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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Dental alloys undergo spontaneous 
passivation due to a passive film on their 
surface. 

• The passive potential range is large and 
the samples showed a good pitting 
corrosion resistance. 

• The thickness of the passive film in-
creases with the potential, with a 
capacitive response over a wide fre-
quency range. 

• Young’s modulus was lowest for 
tungsten-rich sample with 3 points 
bending test.  
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A B S T R A C T   

Cobalt-based metal alloys are often used in dentistry for prosthetic restorations because of their considerable 
wear and corrosion resistance. For this reason, the effect on the human body of three Co–Cr based alloys, named 
"Co–Cr", "C" and "L", differing in their concentrations, for subsequent use as dental materials, has been studied 
and compared. Metallographic observations of the microstructure, electrochemical and three-point bending tests 
were performed. The metallographic investigations showed similar dendritic microstructure of the Co–Cr and L 
dental alloys, as well similar porosities and defects. From the corrosion and pitting potential tests, it was found 
that the samples show surface passivation, reaching closed corrosion potential values from − 0.280 V vs SCE to 
− 0.250 V vs SCE. The Pitting Resistance Equivalent Number (PREN) values are above 38 for all the samples, 
which means that the studied alloys have a high resistance to pitting corrosion. Likewise, when applying the 
Electrochemical Impedance Spectroscopy technique, a slightly higher corrosion resistance was observed for 
sample L, since corrosion resistance tends to increase as the applied potential is more positive and as the 
impedance and phase angle values are higher. Moreover, in the three-point bending test, the alloy C presents the 
lowest values of the elastic modulus of 134 ± 13 GPa. The analyzed Co–Cr alloys are recommended for the 
efficient treatment of patients with dental prostheses that have metal frameworks, as shown by all of the obtained 
results.   
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1. Introduction 

Metallic biomaterials are of great importance in biomedical devices 
and components for joint replacements, orthopedic fixations, dental 
implants and stents due to their good combination of tensile strength, 
fatigue strength and fracture toughness. Yet, the successful and regular 
use of these biomaterials has encountered problems related to the long- 
term maintenance of the implants or even biocompatibility issues [1–8]. 

In general, these materials are divided into four broad classes ac-
cording to their main alloying elements: Stainless steel, cobalt, titanium, 
with these three routinely used as implants, and finally some others such 
as Mg, Ni, Ti and tantalum alloys that are accepted by the Food and Drug 
Administration and are in clinical trials [7,9–12]. 

In the field of dental prosthetics, metallic biomaterials have been 
widely used since the early 19th century, when precious metals such as 
gold, silver or platinum were used until they were later replaced by Ni- 
and Co-alloys due to their high cost [13,14]. 

Dental implants are nowadays a viable treatment solution for the oral 
rehabilitation of partially or completely edentulous patients, although 
cost-effective and safe surgical and prosthetic protocols in this area are 
still under development [15,16]. Consequently, metallic materials used 
in dentistry must meet several requirements for their properties, such as 
good biocompatibility, non-toxicity, safety, stability, good wear resis-
tance and hardness, to name a few. These requirements include 
biocompatibility and thus corrosion resistance, as metals and their al-
loys in contact with oral tissues can cause undesirable tissue reactions 
and hypersensitivity reactions due to the release of elements into the 
oral cavity while the corrosion process is taking place [1,9,17,18]. The 
corrosion properties of these materials depend on various factors such as 
the composition of the alloy, potential values, surface roughness, stress, 
oxidation degree, pH, media temperature, solution mixing rate and the 
presence of inhibitors [19,20]. 

In dentistry, metal ions have complicated side-effects on the human 
body and, function of exposure time, concentration and route of 
administration, four major different biological responses can be identi-
fied: (i) essential or trace elements (Co, Cu, Fe, Zn, Mn, Ni) present in 
very low concentrations; (ii) possible toxic reactions in humans due to 
high concentrations of elements such as, Co, Ni, Pb, etc.; (iii) the aller-
genic potency of elements such as Cr, Ni and Co, which are well known 
sensitizers, and finally (iv) carcinogens for which there is no clinical 
and/or statistical evidence of dental alloys causing cancer [21]. 

