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Absrtact
Background. Corrosion resistance and ion release of alloys play a crucial role in biomedical applications.
The present study aimed to investigate an increase in corrosion resistance and reduction in ion release in
a commercial Co-Cr-Mo alloy by the chemical passivation method.
Methods. Based on ADA20 ,97 samples of Flexicast alloy were cast, surface-polished, and electrolytically
passivated at room temperature for 24 h in a sodium sulfate solution. Corrosion and ion release of the
alloys before and after passivation were studied in normal saline solution. Corrosion resistance and
the ion release rates were measured by the weight loss method and atomic absorption spectroscopy,
respectively, before and after passivation after 3 ,2 ,1, and 4 weeks. The surface morphology of the
samples was examined using scanning electron microscopy (SEM). The results were analyzed with
Kruskal-Wallis and Mann-Whitney tests using SPSS 20 at a significance level of <0.05.
Results. The corrosion rate in the passivated samples was significantly lower than the non-passivated
samples at the intervals (3 ,2 ,1, and 4 weeks) (P<0.05). The passivation of the alloy significantly
reduced Co and Cr ion release in the first and fourth weeks, and in the first, second, and fourth weeks,
respectively (P<0.05). SEM images revealed localized pitting associated with the corrosion, which was
less significant in passivated samples.
Conclusion. Chemical passivation of the CR-Co alloy significantly reduced corrosion and ionic release
of Cr and Co over time.

Introduction

A

lloys are affected by humidity, temperature
changes from zero to 70°C, and pH changes
from 2 to 11 during the chewing process in the oral
environment. Different foods have different pH
levels, with most having a pH value of <7, which
can be considered an aggressive environment.1,2 An
alloy with low corrosion resistance releases more
metal elements in the body and increases the risk of
unwanted reactions with tissues.3 This phenomenon
is a progressive process in the oral cavity, resulting
in the release of elements.4 Inadequate quantities
of such elements can cause inflammation in the
periodontal tissues and oral mucosa. Although there
is evidence of changes in immune responses in vitro,
the role of these ions is unknown in inflammatory
diseases including gingivitis and periodontitis.5
One of the essential factors in biological
adaptation is the corrosion property of the alloy.

