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The aim of this work is the assessment of the corrosion resistance of NiCr-based casting alloys in oral
environments. The variables considered were the chemical composition of the source (raw) material, the
casting process used and the characteristics of the environment. The following materials were tested: NiCry
(Niz77, Crii14y Moz s Wt.%), NiCrw (Nisgs, Crzg, Moy g) and NiCrTi (Nigo-7sy Cri2.21, M04 14, Tigg).
Corrosion resistance was investigated by using electrochemical methods, and the corrosion morphology was
determined by surface analysis techniques (SEM and optical stereoscopy). Results showed that the chemical
composition of the source material was the determining factor for corrosion resistance, while the casting
route and environment modification with fluoride addition did not affect the corrosion behavior of NiCr
alloys. The corrosion morphology was localized exhibiting a peculiar dissolution pattern as observed in
scanning droplet cell microscopy analysis. Furthermore, it was concluded that titanium segregation in the
alloy after casting process was responsible for the lower localized corrosion resistance observed.

Keywords artificial  saliva,  biomaterials, casting and
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1. Introduction

Nickel chromium (NiCr) alloys are commonly used in
dentistry for manufacturing of prosthetic components, such as
abutments and total crowns. The combination of adequate
mechanical properties, including high strength and high
modulus of elasticity, with biocompatibility, good adhesion of
ceramics and reduced cost make them attractive as alloy
replacement for more noble metal alloys, such as gold-based
and palladium-based alloys (Ref 1-3).

Metals and metals alloys used as prosthetic components
must have an adequate corrosion resistance in oral environ-
ments. Degradation of a metal or its alloys in the body due to
corrosion has two major disadvantages: could result in integrity
loss of the dental device and interfere in the material
biocompatibility due to release of toxic and allergic ions into
the body. The high nickel content of the alloy is a primary
concern, since nickel allergy is the most prevalent metal allergy
for patients (Ref 3, 4).

The formation of a Cr-rich oxide layer on NiCr alloys
protects the metal from corrosion attack (Ref 5, 6). Although
high corrosion resistance of NiCr in body fluid environments is
expected (Ref 6, 7), many variables might interfere in such
corrosion resistance. The oral cavity is a complex and dynamic
environment representing a potential corrosive medium for
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metallic dental components, due to its high CI~ ion concen-
tration. The oral environment can easily change, hence
affecting its corrosiveness. Inflammation of the oral mucosa
might result in decrease in saliva pH and oxygen content. A
decrease in pH in simulated body fluids solutions has shown to
alter the thickness of the passive film formed on the NiCr-based
alloys (Ref 8) and increase the amount of Ni ion release (Ref 9).
Additionally, the widespread use of fluoride in different forms,
varying from mouthwashes to professional gel and varnish
application also affects the oral medium properties.

Besides the environmental conditions, other factors may
affect the corrosion resistance of a metal alloy, such as the
composition of the source material, and the casting route
adopted which can lead to different chemical compositions and
microstructures. Casting process may also result in alteration of
other properties, such as porosity and surface roughness (Ref
10). Moreover, the casting process by oxygen-gas flame may
promote oxidation reactions in a non-controlled atmosphere
that can influence the quality of the restoration compared to
metal casted in an argon atmosphere (Ref 3). However, casting
is an important processing method for the manufacturing of
prosthetic components.

The aim of this work is to assess how the corrosion
resistance of NiCr alloy is affected by chemical composition,
casting route used and the characteristics of the simulated oral
environment. The influence of three main variables was
explored: (1) the presence of fluoride in the medium (artificial
saliva), thus, modifying the environmental conditions; (2)
alloying titanium (Ti) to the NiCr alloy, investigating the effect
of chemical composition on the corrosion behavior in artificial
saliva; and (3) the influence of the casting route used to shape
the metal piece, namely electromagnetic induction and oxygen-
gas direct flame. Electrochemical tests were carried out to
quantify the in vitro corrosion resistance, using artificial saliva
as electrolyte, as well as modified artificial saliva with different
fluoride concentrations. It is important to point out that the
comparison was made among different NiCr specimens
obtained using different routes commonly used to produce
prosthetic components. Surface analysis after corrosion tests
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were conducted using distinct techniques to determine the
corrosion morphology.