Porcelain-fused-to-metal (PFM) crowns are frequently used to repair 
severely chipped teeth and protect the remaining tooth structure [22]. 
Porcelain-fused-to-metal fixed dental prostheses (PFM-FDP) also merge 
the aesthetics of porcelain with the strength of metal and have been used 
as the standard and predominant aesthetic choice for dental restoration 
due to their good clinical performance with low failure rates. Further-
more, its success is highly dependent on the physical properties of the 
employed material [23,24]. This type of framework can be made with 
different types of dental casting alloys thanks to the improvement of 
materials and techniques, always taking into account the biocompati-
bility of the materials used [24]. 

Nickel- and cobalt-based alloys are, considering cost and strength 
among the most used alloys for the construction of fixed and removable 
dentures, [25,26]. With increasing health awareness, nickel-based 
dental alloy materials, mainly used for bridges and crowns, has 
aroused concerns among patients and dentists due to nickel metal ions 
that are released and have immunogenic, toxic, mutagenic and chemo-
tactic effects [11,24,27,28]. In many countries, such as the United States 
of America, it has therefore been decided to replace these alloys with 
cobalt-chromium alloys for denture fixation [29–31]. 

Cobalt-based alloys, mainly Co–Cr, are characterized by high creep, 
corrosion, wear and temperature resistance, non-magnetic properties 
and hardness [6,29,32–36]. In addition, these alloys have been shown to 
be cytocompatible and can therefore perform their function without 
adverse effects on the patient [29,36–38]. For example, the addition of 

chromium in this type of alloy provides hardness, stability and resis-
tance and can improve the corrosion behavior of the alloy when its 
concentration is between 16 and 20 wt%, forming a thin passive pro-
tective film under oxidizing conditions [10,39–45]. When using these 
alloys, there is a very small percentage of patients with corresponding 
allergic reactions, but the metal ions can be released and cause reactions 
in the human organism [46,47]. 

The addition of Mo or other elements like tungsten or Cu in these 
alloys reduces the corrosion rate under conditions where these alloys are 
not covered by the passive layer or where the passive layer is breached 
[40,41,48]. 

In this study, three Co–Cr-based dental alloys, availables on spanish 
dental material market, were investigated and compared. Corrosion 
potential, pitting potential, electrochemical impedance spectroscopy 
and three-point bending tests were used to investigate their corrosion 
and mechanical behavior in Ringer’s solution and to confirm their 
feasibility and biocompatibility for further use as dental materials, 
mainly for prosthetics. As these metal alloys encounter physiological 
fluids during use, corrosion products could cause local and systemic 
reactions in the immune system. As a result, it’s critical to comprehend 
the corrosion resistance of these alloys in physiological fluids as well as 
their modulus of elasticity in these conditions. 

2. Materials and methods 

2.1. Material preparation 

Three samples in the form of cylindrical bars of a CoCr alloy with the 
designations "CoCr", "C" and "L", which differ in their composition, were 
used for the study. 

The manufacturer of the CoCr sample is DeguDent, a German com-
pany that develops and produces high-quality materials, instruments 
and equipment for medical laboratories worldwide. The C and L samples 
come from the US company Dentsply Sirona, a manufacturer of medical 
equipment and consumables. 

The composition of the three studied samples provided by the 
manufacturers is shown in Table 1. 

As a preliminary step to the metallographic, electrochemical and 
bending tests, the samples were embedded in a mixture of epoxy resin 
and a catalyst in a ratio of 4:1 into a mould, and dried for 24 h. The 
cylindrical bars were cut into plates with a thickness of 5 mm using a 
Buehler IsoMet 4000 linear precision saw (Chicago, IL, USA) fallowed by 
grinding and polishing using a Struers TegraPol-11 polishing machine 
(Copenhagen, Denmark) at a speed of 300 rpm and a force of 20 N. For 
grinding, SiC abrasive papers were used with different grit sizes starting 
with P400 and finishing with P2500 grit size. Finally, 0.1 μm alumina 
suspension on a polishing cloth was used to achieve a mirror-like polish. 
After polishing, the samples were immersed in a heated J.P. Selecta 
"Ultrasons- HD" ultrasonic unit (Abrera, Barcelona, Spain) for 5 min to 
eliminate any trace of contamination. The sample preparation protocol 
was in accordance with ASTM E3-11(2017) for metallographic testing. 
For the mechanical tests, the cylindrical bars were cut vertically into 
plates of about 2 mm thickness by using the precision saw (see Fig. 1). 

