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Abstract
Purpose – This paper aims to analyze the corrosion behavior in Ringer solution of six commercially used Ni-based alloys that are present and
commonly used as metallic biomaterials.
Design/methodology/approach – The specimens were received in the form of cylindrical ingots and were cut to get five samples of each brand
with a cylindrical shape of 2mm height to conduct the study. In this scientific research, the following techniques were used: open circuit potential,
potentiodynamic polarization studies, and electrochemical impedance spectroscopy.
Findings – The study findings revealed the passivation tendency of the different specimens. Additionally, when the materials were compared, it was
discovered that the decisive factor for high corrosion resistance was the chromium concentration. However, with similar chromium content, the
stronger concentration in molybdenum increased the resistance. According to the results obtained in this investigation, the biological safety of the
dental materials studied in Ringer solution was considered very high for specimens 1 and 2, and adequate for the other samples.
Originality/value – Metal alloys used as biomaterials in contact with the human body should be deeply investigated to make sure they are
biocompatible and do not cause any harm. The corrosion resistance of an alloy is the most important characteristic for its biological safety, as all
problems arise because of the corrosion process. There is scarce investigation in these Ni-based dental biomaterials, and none found in these
commercially used dental materials in Ringer solution.
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1. Introduction

There are many possible alloys for prosthetic restorations (Lee
et al., 2006;Mareci et al., 2008;Mareci et al., 2010; Souza et al.,
2019), and among them Ni-based alloys are typically used in
porcelain fused to metal (PFM) and casting crowns and
bridges. This is due to the easy manufacturing procedure,
availability, low price and last but certainly not least, corrosion
resistance of these metallic biomaterials. Nickel-based alloys
containing chromium develop a thin protective oxide layer on
their surfaces, although they show unstable galvanic corrosion
(Gushcha et al., 2019; Taher and Al Jabab, 2003). Certainly,
the body environment is complex and presents difficult
challenges regarding corrosion control that may be experienced
by metallic biomaterials (Eliaz, 2019). The resistance to
corrosion of an alloy is the most important characteristic for its
biological safety, as all problems (local toxicity, allergies, etc.)
arise from the elements released into the mouth because of the
corrosion process (Rupp et al., 2018). Electrochemical studies

for a limited number of Ni-Cr dentalmaterials in artificial saliva
medium were conducted by our group (Mareci et al., 2007;
Mareci et al., 2008; Mareci et al., 2010), and we are now
investigating in simulated body fluid (Ringer solution). We
have recently presented the study of Co-Cr dental materials in
Ringer solution (Garcia-Falcon et al., 2021).
Nickel was found to be highly toxic with epithelial cells and

fibroblasts (Hornez et al., 2002). However, contradictory
results were reported (Alp et al., 2018; Craig and Hanks, 1988;
Craig and Hanks, 1990; McGinley et al., 2013; L�opez-Alías
et al., 2006). Additionally, to improve clinical characteristics,
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manufacturers produced by casting or SLM (Selective Laser
Melting) Ni-Cr alloys with an increased percentage of nickel
(Honga et al., 2019).
Although nickel allergies are common, it is clear that the use

of Ni-Cr alloys in the oral cavity does not always cause an
allergic reaction. Nickel is an essential element, with
approximately 10mg contained in the human body, and adults
consume between 79 and 105 micrograms of nickel per day
from dietary sources and supplements (Insel et al., 2018). The
methods used in measuring and predicting how the body
responds to dental alloys remain to some extent unsuccessful,
as well as confusing and controversial. However, what is clear is
that allergies to alloys cannot occur if there is no corrosion and
the corresponding release ofmetal ions.
Ni-Cr dental alloys are available and commonly used. This

investigation evaluated and compared six commercially used
nickel–chromium dental materials manufactured in
Germany, Romania and the USA. Their corrosion behavior
in Ringer solution was analyzed using various techniques:
open circuit potential (OCP), potentiodynamic polarization
studies and electrochemical impedance spectroscopy (EIS).
In service conditions, these metal alloys are in contact with
the physiological fluids. Corrosion products may cause not
only local reactions but also systemic reactions that could
affect the body’s immune system. For this reason, it is
imperative to know the corrosion behavior of these metal
alloys in Ringer solution.