2. Materials and Methods

Two commercial NiCr alloys VeraBond II (Aalbadent) and
Wironia (Bego) and a NiCr with addition of titanium, NiCrTi
(Tilite, Talladium) were used in this work. The NiCr alloys
VeraBond 1T and Wironia will be referred in the text as NiCry
and NiCry, respectively. The chemical compositions of the
source materials are given in Table 1. These commercially
available alloys were selected because they are widely used
with the same function as dental casting alloys for prosthetic
components.

Two different casting methods were used to produce the
specimens: electromagnetic induction and direct oxygen-gas
flame. Electromagnetic induction was done by heating the alloy
in an argon atmosphere and injecting of the liquid metal into the
mold by vacuum-pressure. In the case of direct flame, the alloy
was melted with oxygen/gas and an automatic centrifugal
machine was used to inject the alloy into the mold. The test
specimens were casted with 5 mm diameter and 10 mm height,
resulting in an electrode surface exposed area of 0.196 ¢cm?. For
the investigation of the influence of the casting route, NiCry
alloy was selected for the corrosion tests. Thus, both casting
methods were applied. On the other hand, NiCry was
exclusively casted by direct flame.

Before each corrosion experiment, the electrodes surfaces
were mechanically ground gradually with SiC emery paper up
to grit 600, washed with distilled water, cleaned ultrasonically
in ethyl alcohol and air-dried. Using this procedure, the surface
roughness of the specimens was equalized. For microstructure
characterization, the specimens were chemically etched with
Kroll’s reagent (100 mL H,O + 4 mL HNO; + 22 mL HF).

2.1 Electrochemical Tests

Fusayama modified by Meyer artificial saliva maintained at
37°C was used as test solution. The saliva detailed composition
consisted of NaCl (0.4 g/L), KC1 (0.4 g/L), CaCl,-H,O (0.6 g/
L), NaH,PO4H,0 (0.58 g/L) and urea (1 g/L). For assessment
of influence of fluoride on the corrosion behavior of NiCr
alloys, sodium fluoride was added to the electrolyte in the
following concentrations: 0, 227, 454 and 12,300 ppm.

The electrochemical experiments were carried out in a three-
electrode cell. Saturated calomel electrode (sce) and platinum
were used as reference and counter electrode, respectively.
Before potentiodynamic and potentiostatic polarizations the
specimens were immersed for potential stabilization until they
reached a steady-state value. Potentiostatic polarizations were
performed using an Omnimetra potentiostat (model PG-/05).

The potential amplitude was from the open circuit potential
(OCP) up to + 800 mV above OCP, and the steady-state current
density was recorded at each potential. Potentiodynamic
polarizations were carried out using a PGA 302N MAC
90015 multipotentiostat (Metrohm Autolab). The potential scan
rate was 1 mV/s, from the open circuit potential (OCP) to
+ 800 mV above OCP. Using these same parameters, localized
anodic polarization of NiCry alloy was performed with
scanning droplet cell microscope (SDCM) technique. The
droplet cell was a three-electrode cell containing a reference
and a counter electrode on the tip electrode, being the working
electrode, the wetted area delimited by the droplet electrolyte
filled in contact with the tip. The analyzed contact surface was
approximately 1 mm diameter. The electrolyte was renewed
during SDCM measurements with a constant flow rate.

Current density with time curves was ascertained by
potentiostatic polarization using a constant potential of
+ 200 mV (sce) above corrosion potential (E.,,) for a total
time of 1440 min. All electrochemical experiments were
performed in triplicate.