2.2. Microstructure 

Metallography allows to study the microstructure and compounds 
that constitute a metallic material as well as the impurities or mechan-
ical defects that may be present in such materials [28]. 

To investigate the microstructure of the samples, micrographs of the 
surfaces of each sample were recorded using a Axio Vert.A1 MAT ZEISS 
optical microscope (Jena, Germany) at different magnifications. Each 
sample was immersed in a reagent of 10 ml nitric acid, 30 ml hydro-
chloric acid and 20 ml glycerine, at intervals of 1–3 min depending on 
the sample, and the attacked surface was afterwards investigated. 
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2.3. Electrochemical tests 

The electrochemical tests consist of imersing a sample into an elec-
trolite within an electrochemical cell, which therefore has three elec-
trodes: a reference electrode (saturated calomel), a counter electrode 
(platinum electrode) and a working electrode (the investigated sample). 
In order to perform the tests, the area of each investigated sample was 

calculated using ImajeJ software. The Ringer Grifols solution (Grifols 
Laboratories, Barcelona, Spain) had the following contents in mmol/L: 
Na+ 129.9; K+ 5.4; Ca2+ 1.8; Cl− 111.7; and C3H5O3 27.2. 

To investigate the corrosion bahviour of the alloys, three techniques 
were employed using a potentiostat-galvanostat BioLogic Essential SP- 
150 (Seyssinet-Pariset, France) in the following order: (i) corrosion po-
tential, (ii) electrochemical impedance spectroscopy and (iii) pitting 

Table 1 
Composition (wt.%) of the studied alloys.  

Alloy Elements % 

Co Cr Mo W Nb V Si Mn Fe C N Ni 

CoCr 64.8 28.0 5.0 – – – <0.1 <0.1 – <0.1 <0.1 <0.1 
L 62.5 30.5 5.0 – – – 1.0 0.4 – 0.3 0.3 – 
C 59.4 24.5 1.0 10.0 2.0 2.0 1.0 – 0.1 – – –  

Fig. 1. Schematic representation of the samples’ preparation.  
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potential. 

2.3.1. Corrosion potential 
The 24-h corrosion potential of each sample was measured using the 

"Ecorr vs. Time" technique available in the EC-Lab software. The po-
tential values used were ±10 V with the potential recorded at every 300 
s and varying the time at every 100 mV. The obtained data was pro-
cessed and plotted as a graph of potential versus time. 

2.3.2. Pitting potential 
The pitting potential was measured in the electrochemical electrol-

ysis cell using the "Depassivation potential" technique available in the 
EC-Lab software. The maximum and minimum potential values were 
±10 V, with the potential scanning presenting a 60 mV/mn time- 
variation relationship from − 0.4 to 1.0 V versus open circuit potential 
(OCP). Data recording was performed till 1.0 mA. The data obtained 
with this technique were plotted in a graph current versus potential. 

2.3.3. Electrochemical impedance spectroscopy 
The EIS procedure was performed for 5 min. Furthermore, this pro-

cedure was applied 3 times for each sample at 3 different potential 
values from − 0.4 to 0.4 V vs. OCP in Ringer’s solution by selecting 
"Potentio Electrochemical Impedance Spectroscopy" in the EC-Lab soft-
ware, with maximum and minimum potential values of ±10 V. The data 
obtained was processed and plotted using Bode and Nyquist diagrams 
and based on the results the equivalent circuits was determined as well. 

2.4. Three-point bending test 

The three-point bending test was performed using the Bose Electro-
Force® 3100 testing machine, in accordance with ISO 7438:2020 
Metallic materials standard. The machine can withstand an applied 
force of up to 20 N. In this case, each rectangular specimen was 
approximately 11 mm long and the distance between the supports was 
7.93 mm. The load was applied verically with a linear velocity of 3 mm/s 
applied to the central part of each sample until it exceeded the elastic 
limit of the material or broke to obtain its deformation. 