The number of ions released as a result of corrosion
depends on the alloy chemical composition and
microstructure as well as the casting and polishing
conditions.2 As a general rule, any dental alloy in the
oral environment will be exposed to corrosion due to
oral conditions. Therefore, alloys should possibly be
used with minimal ion release and harmful ions. In
addition to the release of ions, the amount of release
and the duration of tissue contact with such elements
influences the biological response to the alloy. Free
ions can cause problems with the restoration function
and its destruction, such as breakage of the solder
and, from an aesthetic viewpoint, the tarnishing of
metal surfaces will deform the restoration.6 However,
specific conditions of oral environments such as
saliva, dental plaque, bacteria, gastric acid reflux, and
so on will affect the corrosion of alloys.5,7
Co–Cr-Mo alloys exhibit better biocompatibility
and corrosion resistance than Ni–Cr-based alloys
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because Co, Cr, and Mo are considered less toxic than
Ni and are released at much lower concentrations.8
A few reports are available on the cytotoxicity of
Co-Cr-base alloys. In one study, the magnitude of
metallic ions released from Co-Cr-Mo alloys was
higher in the buffered saline solutions than in the
studied salivary samples, though it remained within
the physiological limit of trace elements in the
human body.9 Another study demonstrated that a
Co–Cr alloy induces cytotoxicity and inflammatory
responses in the human body, which can be
prevented via antioxidants. Co-Cr dental alloy
induces cytotoxicity and inflammatory responses in
human gingival fibroblasts and osteoblasts.10
Passivation of metal surfaces in the human
body can improve the corrosion resistance of
alloys. Passivation is a condition accompanied by
the formation of a resistant layer on the surface,
thereby reducing corrosion significantly. This
results from the formation of a protective layer
on the metal surface. Sodium sulfate was used as
the passivation solution in which a passive layer
composed of chromium-rich oxide was grown
on Cr-Co alloys. The oxide film grown on the
alloy and its wide application in the biomedical
industry indicate that Co-Cr alloys are well known
for their biocompatibility. Cr-rich passive oxide
film, which is highly resistant to acid, contributes to
the alloys’ biocompatibility.11 Alloys coated with such
layers will have lower electrochemical potential.12
Passivation can be achieved by chemical reactions.13
Passive layers will have lower ion conduction, lower
solubility, higher abrasion resistance, and higher
adhesion.14 The biocompatibility of Co-Cr alloy is
associated with high corrosion resistance, resulting
from the formation of an internal passive layer on
the alloy surface. The release of this layer or its local
degradation can release ions into the oral cavity.15
Matkovic et al16 reported that the incorporation
of Mo and Cr improved the corrosion resistance
of alloys. Another study found that chromium
depletion by <16% led to increased corrosion.17
Denizoğlu et al18 evaluated the release of ions from
two base metal alloys at different pH levels (4, 5, and
7) and observed the highest and the lowest releases
for Ni and Cr, respectively. They reported that pH
changes significantly affected the overall release of
cobalt metal ions but did not affect that of Ni or Cr.
Also, the type of alloy did not differ in the release
of elements. Rincic et al19 showed that pH values
and immersion time affected the release of Co, Cr,
Fe, Zn, and Ni ions from dental alloys. This theory
has been confirmed that alloy surface composition is
essential in the corrosion behavior and alloy release
for noble metals and base metal. The alloy surface
plays a vital role in low-pH solutions. For example,
lack of surface polishing will increase porosity and
corrosion, as shown by McGinley et al.20
No study has so far been conducted on the
passivation of this alloy. Since this method might
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be effective in alloy corrosion according to similar
previous studies, this study aimed to investigate the
effect of chemical passivation on corrosion behavior
and ion release of Flexicast Co-Cr alloy.
Methods
In this in vitro study, 20 samples of Flexicast alloy
(corrosion and ion release groups [n=10]) were
prepared based on ADA97. Patterns with a diameter
of 8 mm and a thickness of 1 mm were prepared
using a plastic disk. The plastic pattern was sprued,
invested with a phosphate-based investment
(Deguvest L, Degudent GmbH, Rodenbacher,
Germany), and the wax was removed according
to the manufacturer’s instructions. The Flexicast
alloy (American Dent - All, Glendale CA, USA)
(Motorcast, Degussa, Germany) was cast using a
centrifugal device (Motorcast, Degussa, Germany)
with an O2 torch. The alloy consisted of Co (63%),
Cr (29%), Mo (6.1%), Ni (<1%), and Si (<1%).
After casting, the samples were polished to obtain
a mirror plane using sandpapers (320, 400, 600, and
800 grits) (Sand Paper 991 A, Softflex, Wasserfest,
Germany), a polishing wheel, and polishing paste
(Bego, Bremen, Germany). Then, the samples were
cleaned with deionized water for 10 min using an
ultrasonic device (Ultrasonic Processor, Hielscher,
Germany); 70% propanol and hot air (250°C) were
used for final preparation of samples.21
The effect of passivation was investigated by the
preparation of a chemical solution (Na2SO4.10H2O
[pH=7] + graphite) based on the reference.11 The
samples were placed in this solution for passivation
at 20°C for 24 hours. The second series of the
samples were inserted in a normal saline solution.
An electrolyte (100 mL) was used for each corrosion
study. After mounting the electrodes, electrochemical
stability was achieved in 30 minutes. The solution
temperature was maintained at 1.37°C to mimic the
oral environment.22,23
In this method, the corrosion rate was measured
based on the weight loss method by weighing
the samples before and after corrosion. First, the
dimensions of the samples were carefully measured
to determine their surfaces and initial weights.
The passivated group sample was first placed in a
passivation solution (Na2SO4.10H2O [pH=7] +
graphite). Then, all the samples of the two groups
were placed in a normal saline solution (NaCl, 3.5
wt%) at room temperature. The samples were placed
in a special container containing the solutions
in different conditions for 1, 2, 3, and 4 weeks.
Afterward, the samples were washed in an ultrasonic
bath with acetone, ethanol, and isopropanol
solutions, respectively, for 10 min, and then weighed
carefully using an accurate scale (precision: 0.01
mg).
The corrosion rate was calculated based on the
unit of weight/surface/time (mpy = 534 W/D.A.T),
where mpy is mil (one-thousandth of an inch) per
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year, W is weight loss (mg), D is sample density (g/
cm3), A is sample surface in a square inch (in2), and T
is the test time (h).
To measure the release of Cr and Co ions, the
samples were immersed in Na2SO4.10H2O (pH=7)
+ graphite solution for 24 h to passivate, and then
retrieved from the solution and placed in a normal
saline solution. Ion release was examined weekly
for four weeks. To measure the release of Cr and
Co ions, the samples were, prepared, degreased,
and immersed in 20 mL of NaCl solution (3.5
wt%) in closed polyethylene containers at ambient
temperature from one day to four weeks.14 The ions
released in the solution were measured by an atomic
absorption spectroscopy (AAS) device (model Nova
AA400, Analytic Jena, Germany).
Results
A comparison of corrosion in each group revealed
that the corrosion rate was similar in non-passivated
samples at the 4 study intervals (in 4 weeks). Corrosion
rate was significantly different in passivated samples
in 4 weeks (P<0.05). The corrosion rates were similar
and significantly lower in the first and second weeks
than the third and fourth weeks. Table 1 compares
the corrosion rates in the two groups of Cr-Co
samples with and without passive films. The data
showed that the corrosion rate in passivated samples
was significantly lower than the non-routine samples
at each of the study intervals (1, 2, 3, and 4 weeks)
(P<0.05).
Significant differences were observed in Co and
Cr ion release rates between passivated and nonpassivated samples in 4 weeks (P<0.05) (Table 2). Co
ion release rate in passivated samples was similar and
significantly lower in the first and second weeks than
the third and fourth weeks (P<0.05). Cr ion release
rate in passivated samples was significantly lower in
the first week than the other weeks (P<0.05), with a