2.2 Surface Analysis

The metallic surfaces were analyzed using scanning electron
microscope (SEM), JEOL JXA 840. The microscope is
equipped with an energy-dispersive x-ray (EDX) unit. Surfaces
analyses after corrosion tests using SDCM technique were done
with an optical stereoscopy Stemi 508 Zeiss.

3. Results

SEM surface analyses before corrosion tests are shown in
Fig. 1. The photomicrographs of NiCry (Fig. 1a) and NiCrw
(Fig. 1b) reveal a dendritic two-phase microstructure, consist-
ing of gamma () and gamma-prime (y") phases, characteristic
of NiCr alloys metallography (Ref 11). The y is the primary
phase (matrix) and )’ is the second phase. For the NiCrTi alloy,
micrographs also evidence the existence of precipitates, which
are more frequently observed within the dendritic cores. The
corresponding EDX analyses of SEM photomicrographs are
shown in Fig. 2. The NiCry and NiCry EDX spectra reveal
predominant peaks of Ni and Cr. Similar Ni and Cr peaks were
observed for NiCrTi, with only a discrete Ti peak in its
spectrum.

Initially, the influence of casting route on the corrosion
resistance of NiCry was investigated in two mediums: artificial
saliva with and without addition of 454 ppm of fluoride.
Anodic polarization was carried out for NiCr casted by oxygen-
gas direct flame (DF) and electromagnetic induction (/)
(Fig. 3). As expected for biomaterials, all specimens presented
a passive range, with low current densities, attributed to the

Table 1 Chemical composition (wt.%) of the tested raw material

Alloy Ni Cr Mo Ti Other elements (Al, Mo, Si)
NiCry 70-77 11-14 3.5-8 . Balance
NiCry 59.6 24 9.8 . Balance
NiCrTi 60-76 12-21 4-14 4-6 Balance
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Fig. 1 SEM micrographs of (a) NiCry, (b) NiCry and (c) NiCrTi before corrosion tests. The arrows indicate the presence of precipitates in the

NiCrTi microstructure
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Fig. 2 EDX spectra of (a) NiCry, (b) NiCry and (c) NiCrTi
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Fig. 3 Anodic polarization curves from NiCry casted by oxygen-
gas direct flame (DF), electromagnetic induction (I) in artificial
saliva with and without fluoride addition

formation of a passive film on the surface. Passive film
formation occurred regardless of the casting process and
fluoride addition protecting the NiCr alloy of rapid deterioration
in an aggressive environment.

However, with the increasing of potential during polariza-
tion, there is a breakdown of the passive film and an abrupt
increase in the current density is observed, characterizing a
localized corrosion process. The potential in which breakdown
of the oxide layer occurs is the pitting potential (E,;). The
collected data from the curves (Table 2) show no significant
variation in the passive range of NiCr alloys casted by distinct
routes, both in saliva and saliva with fluoride medium. The
average passive range, i.e., AE (AE = Ej — Ecqy) varied from
759 to 796 mV, indicating that the casting route does not affect
the corrosion resistance of NiCr alloy.

Since no influence of the casting route on the corrosion
resistance of NiCr alloys was observed, the subsequent tests
were done only with NiCr alloys casted by gas-oxygen direct
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Table 2 Average Eo» Epie and AE for NiCry casted by
oxygen-gas direct flame (DF) and electromagnetic
induction (/) obtained from the polarization -curves
carried out in artificial saliva with and without fluoride
addition

Electrolyte Eo mV  Ey, mV  AE, mV
NiCr (DF) Sali — 152 607 759
NiCr (I) atva —132 662 794
NiCr (DF) , , — 111 685 796
NiCr (I) Saliva + fluoride 133 672 766

flame. The influence of chemical composition of NiCr alloys
was investigated.

