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Abstract: Based on the polarization curves and electrochemical impedance spectroscopy (EIS) in the case of four
commercial dental alloys (Wirolloy, Heraenium, NicromalSoft and VeraSoft) maintained in 0.1M NaCl solution, it was
established the type and the intensity of the corrosion process by means of the corrosion currents value. The passivation of
all the samples occurred spontaneously at the open circuit potential. The corrosion currents value decrease after the alloys
maintenance in the corrosive medium due their passivation. The corrosion currents have values of nA order for all the
samples and decrease with the increase of the immersion time. The alloys Heraenium and Wirolloy are in the optimum
corrosion resistant condition. The VeraSoft and NicromalSoft alloys presented a dangerous breakdown potential (about 200-300
mV). The EIS results show that all NiCr-based alloys exhibits passivity at open circuit potential. The Heraenium and Wirolloy
alloys with dendritic microstructure show the best electrochemical behaviour in 0.1M NaCl solutions.
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1. INTRODUCTION

Metallic materials play an essential role in repair or
replacement of the diseased or damaged bone tissue. The
metals are more suitable for load-bearing applications
compared with ceramics or polymeric materials because they
combine high mechanical strength with fracture toughness
[1]. However, the main limitation of these metallic materials
is the release of the toxic metallic ions that can lead to
various adverse tissue reactions and/or hypersensitivity
reactions [2]. The high costs of precious metals and alloys
have led to the development of various base-alloy materials,
which are more economical. The most important elements of
these alloys are: nickel, cobalt, chromium, copper, iron and
titanium [3, 4]. The main difference between the noble and
non-noble alloys is that the last are less thermodynamically
stable and therefore their corrosion resistance depends on the
formation of a thin, protective oxide film (passive film) on
the surface of the material. If the oxide film is disrupted,
then the metal or alloy must repassivate in order to be
protected [3]. NiCr-based and CoCr-based are the most
commonly used metal-based alloys in dentistry. These
materials are currently used for crowns, bridges casting and
denture bases. Ni-based alloys are commonly used as the
substructure of metallic-ceramic crown and were introduced
into dentistry as possible replacement for precious alloys due
to the increasing cost of gold throughout the 1980s [5]. Ni-
based alloys offer the advantage of an increased modulus of
elasticity comparatively with gold that allows thinner
sections of alloy to be used and consequently less tooth
destruction during the crown preparation.
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Chromium is the main alloying element in Ni-based
alloys and is added to promote the formation of a stable
passive oxide layer that is highly resistant to corrosion [6].
Molybdenum is also frequently added to promote resistance
to pitting and crevice corrosion [6, 7]. In commercial alloys,
the composition of Cr and Mo ranges from 11 to 25 (wt %).
Alloys that contain lower amounts of Cr and Mo are reported
to be more susceptible to corrosion [8].

Surface analysis of the passive oxide film formed on the
surface of Ni-based alloys has related higher corrosion rates
to lower proportions of Cr and Mo in the film [9, 10]. The
presence of crevices combined with an inhomogeneous
distribution of Cr in the microstructure can lead to accelerate
corrosion of Ni-based alloys with lower Cr contents. This
effect can be avoided by increasing the Cr content of the
alloy [11].

In terms of biomaterials applications, the most
inconvenient aspect is the degradations, which occurs due to
the material interaction with body or physiological fluids
with concentration of about 1 wt % NaCl [12-15]. Corrosion
manifestations on dental alloys might exhibit biological,
functional and esthetic effects and the biological effects have
the greatest significance. The oral environment is
particularly favorable for the biodegradation of metals due to
its ionic, thermal, microbiological and enzymatic properties
and it can be presumed that the patient is always exposed to
a certain quantity of products of the corrosion process. If
these products are not biocompatible, the organism may be
injured due the toxicity and sensitization risk. Therefore, the
ultimate goal must be to use only those alloys with minimal
metal ion release. The release of ions depends upon the
corrosion rate of the alloy and the solubility of the corrosion
products [3, 16].

When NiCr-based alloys are used in restorative
procedures, the crowns are placed in the close proximity of
the gingival and often extend sub-gingival and the metal

2010 Bentham Open



46 The Open Corrosion Journal, 2010, Volume 3

release through corrosion processes may cause adverse
reactions [17-19]. It has been reported that the corrosion
products from NiCr-based alloys do not affect cellular
morphology or viability but that they do decrease cellular
proliferation [20]. The metal ions released from NiCr-based
dental casting alloys interfere with cellular energy
metabolism [21].