The obtained values were plotted in a graph applied force versus 
displacement and based on the obtained linear slopes the modulus of 
elasticity was to calculate. 

3. Results and discussions 

3.1. Microstructural investigation 

The surfaces of the three investigated samples after etching are 

shown in Fig. 2 at x50 and ×100 magnification. After the electro-
chemical etching, a dendritic structure of the CoCr-based samples can be 
seen. The microstructure of the Co–Cr–Mo and L alloys is dendritic 
which is typical for cast materials. Compared to the literature the 
microstructure consists of a Co–Cr solid solution found in the matrix and 
a mixture of M23C6 carbides with austenite in the dendritic areas [49]. 

For the C sample, the microstructure consists of typical α-ffc phase 
encountered in the dendritic areas, colonies of interlayed α-ffc phase and 
M23C6 carbides which resembles with the perlitic structure, alongside 
with σ phase precipitates. The results are in accordance with the findings 
of Giacchi et al. when studding Co–Cr–Mo alloys with W content [50]. In 
addition, its composition is slightly different from that of the other two 
samples, as it does contain less molybdenum and instead contains 10% 
of tungsten. 

3.2. Electrochemical tests 

3.2.1. Corrosion potential 
The curves of the corrosion potential versus time were analyzed after 

24 h testing time (see Fig. 3 and Table 2). In these conditions, the po-
tential is named open circuit potential (OCP) and indicates the anti-
corrosive tendency of the sample. Based on the obtained data, the curves 
of the three samples present similar behavior with a suddenly increasing 
of potential, reaching values between − 0.305 V and 0.339 V after 2 h of 
immersion, due to the passivation of the dental materials. So, for all the 
three alloys, after 2-h of immersion, there was no damage of the passive 
layer. In general, during the 24-h test, the potentials of the CoCr, L and C 
samples increased due to thickening of the passive film, reaching final 

Fig. 2. Optical microstructure after reagent etching at ×50 magnification for CoCr (a), L (b) and C (c), and at ×100 magnification for CoCr (d), L (e) and C (f).  

Fig. 3. Corrosion potential curves for CoCr, C and L alloys after 24 h immer-
sion time. 
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values of − 0.280 V, − 0.281 V and − 0.250 V, respectively; CoCr and L 
samples have almost the same corrosion potential value, while for the C 
sample the potential stabilised at a higher value. The increase and sta-
bilisation trend of the corrosion potential of sample C may be due to the 
addition of 10% W, because tungsten can reduce the corrosion rate in 
the alloy [48]. The continuous shift of the potential towards noble 
values indicated, for all the investigated samples, that the passive layer 
was subjected to changes during the tests: it becomes more protective. 
Thus, immersion of the alloys in Ringer’s solution for 24 h indicated 
that, from a qualitative aspect, the passivation tendency was high for all 
three samples. 

During the immersion of the samples in open circuit conditions, 
different reactions will take place. 

The metallic Cr has formed a passive oxide layer of Cr2O3, very 
protective, in accordance with reaction [51]: 

2Cr + 3H2O → Cr2O3 + 6H+ + 6e− (1) 

The significant amount of cobalt favored the generation of an oxide, 
following the reaction: 

Co+H2O → CoO+ 2H+ + 2e− (2) 

This means that a mixed passive film of Cr2O3 and CoO was devel-
oped on the surface of the alloys; it improves the stability of the Cr2O3 
film and mitigated the hydrolysis of Cr3+, which occurred in the trans-
passive zone. At more possitive potentials, the oxidation of Cr3+ occurs 
to form soluble Cr6+: 

Cr2O3 + 5H2O → 2CrO2−
4 + 10H+ + 6e− (3) 

Among metals, tungsten has the highest melting point and one of the 
highest densities therefore is used to increasing the hardness, elasticity 
and tensile strength of the alloys [52]. Its oxidation occurs in 3 stages: 

W + 2H2O → WO2 + 4H+ + 4e− (4)  

