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Abstract

This study investigates the impact of cooling rate after heat
treatment on the electrochemical and microstructural
properties of three dental Co-Cr alloys. Advanced tech-
niques, such as scanning electronspectroscopy and X-ray
diffraction,were used to evaluate the microstructures and
compositions of the alloys, revealing the influence of ele-
ments such as tungsten and niobium on their electro-
chemical behavior. The results have shown that the alloys
with 5%Mo exhibited higher porosity than the alloy with
Nb and W. High melting temperature due to the presence of
Nb and W ensured a more homogeneous material and a
slightly altered structure. For all alloys, heat-treated
samples showed higher microhardness compared with

casting samples. A passive behavior was observed for all
the samples with the best stability at high potential for the
alloy with the highest Cr content due to the formation of a
protective CryOj; passive layer. Water-quenched samples
showed high impedance values, demonstrating their effec-
tiveness in corrosion resistance. The choice of cooling
methods and alloy composition is crucial for improving
corrosion resistance and mechanical properties of dental
frameworks.

Keywords: Co-Cr alloys, heat treatment, microstructure,
corrosion, microhardness

Introduction

The use of dental prostheses with metallic structures has its
roots in ancient civilizations, such as the Egyptians,Greeks,
and Romans, where metals like gold and silver were used
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to create dental restorations. In the 18th century, more
advanced techniques were introduced, such as the use of
gold wires to anchor artificial teeth to adjacent natural
teeth, resulting the first version of today’s dental bridges.'

However, at the beginning of the20th century, dental lab-
oratories began to develop veneering ceramics deposited
on metallic framework materials, based on chromium,
specifically designed for use in dentistry, with the nickel-
chromium (Ni-Cr) and cobalt-chromium (CO-CR) alloys
standing out. These alloys were and are still used to create
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more durable and complex prostheses, such as crowns,
bridges and removable partial dentures.”

Ni-Cr alloys are known for their excellent corrosion
resistance, low thermal expansion and high mechanical
strength, which makes them especially useful for dental
restorations in posterior teeth, where masticatory forces are
more intense.*”” However, despite these advantages, Ni-Cr
alloys have several drawbacks that have raised concerns in
the medical community and have encouraged the search for
safer alternatives.

One of the main problems with Ni-Cr alloys is the release
of metal ions during prolonged exposure to oral fluids.
These ions, particularly nickel ions, can trigger adverse
immunological responses, including allergic reactions in a
significant percentage of the population. It is estimated that
a 14.5% of European people are sensitive to nickel, which
can lead to contact dermatitis, hypersensitivity and even
more severe systemic reactions.® In addition, nickel has
been classified as a probable carcinogen by International
Agency for Research on Cancer (IARC, part of the World
Health Organization, Group 1), which has raised concerns
about its use in long-term medical applications.**-'°

For these reasons, there has been a growing trend to opt for
Co-Cr alloys instead of Ni-Cr alloys, particularly in
patients with a history of metal sensitivity or allergy. Co-Cr
alloys have a number of advantages that have made them a
preferred alternative in many countries.'"'? Cobalt-based
alloys are characterized by their high wear, resistance to
creep, corrosion, temperature, hardness and mag-
netism.>'>™'* In addition, dental materials made from such
alloys can perform their functions without compromising
the patient due to their proven cytocompatibility.'*'?
These alloys offer high corrosion resistance because of the
of a passive chromium oxide (Cr,0O3) layer on the surface,
which prevents the release of metal ions into the oral cavity
and minimizes the risk of adverse reactions.'®"'® By cre-
ating a protective surface oxide coating, Cr, which is added
at a rate of 11-33%, improves the alloy’s chemical stability,
increases the alloy’s resistance to oxidation at high tem-
peratures and prevents corrosion.' 1920

Despite the extremely low number of people experiencing
allergic responses due to the use of cobalt-chromium
alloys, the body may nevertheless experience certain side
effects from the discharge of metal ions from the alloy. In
addition, cobalt was added to the list of carcinogenic,
mutagenic and toxic to reproduction (CMR) compounds in
2020, indicating the need for further studies on its possible
long-term effects.'*2!*

Modern Co-Cr alloys include alloying elements that
improve their performance in the oral environment.
Molybdenum (Mo) increases the density, hardness and
compressive strength of the alloy without affecting its

ductility, which is crucial in dental frameworks exposed to
wet and tensile conditions.'®***** Niobium (Nb) acts as a
grain refiner, increasing the strength as well as the elon-
gation, making it suitable for patients with hypersensitivity
to other metals.?*~>° Finally, tungsten (W) stabilizes the co-
matrix structure, improving the passivity and resistance to
pitting corrosion.”® Together, these elements give to Co-Cr
alloys exceptional mechanical strength, thermal stability
and durability in the oral cavity.