Electrochemical tests were conducted in NiCry and NiCry
alloys, and in NiCrTi alloy in artificial saliva. Polarization is
shown in Fig. 4, and respective obtained parameters in Table 3.
The lowest average corrosion potential (E...;) was obtained for
NiCrTi alloy, with an average value of — 220 mV. Usually,
lower E,, indicates that the metal or metal alloy has more
tendency to oxidize. Polarization curves show the presence of a
protective passive film formed on both NiCry and NiCry and
NiCrTi metal alloys surface. The average pitting potential for
NiCry and NiCry alloys were 585 mV and 520 mV, respec-
tively. Thus, for both NiCr alloys, E,; is around 400 mV higher
than the one from NiCrTi alloy, indicating a significant better
corrosion resistance of NiCr alloys in saliva environment. The
average passive range, i.e., AE of NiCr (NiCry and NiCry), is
almost two times higher than the NiCrTi alloy, confirming that
addition of Ti in NiCr alloy results in much lower corrosion
resistance, independent on the NiCr basic compositions (NiCry
and NiCry).
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Fig. 4 Anodic polarization curves from NiCry, NiCry, NiCrTi in
artificial saliva at 37 °C, after 1440 min immersion time

Table 3 Parameters obtained in electrochemical tests

E oy mV Eyi, mV AE, mV
NiCry — 80 585 665
NiCry — 175 520 695
NiCrTi — 220 150 370

In order to investigate the response of the passive film
formed on NiCry and NiCrTi, current vs time values were
recorded under anodic potentiostatic polarization, by applying a
constant potential of + 200 mV above E_ ., 1.€., approximately
+25 mV for the NiCr alloy and — 20 mV for NiCrTi alloy.
This potential corresponds to a potential value within the
passive range of the alloys. The current with time registered is
shown in Fig. 5. For the NiCr alloy, the anodic current values
are very low, near zero, and remain stable during the 24 h test
period. This indicates the formation of a stable passive film,
which maintains its integrity during the test. A different
behavior is observed for the NiCrTi alloy. From the beginning
of the test, fluctuations of the current densities are detected,
varying from 0.5 to 3.2 pA. A rapid increase in the current
density is observed before reaching 9 h, indicating the break-
down of the passive film due to onset of localized corrosion.
SEM analysis after corrosion tests revealed the presence of pits
near the precipitates of NiCrTi (Fig. 6a). The EDX analysis of
the precipitate showed a high titanium peak (Fig. 6b).

Scanning droplet cell microscope measurements were taken.
For this test, anodic potentiodynamic polarizations were carried
using a microcell containing tip electrodes and a drop of the
artificial saliva solution in contact with the surface of the NiCry,
alloy. The anodic polarization curves obtained exhibited
similarity, regarding Eco, Epie and AE, to the curves obtained
with macroscopic cell experiments, as shown in Fig. 7.
Figure 8a shows the area where the electrochemical tests were
carried out, limited by a drop of the artificial saliva. Degrada-
tion due corrosion follows one peculiar dissolution pattern
(Fig. 8b and c¢).

To assess the influence of different concentrations of
fluoride on the corrosion behavior of NiCr alloys, anodic
polarizations were carried out on the present work. The
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Fig. 5 Potentiostatic anodic current vs time recorded for NiCry and
NiCrTi in artificial saliva by applying 200 mV

following fluoride concentrations were used: 0, 227 and
12,300 ppm.

Data obtained from the polarization curves (Fig. 9) are
shown in Table 4. Although a more negative E,,,, values were
obtained on higher fluoride concentrations, the passive range
(AE) was similar in 0, 227 and 12,300 ppm fluoride concen-
trations. In the environments tested, AE ranged from 830 to
868 mV, suggesting that the localized corrosion resistance was
not affected by the addition of fluoride. The anodic current
densities slightly increased with higher fluoride concentration.
The median current densities of the passive range were 4.5 pHA/
cm (Ref 2) for 0 ppm, 6.5 pA/cm? for 227 ppm and 7.8 pA/
cm? for 12,300 ppm of fluoride. Despite the increase in the
current density, the median current densities remained between
1 and 10 pA/ecm? for all fluoride addition, confirming that the
corrosion resistance was not affected by the presence of
fluoride.