2WO2 +H2O → W2O5 + 2H+ + 2e− (5)  

2W2O5 +H2O → 2WO3 + 2H+ + 2e− (6)  

and only the hexavalent oxide is stable in the presence of water at 25 ◦C. 
Mo addition has many advantages when used as alloying element 

such as better melting point, prominent property at elevated tempera-
tures, lower coefficient of thermal expansion and a very good thermal 
conductivity coefficient [53]. In the presence of neutral or slightly acid 
or alkaline solutions, it tends to cover itself with tetravalent dioxide 
MoO2 according to reaction [51]: 

Mo+ 2H2O → MoO2 + 4H+ + 4e− (7)  

3.2.2. Pitting potential 
Potentiodynamic polarization measurements were made from − 0.8 

V to 0.8 V (SCE) to assess the pitting process (see Fig. 4). 
With an anodic value of more than 500 mV, the resulting pitting 

potential of the three samples exhibited a good electrochemical stability 
(see Table 3). 

During the imersion of the samples in Ringer’s solution, surface 
passivation had the beneficial effect of reducing the corrosion current 
and shifting the breakdown potential to more anodic values. 

Thus, the three alloys displayed a broad passivation range and 
modest passivation currents between 4 and 5 μA/cm2 under these 
circumstances. 

A qualitative method for determining how susceptible corrosion- 
resistant metals are to pitting corrosion is the Pitting Resistance 
Equivalent Number (PREN). It is determined by taking into account an 
alloy’s concentration of chromium (Cr), molybdenum (Mo), tungsten 
(W), and nitrogen (N). The material was more resistant to localized 
pitting corrosion because of its higher PREN value [54]. PREN is defined 
by the following equation: 

PREN =wt%Cr + 3.3((wt%Mo)+ 0.5(wt%W)) + 16(wt%N) (8) 

The PREN values for the dental alloys under investigation are shown 
in Table 4. Pitting corrosion resistance is increased with a PREN value of 
38. Thus, the three samples were pitting corrosion resistant. 

3.2.3. Electrochemical impedance spectroscopy 
The Bode and Nyquist curves at − 400 mV vs SCE are presented in 

Fig. 5 (a, b), at − 200 mV vs SCE in Fig. 5 (c, d) and at +400 mV vs SCE in 
Fig. 5 (e, f). The results from the fits to the relevant equivalents circuits 
models, the theoretical spectra, appear as lines, while the experimental 
measurements are shown as individual points. 

Using Bode plots, the curves of the logarithm of the impedance 
modulus and the phase shift angle, were plotted as a function of the 
logarithm of the frequency of the CoCr, C and L samples immersed in 
Ringer’s electrolyte. Fig. 5 (a, c, e) and Table 5 show higher values for 
the lowest frequency for all three samples, with lower values for sample 
C and slightly higher values for sample L, indicating a slight increase in 
the corrosion behavior of the latter alloy, probably caused by Cr addi-
tion. Moreover, a specific behavior of the growth of a passive film can be 
observed for both alloys, which tends to present a capacitive behavior. 
In general, by applying a more positive potential, the higher the phase 
angle and impedance values. Consequently, it was observed that the 

Table 2 
Corrosion potential results: initial, after 2 h and 24 h, for the three samples 
immersed in Ringer Grifols electrolyte.  

Alloy Ecorr, mV vs SCE 

Initial After 2 h After 24 h 

CoCr − 0.376 − 0.328 − 0.280 
L − 0.407 − 0.339 − 0.281 
C − 0.372 − 0.305 − 0.250  

Fig. 4. Pitting potential curves for CoCr, C and L alloys.  

Table 3 
Voltage and current values at which pitting occurred.  

Samples (μA/cm2) (V) 

CoCr 5.10 0.56 
L 4.90 0.57 
C 5.30 0.53  

Table 4 
PREN values of the three Co–Cr alloys.  

Samples PREN 

CoCr 46.1 
L 51.8 
C 44.3  
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Bode phase curves indicated a single phase processes when investigating 
the three samples. Futrthermore, the phase angle tended to increase with 
increasing potential value. 