2. Materials and methods

Six commercial Ni-Cr alloys used in dental medicine were
studied: three manufactured in Germany, two in Romania and
one in the USA. The dental materials will be hereinafter
referred to as specimens 1–6. Their composition can be found
in theTable 1.
The specimens were received in the form of cylindrical

ingots, with a diameter of 11.2mm and a height between 1.2
and 2.5 cm, depending on the brand. Specimens were cut along
a plane at right angles to the axis of the cylinders, to get five
samples of each brand with a cylindrical shape of 2mm height
and were then embedded into epoxy resin disks. Deionized
water was used to ultrasonically clean, after grinding with 320
to 2,500 grit silicon carbide (SiC) abrasive papers and polishing
with 1 mm suspension of alumina for a smooth reflective finish,
techniques used to prepare the test specimens.
The Ringer solution had the following composition: NaCl

(6.8 g/L), KCl (0.4 g/L), CaCl2 (0.2 g/L), NaCO3H (1g/L),
glucose (1 g/L), MgSO4·7H2O (0.2 g/L) and NaH2PO4·H2O
(0.14 g/L).
Using a Pt-grid as auxiliary or counter electrode in a

conventional electrochemical cell of three electrodes,
electrochemical measurements were performed. As reference
electrode, the saturated calomel electrode (SCE) was used.
Connected to a computer with a lock-in amplifier PAR 5210
(Princeton Applied Research, USA), a PAR model 263A
potentiostat was used, using PAR software Electrochemistry
Power Suite. The measurements complied with the test
procedures and methods provided by the ISO standard for
Dentistry, to analyze the corrosion behavior in the oral
environment of metallic materials (ISO 10271:2020, Dentistry–
Corrosion testmethods formetallicmaterials).
OCP measurements during 24h were performed, followed by

linear potentiodynamic polarizationmeasurements, using a 0.5mV/
s scanning rate, stepping the potential from�600mV to11200mV
(SCE).ThePowerCorr softwarewas used to collect andprocess the
experimental data.
Linear potentiodynamic polarization studies were conducted

to identify the Tafel slopes (bA and bC) for the partial anodic

Table 1 Composition of the used nickel-based alloys

SPECIMENS
Composition (Wt%)

Ni Cr Mo Fe Nb Si Cu Mn Al

1 60.1 24.3 10.1 2.1 1 – – 2 –

2 60.8 23.9 8.8 2.4 3.8 – – – –

3 63.4 23.2 3 9 – 1 – – –

4 72.1 20 – 7.5 – – – – –

5 64.9 17.9 – – – 1.8 9.9 3.6 1.5
6 53.4 14.4 – – – 1.5 9.5 19.4 1.6

Figure 1 OCP variation with time
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and cathodic processes, using a 0.25mV/s scanning rate, from
EOCP �150mV to EOCP 1150mV. The passivation process
was evaluated from �600mV to 11200mV (SCE), at a scan
rate of 0.5mV/s. The potentiostat used for the tests was from

Princeton Applied Research, as well as the PowerCorr software
used to process the data. The potentiodynamic polarization
curves and breakdown potential were also obtained from the
experimental information.
The alternating current impedance spectra for the six alloys

were carried out at the OCP in the aerated solution. The
spectra were recorded in the 10�2Hz to 105Hz frequency
range, with an amplitude of 10mV.
The EIS tests were performed after 24h of immersion at the

OCP to examine the corrosion resistance of the alloys studied.
The results were analyzed using ZSimpWin (PAR software),

and the relevant equivalent circuit was obtained, having
the simulated responses and measured data well-fitted.
Impedance data was displayed as Nyquist plot, Bode jZj and
Bode phase diagrams, following each experiment. The tests
were performed three times.

Table 2 OCP measurements: initial, after 1 h and 24 h for Ni-Cr alloys
immersed in ringer solution

Alloys
OCP, mV/ESC

Initial After 1 h After 1 day (24 h)

1 �237 �170 �73
2 �314 �241 �106
3 �322 �311 �288
4 �190 �173 �152
5 �279 �263 �209
6 �247 �232 �244

Figure 2 Polarization curves
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3. Results

The different specimens in this investigation were divided
into two groups according to the greater similarity of the
analyzed properties. This categorization was useful for the
comprehensive interpretation of the graphs and the full
analysis of the results.