Nickel is an allergen, but there is no evidence that
individual patients are at a significant risk of developing
sensitivity solely due the contact with nickel-containing
dental appliances and restorations. Hypersensitivity reactions
to nickel are only likely to occur with prior sensitization
from non-dental contacts and even these are rare [22].
Though the allergic properties of the metal ions of NiCr-
based alloys should be considered carefully, these alloys still
remain very popular for dental use.

The electrochemical behaviour of some NiCr alloys in
artificial saliva was reported [23, 24]. Recently, Martins et
al. have reported a high corrosion resistance of titanium
alloy with dendritic structures in 0.9% NaCl solution [25].

The present paper made a comparative study of four NiCr
dental alloys: Heraenium (Heraeus Kulzer, Germany),
Wirolloy (Bego, Germany), VeraSoft (Aalba Dent, USA)
and NicromalSoft (IMNR, Romania), regarding the
electrochemical behaviour in 0.1M NaCl solution.

2. EXPERIMENTAL
2.1. Materials

Four non-precious cast NiCr-based alloys used in dental
prosthetics  construction  were  investigated.  Their
compositions are shown in Table 1.

Table 1. Chemical Composition of the NiCr-Based Alloys
Alloy Main Components (wt %)

Heraenium 59.3Ni 24Cr 10Mo 2Fe 2Mn 1Nb
Wirolloy 63.5Ni 23Cr 9Fe 3Mo 1Si 0.5Mn
VeraSoft 53.6Ni 19.5Mn 14.5Cr 9.5Cu 1.6A1 1.5Si

NicromalSoft 64.6Ni 17.8Cr 9.8Cu 3.5Mn 1.8Si 1.5A10.5Ti 0.5Fe

2.2. Microstructure Characterisation

To study the microstructure of the alloys their surface
was chemically treated in agreement with standard
procedures. In this case, the chemical attack was realized
with a (10 mL HNO; + 20 mL HCI + 30 mL glycerol)
solution [26]. The treated surfaces were examined by optical
microscopy, with an OLYMPUS PME 3- ADL apparatus.

2.3. Electrochemical Measurements

The samples were cut into 1 cm’® size and brass nut
attached to each experiments using conductive paint to
ensure electrical conductivity. The assembly was then
embedded into an epoxy resin disk. Then the samples were
ground with SiC abrasive paper up to 1000 grit, final
polishing was done with 1 um alumina suspension. The
samples were degreased with ethyl alcohol followed by

Mareci et al.

ultrasonic cleaning with deionised water and dried under a
hot air stream.

The tests were carried out with the samples immersed in
a solution of 0.1M NaCl under a neutral pH range (of about
6.9), at 25 + 1 °C, and under air atmosphere.

The assembled specimen was placed in a glass corrosion
cell, which was filled with freshly prepared electrolyte
(within 24 hours). A saturated calomel electrode (SCE) was
used as the reference electrode and a platinum coil as the
counter electrode. All potentials referred to in this article are
with respect to SCE.

All the electrochemical measurements were performed
with a PAR (Princeton Applied Research, USA) 263 A
potentiostate connected with a PAR 5210 lock-in amplifier
controlled by a personal computer and specific software
(Electrochemistry Power Suite, PAR).

For each specimen, 24 hours open circuit potential, Eqc,
measurement was performed initially followed by the linear
potentiodynamic polarization measurement. These tests were
conducted by stepping the potential using a scanning rate 0.5
mV/s from -600 mV (SCE) to +1200 mV (SCE). Using an
automatic data acquisition system, the potentiodynamic
polarization curves were plotted and both corrosion current
density (icor) and zero current potential (ZCP) were
estimated by Tafel plots by using both anodic and cathodic
branches. In addition, for evaluate the stability of
passivation, passivation current density (ipass) and breakdown
potential (Epqy) were obtained from the potentiodynamic
polarization curves.

Surface morphologies of the NiCr-based alloys after the
linear potentiodynamic tests were observed using an optical
microscope (OLYMPUS PME 3- ADL).

