 16.4 -0.12 0.06
saliva pH =7.4 + 15 mL Listerine® -306.0 21.0 0.17 0.13
saliva pH =7.4 + 15 mL Meridol® -204.6 17.5 -0.07 0.21
saline pH=7.4 -235.6 16.6 -0.08 0.11

The CPDrms values determined for samples in all corrosion solutions vary from 17 mV to 21 mV.
This indicates that the deviation of CPD heights from the the average value is comparable for all the
investigated samples. Skewness and kurtosis quantitatively describe the shape of the CPD
distribution. As shown in Table 4, both parameters vary from about 0.1 to about 0.2, indicating that
the CPD distribution is of a Gaussian type. Moreover, CPDs and CPDxu close to zero indicate that the
contact potential difference heights are symmetrically distributed around the average and that no
areas with relatively large/small CPD values are observed on the examined surfaces.

5. Conclusions

The results of the research obtained in this study were the basis for formulating the following
conclusions:

Tests of corrosion resistance of Bego Wirobond® C dental alloy CoCrMo alloy containing Co
59.8(8) wt.%, Cr 31.5(4) wt.%, and Mo 8.8(6) wt.% in the environment of artificial saliva before and
after modification with NaF and Listerine® and Meridol® mouthwashes, and comparatively in a
physiological saline solution revealed the susceptibility of the tested material to pitting corrosion.
The results obtained using the anodic polarization curves j=f(E) confirmed the passivation process
taking place on the tested material. The lowest corrosion resistance was obtained in the artificial
saliva solution with pH = 7.4. The highest corrosion resistance for the CoCrMo dental alloy after
electrochemical tests was obtained in a saliva solution with pH = 5.5 with the addition of NaF. The
corrosion resistance of the CoCrMo alloy is related to the chemical composition of the environment
in which the corrosion tests were carried out. The results obtained were unambiguous indicate the
influence of modification of the artificial saliva environment on the resistance of the CoCrMo dental
alloy.It was shown that F ions contributed to the improvement of corrosion resistance in the artificial
saliva environment by supporting the construction of the passive layer.

The use of electrochemical impedance spectroscopy in the study of pitting corrosion occurring
on the CoCrMo alloy in the tested corrosion environments allowed for the characterization of the
impedance of the electrode | solution interface for by approximating the impedance data using the
CPE1 model of the electrical equivalent circuit. On the basis of the obtained impedance spectra, the
activation mechanism of corrosion processes was found in all subjects environments.

The SKP characterization of the CoCrMo alloy after corrosion tests revealed the effect of artificial
saliva modification on electronic properties of Bego Wirobond® C dental alloy.
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