In addition to alloy composition, the heat treatment and
specially the cooling rate play a main role in the final
microstructure and mechanical properties of dental pros-
theses. Rapid water quenching and slow furnace cooling
have notable effects on phase formation within the alloy.
Quenching can generate internal stresses and the formation
of harder phases, such as martensite, which, while
increasing hardness, can make the alloy more susceptible to
intergranular corrosion. On the other hand, furnace cooling
favors stress relaxation and homogenization of the alloying
elements, although it is sometimes associated with a
growth in grain size, which can compromise mechanical
strength.”’~%°

The present study focuses on the analysis of three com-
mercial Co-Cr alloys with additions of Mo, Nb, W and Si
(silicon) for the frameworks. It is investigated how the
cooling methods, such as furnace slow cooling and water
quenching, influence their electrochemical and mechanical
properties, especially corrosion resistance and hardness.
Techniques such as metallography, X-ray diffraction,
scanning electron microscopy, electrochemical and
microhardness testing are used by comparing three dental
alloys with different compositions and cooling rates. This
approach seeks to identify optimal configurations for use in
the manufacture of dental crowns and bridges, where bio-
compatibility and durability are essential.

Experimental
Samples Preparation

As a preliminary step to microstructural analysis, electro-
chemical and microhardness testing, several pre-processing
steps were carried out by cutting the alloys (namely S1, S2
and S3) ingots into circular disks with a Buehler IsoMet
4000 precision saw (Chicago, Illinois, USA). Two samples
from each alloy were exposed to heat treatment for one
hour at 900°C in a Heron model 12 PR/300 BB series
muffle furnace with the nominal voltage of 220V and the
temperature stability of & 3°C. The heat treatment process
was performed at a heating rate of 25°C/min and after, the
cooling method was different: (i) a sample of each alloy
was cooled in water named SW and (ii) a sample of each
alloy was left in the heat treatment oven and cooled with
the oven off for 24 hours, named SOv.
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Table 1. Composition (in wt%) of the Alloys Under Study According to the Manufacturer

Sample Composition (wt%)

Co Cr Mo w Nb C Fe Si Mn
S1 61.00 31.00 5.00 - - 0.75 0.75 0.75 0.75
S2 63.00 28.00 0.50 4.00 3.00 1.00 - - 0.50
S3 64.00 28.50 5.00 - - 1.00 1.00 0.50 -

The samples were hot mounted by using phenolic resin in a
hot mounting press (Remet filler model IPA 30 Evolution)
at 170°C. Afterward, the samples were prepared by
grinding and polishing using the Struers TegraPol-11 pol-
isher (Copenhagen, Denmark), using 400 to 2500 grit
progressive silicon carbide abrasive papers and, finally, 0.1
micrometer alpha-alumina suspension polishing cloths to
achieve a final mirror polish.30 The metallography samples
were prepared following the guidelines of ASTM E3-
11(2017)*" (see Figure 1).

Table 1 shows the chemical composition of the commercial
alloys used in the present study:

Phase Analysis

For phase analysis, an Empyrean Malvern-Panalytical
diffractometer (Malvern, UK) was utilized for samples S1,
S2 and S3. For the research, a CuK radiation (1.5406 10\)
with a step size of 0.02°, a current of 40 mA and a power of
45 kV was utilized in the range of 26 = 10 — 80.
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Microstructural Analysis

For metallographic analysis, a metallographic microscope
(Olympus BX-51, Tokyo, Japan) was used. Prior to the
investigation, the study samples were immersed in an Aqua
Regia reagent, which consists of 15 mL HCI, and 5 mL
HNO;, for around 60-120 s. A scanning electron micro-
scope (Zeiss Sigma 300 VP, Carl Zeiss, Jena, Germany)
combined with an energy-dispersive X-ray spectrometer
(EDX) was used for microstructural and elemental
analysis.