Electrochemical impedance spectroscopy (EIS) was also
used to evaluate the samples. The alternating current (AC)
impedance spectra for NiCr-based alloys were obtained at
the open circuit potential, with a scan frequency range of 100
kHz to 10 mHz with amplitude of 10 mV. The EIS spectra
were obtained at 1 min, 1 hour and 1 day after the electrode
was immersed in the aerated solutions. In order to supply
quantitative support for discussions of these experimental
EIS results, an appropriate model (ZSimpWin-PAR, USA)
for equivalent circuit (EC) quantification has also been used.

All experiments were performed three times.
3. RESULTS AND DISCUSSION
3.1. Microstructure Characterisation

The microstructure of the four NiCr-based alloys after
chemical attack is shown in Fig. (1). The surfaces of
Heraenium and Wirolloy cast alloys showed dendrite
microstructure, a rippled structure between the matrix and
particle phases.

The microstructure of NicromalSoft alloy contains
equiaxial grains with interdendritics particles. The VeraSoft
alloy has a complex two-phase structure.

3.2. Electrochemical Measurements

When an alloy is placed in the oral environment, an
electrochemical interaction (corrosion) between alloy and
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Fig. (1). Optical microscopy images of specimens: (A) Heraenium alloy, (B) Wirolloy alloy, (C) NicromalSoft alloy and (D) VeraSoft alloy.

environment takes place. The effect of this interaction may
be manifested as: (1) release of soluble metallic ions into the
oral environment; (2) formation of corrosion products on the
alloy surface; or (3) a combination of both. These effects,
depending on the altered alloy surface and/or the nature of
released metallic ions, may trigger adverse biological
reactions such as allergy [27].

For a specific environment, corrosion depends on the
structure and composition of the alloy. The alloys of the
present study have different compositions and
microstructure.

The intra-orally temperature widely fluctuates because of
ingestion of hot or cold food and beverage. Furthermore,
different areas of oral cavity exhibited different temperature.
Nevertheless, it can be reasonably approximated in
experimental settings between 35 °C and 37 °C if we
considered the environmental temperature as 25 °C [28].

3.2.1. Open Circuit Potential, Eoc

The metals immersed in an electrolytic environment
generate an electric potential which stabilises to a stationary
value after a period of immersion.

Fig. (2) shows the curves of the open circuite potentials
versus time for the four alloys in test solution.

After 1 hour of immersion Eqc displacement towards
positive potentials was noticed in Fig. (2). This increase
seems to be related to the thickening of the oxide film
improving its corrosion protection ability.
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Fig. (2). Open Circuit Potential (Egc) vs time for NiCr-based alloys.
Testing medium was 0.1M NaCl solutions and temperature was
25°C.
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Specimens: Heraenium, Wirolloy and NicromalSoft of
solution treated did not exhibit potential drops associated
with surface activation during 24 hours exposure test
solution. This kind of behavior suggests that the air-formed
native oxide is thermodynamically resistant at chemical
dissolution in 0.1M NaCl solutions.

The disruptions noted for the curve of VeraSoft alloy are
difficult to interpret, but they probably came from surface
phenomenon such as depassivation-passivation in the
system. The open circuit potential of all the alloys is
summarized in Table 2.

The highest Eqc was found for Heraenium alloy followed
by Wirolloy alloy and NicromalSoft alloy.

Table2. The Open Circuit Potential Values: Initial and After
24 Hours from Alloys Samples Immersion in 0.1M
NaCl Solution
Open Circuit Potential, Eoc (mV)
Alloy
Initial After 1 Hour After 24 Hours
Heraenium -241+15 -166 +8 -69+4
Wirolloy =318 £25 -235+£10 -102+5
NicromalSoft -283+20 -258+12 -215+10
VeraSoft -250+18 =228 +12 -239+12

3.2.2. Potentiodynamic Polarization

Plots in a semi-logarithmic version between -600 mV and
+1200 mV SCE of the four NiCr-based alloys after 24 hours
in 0.1M NaCl solutions are displayed in Fig. (3). Standard
techniques were used to extract zero current potential (ZCP)
and corrosion current (ico;) Values from the potentiodynamic
polarization plots. The average values b,, b.,, ZCP and icor
from polarization curves determined by the PowerCorr
program (PAR, USA) are presented in Table 3.