In the case of the Nyquist plots, the imaginary impedance values 
were plotted against the real values. Fig. 5 (b, d, f) showing in all cases a 

capacitive arc. It can be observed that the L sample presents the highest 
impedance, a little smaller for CoCr and then the lower value vas ob-
tained for the C sample. 

At − 400 mV and − 200 mV vs SCE the experimental results were 
fitted with the simple circuit (R(QR)) presented in Fig. 6 while the 
passive film structure is modified with the potential increasing in such a 
way that at +400 mV vs SCE the equivalent circuit for these data is more 
complex (R(Q(R(QR)))) and is presented in Fig. 7. 

The simplest equivalent circuit, shown in Fig. 6, allows to fit the 
experimental data when only charge transfer is taken into consideration. 
The simple circuit was used to fit the experimental data collected at 
negative potentials and, in this situation, the theoretical transfer func-
tion, Z(ω), is expressed by a parallel combination of a resistor R1 and a 
constant phase element Q1, both in series with the electrolyte resistance 
Rsol. 

The experimental data were fitted with the electrical equivalent 
circuit presented in Fig. 7. Rsol corresponds to the electrolyte resistance, 
the value of which can be estimated by sweeping at high frequencies. R2 

Fig. 5. Bode and Nyquist diagrams of the measured and calculated impedance and angle of the three samples at − 0.400 V (a, b) and − 0.200 V (c, d) using the 
equivalent circuit R(QR), and three samples at 0.200 V (e, f) using the equivalent circuit R(Q(R(QR))). 

Table 5 
Results obtained in the Bode diagrams of the samples studied.  

Alloys Potential (V) Max. Impedance (Ω) Max. phase angle (◦) 

CoCr − 0.400 2.92⋅104 71 
L 3.48⋅104 63 
C 1.50⋅104 68 
CoCr − 0.200 3.55⋅104 73 
L 4.25⋅104 65 
C 2.41⋅104 71 
CoCr 0.400 4.26⋅104 73 
L 4.98⋅104 66 
C 3.47⋅104 73  
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is the equivalent of the charge transfer resistance, Rct. The capacitance of 
the double layer Cdl (Q1) is linked to the interactions which take place at 
the interface between the electrode and electrolyte. A constant phase 
element (CPE) has been chosen instead of an ideal capacitance [55] in 
order to be able to take into consideration the heterogeneities of the 
passive film developed on the metallic surface. 

The impedance of a CPE is given by Boukamp (1986) [56]: 

Z =(jω)− nY0 (9)  

Where: (i) j is an imaginary number (j2 = − 1); (ii) ω is the angular 
frequency (rad-s-1); Y₀ is the constant of the CPE [S(s⋅rad− 1)n]; (iv) n is 
the power number denoting the drift from ideal performance, n = α(π/2) 
and (v) α is the constant phase angle of the CPE (rad). 

When fitting the spectrum one of the obtained parameters is the 
ideality coefficient "n". Therefore, the replica of the real system becomes 
closer to the ideal one as the value of n approaches unity and as a 
consequence the surface is more homogeneous. As a result, for n = 1, the 
CPE element becomes a capacitor with a capacitance Y0 and for n =
0 just a simple resistor. 

The fitting results of the experimental data obtained at negative 
potentials are presented in Table 6. The polarization resistance (R2) 
which takes place at the interface between the metal and the passive film 
represents the corrosion resistance of the tested metallic sample. It is 
showed that for the CoCr and C samples the corrosion resistance of R2 

increases as the potential increases since their thickness also increases 
(Y0 decreases) and, thus, it can be observed that R2 increases with 
increasing Cr content. 

For potentials above the corrosion potential, this simple circuit 
presents unsatisfactory adjustment errors, therefore considering the 
structural evolution of the passive layer already formed on the surface of 
the materials a circuit with two time constants has been used. In this 
way, the existence of differences in the electrochemical behavior of the 
material function of applied potential or the composition of the material 
can be revealed. 

The equivalent circuit that best fits the experimental data is pre-
sented in Fig. 7 and the parameters obtained from EIS data fitting are 
presented in Table 7. 