Microhardness Test

The Vickers hardness test was employed in order to eval-
uate the microhardness of the alloys before and after heat
treatment. Ten measurements were taken with the Future
Tech FM-810 hardness tester in compliance with ISO
14577-1:2015.%? For the measurements, a load of 10 gf and
a holding time of 15 seconds were utilized.



Electrochemical Tests

According to ISO 10271:2020,33 three electrodes were
employed for the electrochemical tests: a working elec-
trode (the sample under examination), a reference electrode
(saturated calomel) and a counter electrode (platinum
electrode). The area of each sample under study was
determined in order to conduct the experiments. The fol-
lowing components, measured in mmol/L, compose the
Ringer Grifols solution (Grifols Laboratories, Barcelona,
Spain): Na™ 129.90; K* 5.40; CI~ 111.70; C3Hs0;5 27.20
and Ca®" 1.80. The corrosion behavior of the alloys was
investigated employing a potentiostat-galvanostat BioLo-
gic Essential SP-150 (Seyssinet-Pariset, France) with the
techniques: open-circuit potential, linear polarization and
electrochemical impedance spectroscopy are the three
methods used.

Each sample’s 24-h open-circuit potential was determined
using the “E..,, versus Time” method found in the EC-Lab
program. To obtain the corrosion rate, “Linear Polariza-
tion” was applied with a potential scanning rate of 10.00
mV/minute in the range from —0.70 V to 1.00 V vs. SCE.
For the impedance measurements, ‘“Potentio Electro-
chemical Impedance Spectroscopy” was selected following
ISO 16773-1:2016.%* The scanning frequency of 100 KHz
to 100 mHz was applied, and Nyquist and Bode diagrams
were used to plot the obtained data. Furthermore, an
electrical equivalent circuit was used to fit the experimental
data.
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Figure 2. XRD spectra for the three samples: S1 (a), S2
(b ) and S3 (c).

Results and Discussion
Phase Analysis

The studied alloys” XRD spectra are displayed in Figure 2.
The primary phases of the samples were determined by the
analysis to be &€ with a hexagonal close-packed structure
(HCP) and vy with a body-centered cubic structure (FCC),
along with minor phases of different metallic carbides.
Sample S1 exhibited predominant levels of HCP e-phase,
whereas FCC y-phase predominates in samples S2 and S3.

Microstructural Analysis

Figure 3 shows images of the surfaces of the three samples
after etching that were left untreated (S1, S2 and S3), three
that were heat-treated and quenched in water (S1W, S2W
and S3W), and three that were heat-treated and cooled in
the oven for 24 h (S10v, S20v and S3Ov). The
microstructure of the examined samples was dendritic,
which is common for cast materials. The samples are
characterized by a chemically heterogeneous microstruc-
ture consisting of an austenitic matrix of cobalt-chromium
solution in a core dendritic microstructure.

The dendritic structures of samples S1 and S3 are similar
and slightly different for sample S2 because of the addition
of niobium and tungsten. The structure of the heat-treated
samples is similar to their corresponding untreated sam-
ples. However, some differences can be noted: the samples
cooled in the oven show a coarsening of the dendrites,
while those cooled in water show finer dendrites.

Figure 4 presents the samples microstructure prior to heat
treatment investigated by using SEM and a BSD detector in
order to reveal the different phases formed within the
samples during casting. In accordance with the optical
microscopy investigation, the SEM analysis revealed the
dendritic structure with different phases at higher magni-
fication. The interdendritic areas composed by M23C6
carbide type which was revealed by the XRD investigation
are embedded in Co-rich solid solution dendrites. From the
EDX spectra, it can be seen that the interdendritic structure
presents an increased amount of alloying elements such as
Mo or Nb embedded in a rich Co-Cr-rich matrix. In the
case of sample S1 and S3, some dark areas might be
noticed on the micrographs, which, in accordance with the
EDX spectra, reveal locally the formation of Si-rich car-
bides. In sample S2, eutectic lamellar carbides (M23C6)
might be noticed (labeled with 2 on the micrographs)
embedded in the y (FCC) Co-rich solid solution. In sample
S1 and S3, some pores might be noticed formed during
casting. The absence of pores in sample S2 can be
explained by the presence of Nb and W in the composition
with high melting points (2477°C and 3422°C, respec-
tively) and due to this the casting process is carried out at a
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Figure 3. Microstructure by optical microscopy of the S1 (a), S1W (b), S10v (c), S2 (d), S2W (e),
S20v (f), S3 (g) S3W (h) and S3Ov (i) samples after chemical etching.

higher temperature, which ensures a better homogeneity of
the sample.