3.1 Open circuit potential
Figure 1 shows OCP measurements after one day of
immersion. The curves represent the potentials vs time of the
six specimens.
The OCP values for the different alloys studied are

summarized in Table 2.
After 1-h immersion, all test specimens had approximately

a corrosion potential between �150mV and �350mV.
Therefore, in all the dental materials studied, after 1 h of
immersion, there was no passive layer deterioration.
The corrosion potential for Specimens 1, 2, 4 and 5 steadily

increased over time to �73mV, �106mV, �152mV and
�209mV, respectively. In the case of specimen 3, it was found
that after 4 h of immersion, the corrosion potential began to
decrease. However, this decline was followed by a new growth,
a repassivation, so the passive layer recovered over time, and

after 24h, the corrosion potential stabilized in a fairly negative
value of �288mV. Specimen 6 had continuous patches and
repairs of the passive layer. The variation curve of the corrosion
potential showed two downward slopes followed by increases.
Overall, results showed that after 24-h immersion in Ringer
solution, the corrosion potential of specimen 6 changed within
a fairly narrow range.

3.2 Potentiodynamic polarization results
The curves obtained for the six alloys studied are displayed in
Figure 2.
The values of the electrochemical parameters at different

immersion times in Ringer solution were determined with the
PowerCorr program (see Table 3): Rp (polarization resistance),
bA and bC (Tafel slope for anodic and cathodic process), icorr
(corrosion current density), ipass (passive current density) and
Ebd (breakdown potential).
However, for the purpose of this investigation, the most

important indicators of the corrosion process obtained after one
week of immersion are presented in a separate table (Table 4).
Results in Table 4 showed that specimens 1 and 2 (both with

a high concentration of Mo) exhibited lower values of icorr and
higher Rp and Ebd in comparison to the other test specimens,
with a lowerMo bulk content.

3.3 Electrochemical impedance spectroscopy
Representative EIS data of the six alloys in Ringer solution,
after one day of immersion, are displayed in Figure 3.
Experimental measurements are represented by individual
points and the theoretical spectra obtained from the fits to the
equivalent circuit (EC)model by lines.
In all the specimens studied, the Nyquist diagram showed a

capacitive arc. The Bode jZj spectra obtained indicated that in
the higher frequency region, with increasing frequency, phase
angle values approached 0 degrees and log jZj exhibited a
tendency to be constant. In the examination of the impedance

Table 3 Electrochemical parameters of the dental alloys at different immersion times in ringer solution

Specimens
icorr

lA/cm2
Rp

Xcm2
b A

mV/DIV
b C

mV/DIV
ipass

mA/cm2
Ebd
mV

1 After 1 min 0.23 9.2 104 188 68 4.21 500
After 1 h 0.21 1.1 105 174 72 3.18 500
After 1 day 0.20 1.2 105 157 88 4.14 620

2 After 1 min 0.21 9.2 104 128 66 2.4 720
After 1 h 0.17 1.1 105 116 68 1.3 680
After 1 day 0.13 1.5 105 118 70 3.5 820

3 After 1 min 0.78 2.8 104 140 79 10.23 620
After 1 h 0.66 3.9 104 150 97 12.1 480
After 1 day 0.58 4.2 104 163 85 4.66 680

4 After 1 min 0.65 2.9 104 129 66 5.62 650
After 1 h 0.39 3.9 104 124 131 3.98 410
After 1 day 0.30 8.2 105 136 95 2.58 570

5 After 1 min 0.76 3.3 104 178 85 4.60 160
After 1 h 0.43 7.1 104 175 117 3.48 160
After 1 day 0.25 9.1 104 170 74 4.79 160

6 After 1 min 0.92 1.5 104 174 39 8.3 70
After 1 h 0.90 1.9 104 156 54 8.6 130
After 1 day 0.63 2.5 104 162 47 10.1 40

Table 4 Corrosion indicators. Comparison of Ni-Cr dental materials after
one week of immersion in simulated body fluid (SBF)

Alloys icorr mA/cm2
Rp

X cm2
Ebd
mV

1 0.15 1.8 105 780
2 0.11 1.6 105 820
3 0.22 6.6 104 680
4 0.20 1.3 105 570
5 0.21 1.4 105 180
6 0.31 5.4 104 180
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spectra obtained, and after various models were tested starting
with the simplest one (Turdean et al., 2019; Qian et al., 2016),
it was found that all determinations could be adequately fitted
with the equivalent circuit (EC) given in Figure 4. The
resulting parameters are provided inTable 5.
In the model, the ohmic resistance of the electrolyte was

represented Rsol, the charge transfer resistance (Rct)

was represented as R2, the resistance of the passive film was
designated R1, the passive film capacitance was designated
CPE1 and the double layer capacitance CPE2. The EC model
shows similarity to that proposed by other authors for cobalt–
chromium alloys immersed in simulated physiological solution
(Metikoš-Hukovi�c et al., 2006) and for nickel–chromium–

molybdenum alloys in artificial saliva (Moslehifard et al., 2019).