The component elements are: (i) Rsol represents the dissolution 
resistance; (ii) CPE1 is the constant phase element corresponding to the 
porous external passive layer; (iii) R1 represents the resistance of the 
external porous layer; (iv) CPE2 is the constant phase element corre-
sponding to the inner passive layer and (v) R2 represents the polarization 
resistance (the corrosion resistance). 

From Tables 6 and 7 can be observed that the highest corrosion 
resistance (R1 in Table 6 and R2 in Table 7) belongs to the sample L 
which also has the highest Cr concentration. 

3.3. Three-point bending test 

Load-displacement graphs for the three tested samples were plotted 
from the three-point bending test. In Fig. 8, the graphs for each specimen 
were represented and the average of measured elastic modulus values of 
each alloy had been calculated using the applied force (F), the support 
spacing at which the lower shank of the equipment is positioned for 
sample placement (L), the deformation (δ) and the moment of inertia (I), 
as shown in equation (10). 

E=
F⋅L3

48⋅δ⋅I
⋅10− 3 (10) 

In turn, the moment of inertia depends on the thickness and the 
length of the sample (see equation (11)). 

I =
w⋅h3

12
(11) 

Once the elastic modulus was determined, the average value was 
calculated for the three examined samples, taking into account as well 
their mean deviation. 

The modulus of elasticity for prosthodontic alloy must be high in 
order for the prosthesis to withstand bending, specifically in metallic- 
ceramic restoration parts where bending can cause porcelain fracture 
[31]. 

In Table 8, the highest mean value of elastic modulus was obtained 
for the CoCr specimen and the lower value for the C specimen which has 
a lower concentration of Cr and Mo and has W in its composition. 
Therefore, the values of Young’s modulus obtained from bending test 
were relatively low compared to other CoCrMo alloys whose modulus of 
elasticity values range from 210 to 253 GPa [1,57–59]. 

4. Conclusions 

The following conclusions were obtained in this research. 

Fig. 6. Equivalent circuit R(QR) to fit the impedance data at − 0.400 V and 
− 0.200 V. 

Fig. 7. Equivalent circuit R(Q(R(QR))) to fit the impedance data at 0.400 V.  

Table 6 
Equivalent circuit R(QR) of the three samples applying potentials of − 0.400 V and − 0.200 V.  

Alloy − 0.400 V − 0.200 V 

Rsol (Ω⋅cm2) Y0 (S⋅secn/cm2) n R1 (Ω⋅cm2) Rsol (Ω⋅cm2) Y0 (S⋅secn/cm2) n R1 (Ω⋅cm2) 

CoCr 27.54 4.71⋅10− 5 0.81 8.17⋅104 27.54 4.22⋅10− 5 0.81 1.44⋅105 

L 25.77 3.01⋅10− 5 0.74 2.93⋅105 25.46 3.57⋅10− 5 0.72 1.92⋅105 

C 26.05 5.38⋅10− 5 0.81 1.95⋅104 26.02 4.60⋅10− 5 0.82 4.14⋅104  
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• All samples presented a dendritic structure. The samples CoCr and L 
alloys presented similar microstructure, while the C sample had a 
slight different structure due to the fact that it had tungsten instead 
of molybdenum in its composition.  

• The samples tend to passivate and have good corrosion resistance, 
with similar impedance values and higher values for the CoCr and L 
samples.  

• In the three-point bending test, the CoCr and L samples achieved a 
higher modulus of elasticity than the C specimen. It should also be 
noted that the modulus of elasticity of this type of alloys (CoCr al-
loys) is usually between 210 and 253 GPa, so the results obtained are 
lower than these values. 

Therefore, it is possible to confirm the importance of the composition 
of the samples in their behaviour and properties. The samples CoCr and 
L, which have the same percentage of molybdenum, show similar results 
in each test performed, whereas for the sample C, which contains 
tungsten, is different. Sample C shows a lower corrosion resistance in 
simulated body fluid and a lower modulus of elasticity, but a higher 
corrosion potential value. Therefore, the higher Cr content could be the 
reason for the difference in behaviour between the samples. Based on the 
results obtained in the previous tests, all the analyzed materials are very 
adequated for their use in fixed dental prostheses. 
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