An alloy that prone to passivity will have the value of b,
greater than b, while an alloy that corrodes will have b, less
than b, [29]. Values of b, amount to 120 + 10 mV/div (Tafel-
like behaviour). The high value of b, in comparison with the
values of b, for all the four alloys indicates an anodic control
in the corrosion process. The control implies the existence of
a passive layer on the material’s surface. The two Tafel
slopes intercept at the point of the coordinates (ZCP, i.y). In
all cases the values determined for the ZCP, are smaller than
those corresponding to Eoc (Table 2). The variation is
probably due to depassivation phenomena on the surface
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during cathodic scanning. The corrosion currents for all the
alloys were of the same order of magnitude (nA/cm?).

0.01 <

- .
] 0.001 =
£ 3
g _
< 0.0001 =
& 1E-005
.; E
S 1E006 -
= 3
- —
g 1E-007 =
1= =
= .
o 1E-008 —

1E-009 | T | T | T | T
-0.4 0 0.4 0.8 1.2
Potential, E (V vs SCE)
/ S Heraenium alloy
= Wirolloy alloy
iz NicromalSoft alloy
= 5 VeraSoft alloy

Fig. (3). Potentiodynamic polarisation curves of NiCr-based alloy
tested after 24 hours maintained in 0.1M NaCl solutions, on semi-
logarithmic axes.

According to Fig. (3), the polarisation curves can be
placed into two groups. The first group with Heraenium and
Wirolloy alloys shows the best behaviour. In the anodic area
(from 300 to 600 mV) there are anodic currents of pA order.
The second group with VeraSoft and NicromalSoft alloys
shows the worst behaviour with anodic currents of mA order
in the anodic area from 300 to 600 mV.

All materials translated directly into a stable passive
behaviour from the “Tafel region” without exhibiting a
traditional active-passive transition. It has been reported that
Cr containing Ni-based alloys in acid solutions become
passive by anodic polarization [30].

Fig. (4) shows in linear representation the part of the
polarisation curve for all the four alloys after 24 hours in test
solution, in the scale of anodic currents comprising between
0 and 500 pA/cm’. This help to visualise the breakdown
potential Epg, another electrochemical parameter, which

Table3. The Main Parameters of the Corrosion Process Measured and Calculated for the Various NiCr-Based Alloys Maintained
24 Hours in 0.1M NaCl Solution (25 °C)
Alloy ZCP (mV) b, (mV/div) b. (mV/div) fcorr (NA/cm?) ipass (MA/cm?) Epa (mV) PRE
Heraenium -300+ 15 155+£10 125+5 129 +7 32+0.2 800 £ 10 57
Wirolloy 290+ 15 17510 125+5 1157 1.1+0.1 650+ 10 329
NicromalSoft -240+ 10 155+£10 1305 158 +£5 2.8+0.2 280+5 14.5
VeraSoft -340 £20 140+ 10 125+5 177+5 3.1+0.2 190+ 5 17.8
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characterises the corrosion behaviour of the alloys. The
potential range situated between the ZCP and E,, represents
the passivity zone in which corrosion is weak or even
insignificant. Table 3 presents the values of the breakdown
potential.
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Fig. (4). Potentiodynamic polarisation curves presented on linear
axes in order to reveal the breakdown potential for NiCr-based
alloy after 24 hours in 0.1M NacCl solution.

According to the values of E,q4, quite different corrosion
behaviour can be attributed to various NiCr-based alloys. Epq
of VeraSoft alloy is around 200 mV. The passive zone is
around 500 mV (Epq — ZCP), implying the corrosion start
from 200 mV. The NicromalSoft presents a similar
behaviour, with Eypq smaller, around 300 mV and the passive
zone around 500 mV. The passive zone of the Wirolloy alloy
extends up to 900 mV. Epq of Heraenium alloy is around 800
mYV and the passive zone is very large, around 1100 mV.

A low Cr and Mo content in the NiCr-based alloys are
associated with a high corrosion rate and susceptibility to
accelerated corrosion processes [30]. In this study, the
presence of larger passive range for the Heraenium and
Wirolloy specimens with respect to the other two NiCr-based
alloys was ascribed mainly to a higher amount of Cr and Mo
in the chemical composition of specimens.

In this table: ZCP — zero current potential, b, and b, —
Tafel slopes, icr — corrosion current density, Eyq —
breakdown potential, iy, - passive current density.

Passive current density (i) wWas also determined from
the potentiodynamic anodic diagram of each specimen in test
solution.