4, Discussion

Corrosion is a complex phenomenon and it is influenced by
several factors, including physical and chemical properties of
the environment and metal alloys. Although a good corrosion
resistance of NiCr alloys in saliva is expected, there are some
variables that affect their corrosion behavior which are not fully
understood.

Casting is one of the most widely used methods for
fabrication of metallic restorations. Influence of casting tech-
nique, i.e., direct flame or electromagnetic induction, on the
corrosion resistance of NiCr alloys was not evidenced in this
work. Other authors (Ref 12) did not find any influence in the
casting route on the biocompatibility of NiCr alloys. Metallic
ion release from NiCr alloys using distinct casting route was
quantified after corrosion tests in artificial saliva. Ni and Cr ions
content in the medium was measured for NiCr alloys casted by
induction and oxygen-gas flame. Regardless of the different
casting methods, the amount of ion release in artificial saliva
was similar. Rather than the casting route, the recasting effect
on the corrosion resistance of dental alloys is important to
highlight. Making use of sprues from the previous casting is a
normal practice in dental prosthetic laboratories. However,
recasting can incorporate defects and result in inferior corrosion
performance of the NiCr dental alloys (Ref 10).
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Fig. 6 (a) Precipitate in the NiCrTi alloy and (b) the corresponding EDX analysis
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Fig. 7 Anodic polarizations tests from NiCry performed in a
conventional three-electrode cell and using SDCM technique

NiCr alloys when in contact with oral environment tend to
form oxide layer on the metal surface, protecting the alloy from
oxidation in the aggressive medium. Chemical composition
might have an influence on the formation and composition of
the oxide layer, also called passive film. Chromium is
responsible for the growth of this oxide layer and the oxide
layer is mainly composed by Cr,O3 (Ref 5, 13). XPS analysis
conducted during potentiostatic passivation in NaCl environ-
ment showed that Ni and Cr-rich films are formed during the
early stages of passivation in chloride (Ref 8). For the passive
film formation, Cr content must be at least 12 wt.% (Ref 6), and
NiCry and NiCry alloys exhibited equivalent performance,
despite the higher Cr content of NiCry alloy. The detrimental
effect of Ti was clearly demonstrated from the experimental
results.

Titanium and titanium-based alloys are widely used in
biomedical applications. One of the main advantages of
titanium-based alloys is an expected higher corrosion resistance
in physiological environments, as has been extensively docu-
mented in the literature (Ref 2, 14, 15). The passive film formed
on titanium alloys surfaces is mainly titanium dioxide TiO,
(Ref 16) and provides protection against aggressive environ-
ments. Despite their potentially higher corrosion resistance, the
results obtained on the present work indicate that alloying
titanium to NiCr does not result in improvement of the
corrosion resistance. On contrary, the NiCrTi alloy is signif-
icantly less corrosion resistant than the NiCr alloy. NiCrTi (4—6
wt.% titanium) has also shown to increase the Ni release in
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artificial saliva when compared to NiCr alloy (Ref 12). The
EDX analysis reveals that the NiCrTi two-phase microstructure
was depleted of Ti (Fig. 2c). Subsequently, EDX was per-
formed in the precipitate region (Fig. 6b), showing a pro-
nounced titanium peak. This suggests a low solubility of Ti in
the NiCr matrix. Hence, titanium does not remain in the solid
solution matrix, but rather segregates forming Ti-based precip-
itates. As a consequence, the composition of NiCrTi does not
significantly differ from the composition of NiCr alloy, except
for the precipitate regions. Those precipitates might belong to
titanium carbides (TiC), as reported in the literature (Ref 17).
Previous researchers (Ref 3) found the presence of titanium
nitride compounds (TiN) in the microstructure of a commer-
cially available NiCrTi alloy. SEM images revealed the
presence of pits near the precipitates, indicating that localized
corrosion has started on the vicinity of a Ti-rich precipitate.
This confirms the effect of chemical composition homogeneity
on the corrosion resistance of NiCr-based alloys, with inferior
corrosion performance observed for NiCrTi alloy.