After heat treatment and cooling in the oven for 24 h, the
microstructure is similar to commercial materials. The
dendritic regions are rich in Co solid solution, while the
interdendritic area is composed of Cr-rich regions (labeled
with 2 for Sample S10v) and M23C6 carbides (labeled
with 3 for sample S10v). However, a few differences can
be noticed in Figure 5: In Samples S1Ov and S30v, the
interdendritic regions are rich in Cr and carbides. Sample
S20v shows reduced lamellar carbides in the interdendritic
areas compared to the untreated sample.

Figure 6 shows the micrographs and EDX spectra of
samples after heat treatment and water quenching. In
general, the microstructure is similar to that of the oven-
cooled samples. Some differences can be seen, such as the
formation of lamellar carbides in sample SIW (labeled 2 in
Figure 6a), the concentration of Cr in the interdendritic
regions (labeled 3 in Figure 6a); the widening of the
interdendritic regions and the formation of an increased
number of lamellar carbides (labeled 2 in Figure 6¢).
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Microhardness Test

Figure 7 and Table 2 show the microhardness values
HVO0.01, together with the average, the standard deviation,
the maximum and minimum values and the depth of the
indentation, obtained from the 10 indentations performed
on each specimen. Applying 10 gf to each sample, the
microhardness values vary over a wide domain, mainly for
S10v, indicating scatter in the data. The maximum values
of the samples vary between 310 and 380, while the min-
imum values appear between 200 and 290 HV. This fact
may mean the presence of soft and hard areas on the sur-
face of the specimens due to the manufacturing process of
the samples. In general, an increase in hardness results and,
therefore, a decrease in the depth of the footprint is
observed for the samples that have been heat treated.

As was revealed by EDS and XRD analysis, the Cr-rich
carbide is identified in the microstructure of the alloys,
embedded in Co-rich solid solution. The hard phase is the
Cr-carbide, and the soft phase is co Co-rich solid solution.
For the alloy with Nb and W, these elements are segregated
in the Co-rich solution and for this reason the minimum
values of the microhardness are higher for this alloy
compared with the alloys without Nb and W. The heat
treatment has been chosen to homogenize the alloy’s
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Figure 4. SEM micrographs and EDX spectra for S1 (a, b), S2 (c, d) and S3 (e, f) before

heat treatment.

microstructure and it was found that facilitate the precipi-
tation of the carbide phase from the eutectic. Therefore, the
value of the maximum hardness increases for each heat-
treated sample compared to untreated sample.

Electrochemical Tests

Following a 24-hour testing period, the corrosion potential
versus time curves were examined (refer to Figure 8a) and
Table 3. Under these circumstances, the potential—known
as the open-circuit potential or OCP—indicates the sam-
ple’s propensity to resist corrosion. According to the data
acquired, the curves of the three untreated samples (S1, S2
and S3) exhibit comparable behavior with a rapid increase
in potential, reaching values between —0.28 V and —0.26
V following the first two hours of immersion. This is
because the dental materials have been passivated. There-
fore, the passive layer of all three alloys remained

unharmed after 2 h of immersion. Then, after 12 h of
immersion, the corrosion potential of S1 remains the same,
S2 tends to increase and, for S3, it tends to decrease
slightly. In general, during the 24-h test, the potential of S1
and S2 samples increased and S3 remained the same due to
thickening of the passive film, reaching final values from
—0.22 Vto —0.28 V.

In the case of the potential curves of the water-cooled
samples, during the first 2 h of immersion, they tended to
grow, while at 12 hours, it can be seen that SIW grows,
S2W decreases slightly and S3W remains constant. This
phenomenon is maintained at the end of the test, reaching
values between —0.03 and —0.30 V.

The curves of the corrosion potentials of the samples
cooled in the oven (S10v, S20v and S30v) show in the
first 2 h of the test the movement of these potentials toward
less negative values. After 12 h, the potentials of S1Ov and

International Journal of Metalcasting
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S30v continue to increase, while for S20v, the potential
decreases. After 24 h of testing, it is observed that S10v
and S30v remain stable and S20v decreases slightly.

Thus, in general, all nine samples have shown adequate
behavior with a tendency to passivation when immersed in
Ringer’s solution, with smooth potential changes, except
S2W and S20v, which had a slight tendency to corrosion.