Passive current density (ip.ss) is obtained around the
middle of the passive range as listed in Table 3. The passive
current densities of the samples investigated were of the
same order of magnitude (about 1-3 pA/cm?).
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Fig. (5) shows the surface micrographs of alloys after the
electrochemical measurements. The microscopic analysis
indicated the behavior of Heraenium alloy to be different
from the three other alloys which exhibited pitting corrosion.

The analysis of Fig. (5) indicates the appearance of
corrosion points at the surface of Wirolloy, VeraSoft and
NicromalSoft alloys and the development of a uniform
corrosion process in case of Heraenium alloy.

It has been reported that the content of Cr and Mo plays
an important role in the corrosion resistance of Ni-based
dental alloy [6-8, 31-33]. Also, Matkovic ef al. indicates that
only CoCrMo alloys with dentritic solidification
microstructure have good corrosion characteristics in
artificial saliva [34]. The presence of higher Cr (24%) and
Mo (10%) contents in the Heraenium alloys promoted
immunity to pitting corrosion. The specimens without Mo
contents are susceptible to pitting corrosion. On the other
hand, the Wirolloy alloy with 3% Mo content still was
susceptible to pitting corrosion even through a high Cr
content was 23%. For Fe-Ni-Cr-Mo stainless steel, the
relative effectiveness of Cr and Mo content on pitting or
crevice corrosion usually can be assessed qualitatively by
pitting resistance equivalent (PRE), which is represented by
the empirical equation [35]:

PRE =% Cr + 3.3% Mo

A PRE above 38 is supposed to provide good resistance
to pitting corrosion in a Cl ion containing environment. The
Ni-Cr-Mo casting alloy is pitting resistant in acidic artificial
saliva when the PRE value increases up to around 49 [35]. In
this study, according to the PRE equation mentioned above,
the PRE values for the pitting-resistant Heraenium alloy
were 57. The other three NiCr-based alloys, which were
susceptible to pitting corrosion, had PRE values between
14.5 and 32.9.

3.2.3. Electrochemical Impedance Spectroscopy

In a complementary study, electrochemical impedance
spectroscopy (EIS) was used to investigate the corrosion
resistance of NiCr-based alloys.

The experimental impedance data obtained, at Eqc, with
the alloys immersed for different periods of time are
presented as Bode plots in Figs. (6-9).

From the Bode spectra it is possible to indicate the
presence of a compact passive film if: (a) the phase angle is
close to 90° over a wide frequency range and (b) if the
spectrum shows linear portions at intermediate frequency.

The impedance (Z) of all alloys increases with the time
of electrode immersion. All the spectra show that in a higher
frequency region, lg Zmod tends to become constant. This is
a typical response for the resistive behaviour and
corresponds to the solution resistance, Ry,. In the medium
frequency range, a linear relationship between Ig Zmod and
lg frequency is observed for all the samples, but with
different slopes (always less than -1) and phase angle maxim
(Iess than -90°), indicating that the passive films were not
fully capacitive.

Fig. (6) shows Bode plots for Heraenium alloy in 0.1M
NaCl solutions. At intermediate frequency the phase angles
shifted to -70° for the alloy maintained 1 minute in test
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Fig. (5). Surface attack morphology: (A)-Heraenium alloy, (B)-Wirolloy alloy, (C)-NicromalSoft alloy, (D)-VeraSoft alloy.

solution and increases in time up to -80° for alloy maintained
24 hours in test solution and remain constant over a wide
frequency range, indicating a capacitive response of this
alloy.
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Fig. (6). Impedance spectra of Heraenium alloy maintained
different time periods in test solution measured at Eqc.
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Fig. (7). Bode plots of the Wirolloy alloy for various exposure
times to the test solution measured at Eqc.

Impedance spectra for Wirolloy alloy in 0.1M NaCl
solutions, represented as Bode plots are shown in Fig. (7).
The impedance spectra found for the Wirolloy alloy
exhibited a capacitive response illustrated by a phase angle
close to -80° in medium frequency range.



Corrosion Resistance of NiCr Dental Casting Alloys

1000000

100000

10000

Z mod (ohm cmz)
-Phase angle (degree)

100

10

001 01 1 10 100 1000 10000100000
Frequency (Hz)

4 o}

1 minute (experimental)

g 1 hour (experimental)
A 1 day (experimental)
= Simulation

Fig. (8). Impedance spectra of NicromalSoft alloy maintained
different time periods in test solution measured at Egc.