To achieve a better understanding of the corrosion mor-
phology of NiCr alloys, scanning droplet cell microscope
measurements were taken. The advantages of the SDCM
technique are the possible investigation of small areas with
local resolution, allowing the analysis of welding zones, single
grains and heterogeneous microstructure, abstain the bulk alloy
interference (Ref 18). The most relevant conclusion was
derived from the surface analysis after the local anodic
polarization. The loss of material corresponds to one corrosion
morphology following a particular dissolution pattern. Early
investigations (Ref 9, 19) associated the localized dissolution of
NiCr to the different compositions of the two phases observed
in the microstructure. Preferential dissolution occurred in the
second phase, which is a Ni-rich phase and has lower Cr and
Mo content, when compared to the matrix.

The influence of the oral environment composition was also
investigated. The concentrations of 227 and 12,300 ppm
correspond to the concentration used in daily fluoride mouth
rinses and fluoride gel for dental professional application,
respectively (Ref 20). Fluorides are effective to prevent dental
caries by inhibiting demineralization and promoting dental
remineralization. However, fluoride ions can have a detrimental
effect on the passive film and decrease the corrosion resistance
of some dental alloys, as previously reported for nickel titanium
(NiTi) (Ref 15), titanium alloys (Ref 2) and stainless-steel
alloys (Ref 21). Regarding the effect of fluoride on the
corrosion behavior of NiCr alloys, few researches results have
been reported. Carranzas et al. (Ref 22), mentioned that the
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Fig. 8 Stereoscopy image after the localized polarization of NiCr using the SDCM technique. (a) The working electrode area delimited by the
droplet. (b) The arrows indicate the localized metal’s disintegration and (c) same region with higher magnification
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Fig. 9 Anodic polarization curves from NiCry in artificial saliva
with 0, 227, 12,300 ppm fluoride addition

Table 4 Average E.,., Epi¢ and AE obtained from the
polarization curves of NiCry alloy

F_’ ppm Ecurn mV Epit, mV AE, mV
0 — 118 750 868
227 — 130 720 850
12,300 — 200 630 830

presence of fluoride results in lower crevice corrosion caused
by chlorides and suggested that fluoride could act as a weak
crevice corrosion inhibitor for a NiCrMoW alloy. On the other
hand, other authors reported that the passive film formed on the
NiCr surface is more porous when in the presence of fluoride,
contributing to the breakdown of the passive films (Ref 6).
Considering the anodic current densities values within the
passive potential range (median), the uniform corrosion rates
estimated would be 1.92 - 10~* mm/year for NiCry, 7.84 - 1074
mm/year for NiCry and 0.9 - 10~* mm/year for NiCrTi. These
values are negligible and not detectable by weight loss
measurements, as expected from passive alloys without the
incidence of localized corrosion. This simulation was carried
out assuming that the passive electrochemical process is totally
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faradaic and considering stoichiometric dissolution and the
composition of the alloys.

5. Conclusions

The influence of chemical composition, exposed environ-
ment and casting process on the corrosion resistance of NiCr-
based alloys were investigated. The results showed that the
most relevant parameter affecting the corrosion resistance of
NiCr was the alloy chemical composition homogeneity. The
corrosion behavior of NiCr-based alloys was not significantly
affected by the casting route and addition of fluoride to the
environment. It was concluded that titanium addition to NiCr
alloy has detrimental effect, since NiCrTi alloy presented a
significant reduction of the corrosion resistance in saliva
environment. The narrow passive interval and lower E; values
obtained for NiCrTi are probably due to titanium segregation in
the alloy. Fluoride addition to saliva and the casting method did
not influence the corrosion resistance, since no significant
differences were observed in the passive range. Even the
highest concentration of fluoride used in the dental practice
(12,300 ppm) was not able to alter the susceptibility to
localized corrosion of NiCr alloys. The morphology of
corrosion was localized, and the dissolution follows a particular
pattern defined by the microstructure.
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