Likewise, S3W showed high stability, as did S1Ov and
S30v, during the 24-h test. Open-circuit potential analysis
indicated passive behavior in all the samples with the best
stability at the high potential of SIW due to the higher Cr
content and the formation of a protective Cr,O3 passive
layer.

On a semi-logarithmic scale of the present results, Fig-
ure 8b displays the findings of the linear polarization
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technique, which was used to measure the alloys’ rate of
corrosion.

Table 4 displays the anodic corrosion potential (E.,,;) and
corrosion current (I.o;) values, which represent the degree
of oxidation of the alloy. Plotting the curve against the
open-circuit potential (OCP) across a range of 0.25 V
allowed for the determination of the Tafel slopes (B, and
B.). An alloy with a higher probability of passivation will
have B, greater than B.. In this case, the surface of all nine
samples exhibited a tendency to passivate and create a
protective passive layer.

Additionally, Table 4 displays the Tafel curve parameters
and the corrosion rate (CR) of the tested samples using the
corrosion current, the equivalent weight (EW) in g/eq, the
density (d) in g/cm3, the area (A) of each sample (in cm?)
and the constant (K) that establishes the corrosion rate units
(1.288-10° miliinches/A-cm-year).
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CR = Lo KEW Egn. 1
A minimum CR of 1.01-10* mpy (S20v) and a maximum
CR of 8.86-107° mpy (S1) were achieved. When analyzing
the samples with the same composition, it is predicted that,
when heat treatment is applied, the CR decreases, while for
the S3 group, the CR increases. A higher corrosion rate
value of 3.27-107> mpy was obtained for S2W, which has
the same composition as S2.

Figures 9 and 10 show the Nyquist and Bode impedance
and phase diagrams, respectively, obtained at open-circuit
potential.

Analyzing the Nyquist plot in Figure 9, it is demonstrated
that the higher the values of the real impedance and the

imaginary impedance, the higher the corrosion resistance
and the more capacitive the behavior of the samples. This
means that the more capacitive the samples behave, the
larger the arcs are plotted. In this regard, the heat-treated
and water-cooled samples, such as S2W, stand out with the
highest real impedance (Z¢ ~ 1.11-10°> Ohm-cm?) and
significant imaginary impedance (Z* ~ 1.20-10°
Ohm-cm?), suggesting excellent corrosion resistance and
superior capacitive behavior. On the other hand, samples
S10v, S1, S2 and S3 present lower real impedances,
indicating a higher susceptibility to corrosion, while the
imaginary impedance values are quite high and thus pre-
sent a capacitive arc. In the case of SIW, both the real
impedance (Z° ~ 4.10-10* Ohm-cm?) and the imaginary
impedance (Z° ~ 5.33-10* Ohm-cm?) are the lowest,
indicating a lower polarization capacity and thus a less
favorable corrosion resistance. This behavior underlines
the importance of heat treatment and water quenching,
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(a) S1, STW and S10v, (b) S2, S2W and S20v and (c) S3,
S3W and S30v, under loadings of 10 gf.

Table 2. Microhardness Values of the Nine Samples After
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Figure 8. (a) Open-circuit potential after 24 h’ immersion
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Table 3. Corrosion Potential Results: Initial, After 2
Hours, After 12 Hours and 24 Hours of Immersion of the
Samples in Ringer Grifols Electrolyte

Sample Potential (V)
Initial After 2 h After 12 h After 24 h

S1 —0.33 -0.27 -0.27 —-0.25
S1W —0.21 —-0.11 —0.04 —0.03
S10v —0.40 —-0.25 -0.23 —-0.23
S2 —-0.35 —0.28 —-0.24 —-0.22
S2w —0.30 —-0.25 —0.26 —0.30
S20v —0.43 —-0.25 —0.31 —-0.34
S3 —0.28 —0.26 —0.28 —-0.28
S3wW —0.28 -0.19 -0.19 -0.19
S30v —-0.34 —0.22 —-0.18 -0.18