1000000 80
100000 _
N,; — 60 §
o0
o 7]
g 10000 =
I =
fe, 40 5
= 1000 =
(=) W
E 172!
N —20 =
A
100 ;

0

10

100 1000 10000100000

001 01 1 10
Frequency (Hz)

[ 0 1 minute (Experimeutﬂm
a 1 hour (experimental)
A 1 day (experimental)
N Simulation Y,

Fig. (9). Impedance spectra of VeraSoft alloy maintained different
time periods in 0.1M NaCl solutions measured at Eqc.

The Bode plots for the NicromalSoft alloy in 0.1M NaCl
solutions are shown in Fig. (8). A capacitive behaviour,
typical for the passive materials is indicated by medium to
low frequency by phase angle approaching -80°, suggesting
that a stable film is formed on the tested alloy in the
electrolyte used.

The impedance spectra found for the VeraSoft alloy (Fig.
9) exhibited a near capacitive response illustrated by a phase
angle close to -70° in medium frequency range.

For the interpretation of the electrochemical behaviour of
a system from EIS spectra, it is necessary an appropriate
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physical model of the electrochemical reactions occurred on
the electrodes. Because the electrochemical cell presents
impedance at a small sinusoidal excitation it can be
represented by an equivalent circuit (EC). The EC consists of
various arrangements of resistances, capacitors and other
circuit elements, and provides the most relevant corrosion
parameters applicable to the substrate/electrolyte system.
The usual guidelines for the selection of the best-fit EC were
followed:

- a minimum number of circuit elements are employed,

- the y° error was suitably low (x> < 10™), and the error
associated with each element was up to 5%.

The EC that satisfied the above criteria and presented in Fig.
(10) was used to fit the experimental data and the resultant
parameters are given in Table 4. Instead of pure capacitors,
constant phase elements (CPE) were introduced in the fitting
procedure to obtain good agreement between the simulated
and experimental data. The impedance of CPE is defined as

Zcpe 2% where Q is the combination of properties
0(jo)
related to both the surfaces and electro active species
independent of frequency; o is the angular frequency and j is
imaginary number ( j*> =—1), n is related to a slope of the Ig
Z vs g frequency Bode—plots and usually is in the range 0.5
and 1. When the value of n is equal to 1, the CPE describes
an ideal capacitor with Q equal to the capacitance (C). For
0.5<n<1 the CPE describes a distribution of dielectric
relaxation times in frequency space, and when n is equal to

0.5 the CPE represents a Warburg impedance with
diffusional character.
CPE,
— Ry A—
= CPE,
R,

Fig. (10). Equivalent circuit (EC) used in the generation of
simulated data.

In the Figs. (6-9), the experimental data are shown as
individual points, while the theoretical spectra resulted from
the fits with a relevant EC model are shown as lines.

The physical meaning given to the circuit is the
association of the film/electrolyte interface (R;CPE;) with
the passive film itself (R,CPE,). The time constant at high
frequencies is originated from the R;CPE; combination
while the one at low frequencies initiated from the R,CPE,
combination. R; representing the charge transfer resistance
and CPE, the double layer capacitance are shown by the high
value of the n; exponent. The double layer capacitances for
all the samples are typical for the C4 of the passive oxide
layers [36-39]. The same value for cell resistance, Rgq,
equals 35 + 5Q, was observed for all of the specimens
indifferent the time of immersion and it wasn’t inserted in
Table 4.
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Table4. Impedance Parameters of NiCr-Based Alloys in 0.1M NaCl Solutions at Eqc
Alloy R; (KQ cm?) 10° CPE; (S cm™s") n R; (KQ cm?) 10° CPE, (S cm™s") n, icorr (NA/ cm’)
The Alloys Maintained for 1 Minute in Test Solution
Heraenium 7+1 28+0.1 0.86 120+5 1.3+0.1 0.58 -
Wirolloy 15+£2 1.9+0.1 0.8 150+5 2.7+0.1 0.55 -
NicromalSoft 4+1 6.5+0.2 0.83 95+4 51+0.2 0.58 -
VeraSoft 4+1 6.5+0.2 0.83 80+4 6.2+0.2 0.57 -
The Alloys Maintained for 1 Hour in Test Solution
Heraenium 16+2 2.1+0.1 0.87 1915 1+0.1 0.71 -
Wirolloy 37+2 1.3+0.1 0.87 284+7 2.6+0.1 0.65 -
NicromalSoft 15+2 22+0.1 0.87 140+ 4 27+0.1 0.75 -
VeraSoft 12+1 27+0.1 0.84 105+4 1.9+0.1 0.62 -
The Alloys Maintained for 24 Hours in Test Solution
Heraenium 18+2 1.9+0.1 0.87 3105 0.7+0.1 0.81 91+£5
Wirolloy 32+3 1.1+0.1 0.87 320+6 1.2+0.1 0.8 90 +4
NicromalSoft 25+2 1.5 £0.1 0.89 305+6 22+0.1 0.81 93+5
VeraSoft 11+£2 2.1+0.1 0.87 165+4 1.8+0.1 0.78 1617