4. Discussion

All the Ni-Cr dental alloys, after 1-h of immersion, presented
an increase in the corrosion potential because of the formation
of passive layers on the surface. An anodic control of the
process of corrosion, which suggested the existence of a passive
film on the surface of the materials, was indicated by the higher
value of bA vs bC in the six specimens (Table 3).
The comparison of the corrosion data obtained revealed that

the six specimens changed, from the Tafel region, into a passive
stable behavior, not showing an active–passive traditional
transition (Table 4). This was due to the chromium content,
which was reported to be passive at the anode polarization (Qiu
et al., 2011). Additionally, specimens 1, 2 and 3 containing
molybdenum had smaller corrosion current densities that
decreasedwith the increase ofMo content.

Figure 3 Representative Nyquist and Bode spectra after one day of immersion in Ringer solution

Figure 4 EC used in the experimental data fitting
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Based on the chemical composition, the pitting resistance
equivalent number (PREN) index is a measurement that
predicts a material’s resistance to pitting corrosion. This
investigation analyzed the PREN-value and the results
obtained in the investigation to draw conclusions. The greater
PREN value meant the material was more resistant to localized
pitting corrosion (Tian et al., 2019). The index was calculated
with themathematical expression:

PREN index ¼ wt%Cr13:3 wt%Moð Þ (1)

For the dental alloys studied, the PREN values are presented
in Table 6.
A PREN value higher than 38 provides an increased

resistance to pitting corrosion. Therefore, only specimens 1 and
2were pitting corrosion resistant.
According to the polarization curves in the 300 to 600mV

anodic area, specimens 1, 2, 3 and 4 displayed the best behavior
with anodic currents in the order of mA. Specimens 5 and 6
exhibited the worst behavior in thementioned area, with anodic
currents in the order of mA, because of Al content.
From the analysis of the impedance spectra obtained, different

results were found for the two groups of alloys: specimens 1, 2 and
5; specimens 3, 4 and 6. TheBode phase spectra for the first group
exhibited, at low and medium frequencies, phase angles close to
90°, indicating the development of a compact passive layer on their
surface. The second group did not exhibit high phase angles in the
low and medium frequency range, indicating that the passive film
formedon these alloyswas defective in nature.
In Table 5, specimen 1 with an important concentration in Cr

and the highest concentration on Mo showed the best corrosion
behavior. Chromium formed a passive and resistant Cr2O3 pellicle
and molybdenum a (Mo7O24)

6-polymolybdate compound that
had low solubility and slowed down the pitting corrosion. It was
found that the addition of Nb was also beneficial for the corrosion
behavior, because it formed oxides (NbO and Nb2O5) in the
passivefilm.

The sum of R1 and R2 is the polarization resistance (Rp) of the
dental materials in Ringer solution. This value represents the
level of resistance of the passive films formed on their surfaces.
According to ASM International Handbook (Vander, 2004), Rp
can reach values of 1MX·cm2 in those materials with high
resistance to corrosion. For all the determinations, Rp is high
(more than 105 X·cm2), indicating the great stability of the
specimens in Ringer solution. Therefore, findings in this
investigation revealed that the passive films formed on the
surfaces of the sixNi-Cr alloys examined in Ringer solution had
a satisfactory resistance to corrosion.

5. Conclusions

The following items were concluded in this investigation:
� The dental materials examined were under the influence

of an anodic control, due to the formation of protective
layers, most likely of oxide, on their surfaces.

� When the materials were compared, it was discovered that
the decisive factor for high corrosion resistance was the
chromium content. Findings showed that specimens 1
and 2 exhibited a similar behavior at the same
concentration, approximately 24%Cr.

� In terms of predisposition to corrosion, although the chromium
concentration was similar for specimens 2 and 3, specimen 2
presented a higher corrosion resistance attributable to the
stronger concentration in molybdenum, because of the low
solubility of its products in Ringer solution, which inhibited
pitting corrosion.

� Findings in this investigation showed that the alloys
studied had an adequate corrosion resistance in Ringer
solution. However, this study revealed specimens 1 and 2
presented an increased corrosion resistance in Ringer
solution and displayed higher polarization resistance
values (Rp).

� According to the results obtained, the biological safety of
the six Ni-Cr dental materials examined in Ringer solution
was considered very high for specimens 1 and 2 and
adequate for the other samples.
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