Applying 10 gf
Sample Microhardness (HV) Depth(um)
Average Deviation Maximum Minimum
S1 272 40 373 216 1.67
S1W 318 32 378 273 1.54
S10v 294 60 379 202 1.60
S2 279 32 336 226 1.65
S2wW 322 27 373 284 1.53
S20v 311 26 362 273 1.56
S3 250 29 309 218 1.74
S3wW 296 25 331 259 1.60
S30v 291 41 336 266 1.61

which appear to significantly improve corrosion resistance
compared to untreated or less effectively treated samples.
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The Bode plot in Figure 10a shows the relationship
between frequency and impedance magnitude (|Z|) and the
results obtained are shown in Table 4. The samples S2W,
S2, S1 and S3W reach very high and similar impedance
values, in the order of 1.60-10° Ohm-cm? at a frequency of
0.1 Hz, indicating excellent corrosion resistance at low
frequency conditions. This behavior suggests that these
samples are effective in resisting corrosive processes,
especially at low frequencies where corrosion is more
likely to occur. On the other hand, sample S1W shows the
lowest impedance value, followed by S2Ov, indicating
lower corrosion resistance and suggesting that, in this case,
the heat treatment and cooling conditions do not confirm an



Table 4. Corrosion Parameters for all Samples Tested

Sample Ecorr (V) Icorr (WA) Ba (MV) B (MV) CR (mpy)
S1 —237.56 0.013 235.00 129.60 8.86-10°3
S1W —219.30 0.006 266.10 29.80 3.57.10°3
S10v  —-210.47 0.006 207.60 118.50 4.09-10°°
S2 —237.98 0.003 170.90 109.50 1.65-1073
S2w —425.78 0.006 381.60 75.10 3.27.10°3
S20v  —368.69 0.069 31160 13410 1.01.10°3
S3 —346.91 0.003 252.00 101.30 2.011073
S3w —319.39 0.005 259.9 6420 3.19-1073
S30v  —227.38 0.005 21630 93.70 3.50-10°3
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Figure 9. Nyquist diagrams at 0.00 V versus OCP of the
studied samples.

improvement in the corrosion protection of the materials
analyzed.

Analyzing the Bode phase diagram in Figure 10b and the
results obtained in Table 5, a large variation in phase
angles between 0.1 and 1 Hz is observed, reflecting dif-
ferent electrochemical behaviors among the samples.
Samples S2W, S3 and S3W reach their maximum angles
around 1000 Hz, indicating more capacitive behavior at
high frequencies. However, as the frequency decreases
toward 0.1 Hz, the phase angles of these samples decrease
considerably, the reduction being most pronounced in
sample S2, which reaches approximately —47°. This drop
in phase angles at low frequencies suggests a lower charge
storage capacity, which could be related to a decrease in
corrosion resistance under these conditions. On the other
hand, samples that maintain higher phase angles over a
wide range of frequencies, such as S10v and S1, show
better capacitive behavior, which translates into higher
corrosion resistance. In summary, the phase as a function
of frequency provides key information about the
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Figure 10. Bode-IZI and Bode phase diagrams at 0.00 V
versus OCP of the studied samples.

Table 5. Results from the Samples’ Bode Diagrams
Under Study at 0.00 V Versus OCP

Sample Bode impedance (Ohm-cm?) Bode phase ()
S1 1.62-10° 87.62
S1W 6.73-10% 72.35
S10v 1.55.10° 87.60
S2 1.63-10° 78.33
S2w 1.64.10° 78.49
S20v 8.81-10% 83.47
S3 1.52.10° 69.64
S3W 1.59-10° 63.50
S30v 1.45.10° 82.61

electrochemical stability of the samples and their ability to
protect against corrosion.

By adding a capacitive component to the impedance, a
persistent, well-formed passive layer on the surface of a
sample raises the phase angle and modifies the phase
response. As shown in Figure 11, a computational model
based on the equivalent electrical circuit (EEC) was used to
simulate the impedance spectra in order to gain a better
understanding of the properties of the corrosion layer
structure. The ZSimpWin software fitting yielded the fol-
lowing primary parameters: 1) The solution resistance is
denoted by Ryj; 2) the porous and 3) the compact passive
layers are represented by the two parallel pairs R;/CPE,
and R,/CPE,, respectively. Due to the heterogeneous nat-
ure of the passive film in alloys, the non-ideal capacitive
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Figure 11. Equivalent circuit R(QR)(QR).