Although the actual value of the dielectric constant within
the passive film is difficult to estimate, a change of CPE, can be
used as indicator for the changes in the passive film thickness.
Assuming the dielectric constant does not change with the
different parameters under investigation; the reciprocal
capacitance of the passive film, 1/CPE,, is directly proportional
to the thickness of the passive film. The resistance, R,, and the
thickness, 1/CPE,, of the passive film increase with the
immersion time indicating a continuous growth of the passive
film in time until a steady state is attained.

The polarization resistance (R;) of the NiCr-based alloys
equals the sum of the R; (R) and the passive film resistance,
R,. R, allows a quantitative analysis based on the specific
magnitudes of the corrosion rate. It is therefore representative of
the degree of protection of the passive layer at the alloy surface.
The more the value of polarization resistance increases, the
more the alloy will resist corrosion.

From the Stern-Geary equation [39]:

. b.b B

lmrr = P Y = (1)
2.3R,(b,+b,) R,

where: b, and b, are the Tafel slopes for the partial anodic and

cathodic processes, respectively and B is a constant:
S @
2.3(b,+b, )

The polarisation resistance (R;) of the alloys are largest, of
the same order of magnitude and increase with the immersion
time. For highly corrosion resistance materials the R, may even
reach 1 MQ cm?® [26]. For surgical implants with very low
corrosion rates, the R, may reach 1 MQ cm’ [40]. In 0.9% NaCl
solution, the R;, of commercially pure (CP) titanium and CoCr
alloy is around 0.7 and 0.003 MQ cm?, respectively [41]. Pan et
al. [42] found that the R, of titanium in phosphate-buffered

saline (PBS) solution is around 1 MQ cm’. Huang [43] also
claimed that the R, of CP titanium in acidic artificial saliva
(pH 5) is close to 1 MQ cm’. Therefore, the passive films
formed on various NiCr-based alloys used in this study all
exhibited an acceptable corrosion resistance in the 0.1M NaCl
solutions referring to the above-mentioned literature.

The corrosion currents obtained from the Stern-Geary
equation for the NiCr-based alloys maintained for 24 hours in
0.1M NacCl solutions are in agreement with the polarization
data.

For all the alloys maintained 1 minute in 0.1M NaCl
solutions the values of n, are small, in the range 0.55-0.6
indicating the presence of a diffusion process within the
interfacial layer of the solution. Such a diffusion process is
indicating a reversible dissolution process that is the passive
film formation under open circuit condition proceeds through a
dissolution-precipitation mechanism [44]. The values of n,
increase with the immersion time supposing that the roughness
of the passive layer is decreasing [45].

4. CONCLUSIONS

In the present study, the electrochemical behavior of four
NiCr-based alloys was evaluated using electrochemical
techniques.

Very low corrosion current densities, typical of passive
materials, were obtained for all the samples tested in 0.1M NaCl
solutions.

For VeraSoft and NicromalSoft alloys low and dangerous
breakdown potential values may be recorded. Over the surface
of the Heraenium alloy a uniform corrosion appears, while in
case of the Wirolloy, VeraSoft and NicromalSoft alloys surface
a pitting corrosion is developed. The Cr and Mo contents play a
significant role in corrosion resistance: Heraenium alloy with
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high Cr and Mo content exhibit a much wider passivation range
and a better resistance to pitting corrosion.

The EIS results show that NiCr-based alloys exhibit

passivity at open circuit potential. For all the samples the
polarization resistance are increasing with the immersion time
because of the surface passivation. The Heraenium and
Wirolloy alloys with dendrites microstructure show the best
electrochemical behaviour in 0.1M NaCl solutions.
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