Table 6. Equivalent Electric Circuit (R(QR)(QR)) Parameters for Fitting the Electrochemical Impedance Spectroscopy

Data
Samples Y (S-sec™cm?) n4 R; (Ohm-cm?) Y, (S-sec™cm?) Ny R, (Ohm-cm?)
S1 8.30-107° 0.74 16.38 1.79.107° 0.95 5.00-10°
S1W 6.14.1077 0.95 13.19 2.07.107° 0.82 6.12.10%
S10v 1.79-107° 0.94 16.32 8.30-10°° 0.75 5.70-10°
S2 6.46-1077 0.87 52.03 9.30-10°° 0.83 5.12-108
S2wW 1.90.107° 0.91 1.05.10* 9.36-107° 0.79 1.88-10°
S20v 4.67-107° 0.79 16.02 1.95.107° 0.93 9.58.10*
S3 1.69-107° 0.90 5.46-10° 2.17107° 0.74 3.42.10°
S3W 7.59.10°° 1.00 8.84.10° 157.107° 0.68 6.28.10°
S30v 1.92.107° 0.91 26.47 5.35.107° 0.73 9.29-10°

response is emphasized by substituting with a constant
phase element (CPE) the pure capacitance. The following
equation may be used to calculate the CPE’s electrical
impedance®”:

Zcepg = y-! (]W)_n Eqn 2

where Y is a constant with dimensions of Q™ '-s" (also
called the CPE coefficient or pseudo-capacitance), j is the
imaginary unit (j* = —1), o is the angular frequency and n
is the CPE exponent (with 0 < n < 1). The CPE acts like a
perfect capacitor when n = 1 and like a pure resistor when n
=0.

The parameters extracted from the fitting of experimental
data are listed in Table 6. The heat treatment and cooling
method have a significant impact on the equivalent circuit
parameters R(QR)(QR) and thus on the corrosion resis-
tance of the samples. However, no clear and consistent
improvement in corrosion resistance is observed for the
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heat-treated samples. Samples S3W and S2 have the
highest total resistance values (R; + R,) with values
around 10° Ohm-cm?, suggesting higher corrosion resis-
tance, while samples SIW and S20v have the lowest total
resistance values of 10* Ohm-cm®, indicating lower cor-
rosion resistance. In addition, the values of (Y;) and (Y5)
and their respective exponents (n;) and (n,) also show
significant variations, suggesting differences in charge
storage capacity and relaxation time distribution. Further-
more, the applied equivalent circuit matched very well the
results measured with a x2 of about 107*. In summary,
although the heat treatment and cooling method influence
the electrochemical parameters, they cannot be analyzed
generically but grouped by composition. In this case,
sample S1 is not particularly improved by heat treatment,
S2 shows a higher corrosion resistance and S3 does
improve in corrosion resistance when heat treated and
water quenched (S3W). Other factors, such as the specific



microstructure of each sample or the homogeneity of the
heat treatment, could influence the results.

It can be observed that the sample with Nb and W and
water quenched has a high resistance of the exterior layer
of the passive film due to the absence of the pores in the
microstructure. Although water quenching introduces
residual stress, these can act as a barrier to the propagation
of active corrosion centers. In addition, during furnace
quenching, alloys remain at elevated temperatures for
longer periods of time, which facilitates the formation of
oxides and porous, inhomogeneous surface layers. So,
there are certain zones that are more susceptible to corro-
sion and therefore, the alloys have less resistance to the
corrosion process.

Conclusions

Based on the results discussed in this work, after analyzing
the three dental alloys and the effect of heat treatment on
them, the following conclusions are presented:

e The casting samples S1 and S3 present pores in
comparison with sample S2. This is because the
sample S2 contains Nb and W with high melting
points so, the casting process is done at higher
temperature, which improves sample homogeneity
and eliminates pores. The samples cooled in the
oven show a coarsening in dendrites while those
cooled in the water show finer dendrites.

e The microhardness was higher in the heat-treated
samples compared with casting samples, suggest-
ing an increase in resistance to localized indenta-
tion-induced deformation.

e The heat-treated samples showed remarkable
stability and high corrosion resistance. Open-
circuit potential analysis indicated passive behav-
ior in all the samples with the best stability at the
high potential of SIW due to the higher Cr content
and the formation of a protective Cr,O; passive
layer.

e  Electrochemical impedance results confirmed that
water-quenched samples exhibited high impe-
dance values due to the residual stress that can
prevent active corrosion centers from developing.
During furnace quenching, alloys remain at high
temperatures longer, generating oxides and por-
ous, inhomogeneous surface layers. Certain zones
are more sensitive to corrosion; hence, alloys are
less corrosion resistant.
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