significantly higher ion release rate in the fourth week
than the other weeks (P<0.05) and similar ion release
rates in the second and third weeks. Cr ion release
rate in non-passivated samples was significantly
lower in the first and second weeks than the third and
fourth weeks (P<0.05). In the first, second, and third
weeks, Cr ion release was similar in non-passivated
samples while it was significantly higher in the fourth
week than the other weeks (Table 2).
The surface morphology of Co-Cr samples showed
that passivated samples had a smoother surface than
non-passivated ones; in other words, there was less
release in passivated samples than non-passivated
ones (Figures 1 and 2).
Discussion
The present study results showed that the corrosion
rate of Flexicast CO-Cr base alloy at all four weeks
(1, 2, 3, and 4 weeks) in the passivated samples was
significantly lower than non-passivated samples;
in other words, passivation reduced corrosion
significantly over time. In non-passivated specimens,
corrosion increased significantly in four weeks.
Rylska et al15 demonstrated that passivation with
Na2SO4 solution did not increase the electrochemical
corrosion resistance of the alloy, but the electrolytic
passivation in the same solution (Na2SO4) connected
to a graphite cathode significantly increased corrosion
resistance. In SEM studies of all the samples, the
researchers found no perforation corrosion in the
alloys after chemical inactivation; in other words,
passivation increased the perforation corrosion
resistance of alloys. Also, the examined samples
showed no signs of cracking, which was also found in
the present study.15 Na2SO4 is an indirect passivating
agent, which is an alkaline compound that forms a
high concentration of OH− that reacts with H+ ions
absorbed at cathode sites, eliminating them from the
surface, thereby absorbing oxygen therein.24

Table 1. Comparison of corrosion rates in passivated and non-passivated samples in four weeks
Weeks

N
10
10
10
10

1
2
3
4

Passivated
Mean
0.0045
0.0070
0.0113*
0.0150*

P-value*

Non-passivated
SD
0.0023
0.0026
0.0037
0.0075

Mean
0.0155
0.0213
0.0303
0.0354

0.000

P-value

SD
0.0216
0.0220
0.0218
0.0214

0.001
0.026
0.014
0.011

0.0186

P-value: Mann-Whitney test results, *P-value: Kruskal-Wallis test results, *Significance level

Table 2. Comparison of Co and Cr ion release rates in passivated and non-passivated samples in four weeks
Weeks

1
2
3
4
P-value*

Passivated
Mean
SD
0.252
0.118
0.364
0.039
0.724* 0.212
0.961* 0.256

Co
Non-passivated
Mean
SD
0.490
0.077
0.436
0.108
0.774*
0.160
1.122*
0.058

0.000

0.000

P-value
0.000
0.063
0.814
0.043

Passivated
Mean
SD
0.576
0.094
0.706*
0.013
0.714
0.011
1.236*
0.185

Cr
Non-passivated
Mean
SD
0.766
0.060
0.808
0.048
0.722
0.044
1.466*
0.203

0.000

0.000

P-value
0.000
0.000
0.583
0.017

P-value: Mann-Whitney test results, *P-value: Kruskal-Wallis test results, *Significance level
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Figure 1. SEM images of CO‒Cr sample surfaces; left:
passivated sample before immersion in normal saline
solution, right: non-passivated sample.

Chromium content is one of the most critical
factors affecting corrosion resistance. Therefore, an
alloy containing the highest amount of chromium
has a higher passivation potential.25 Wylie et
al26 examined the effect of thermal treatment
on microstructure, corrosion behavior, and cell
response to two nickel-based alloys and found that
Cr content was important in the corrosion resistance
of nickel-based alloys at low pH values.
According to Matkovic et al,16 the incorporation
of Mo and Cr into Co-Cr base alloys improved the
corrosion resistance of alloys. In another study,
corrosion increased with Cr depletion by up to 16%.17
The Flexicast Co-Cr base alloy used here contains
Co (63%), Cr (29%), Mo (6.1%), Ni (<1%), and Si
(<1%), with a high amount of Cr in the studied alloy.
Ameer et al also showed that the Co-Cr-Mo alloy
had higher corrosion resistance in artificial saliva
than27 alloys containing Ni-Cr-Mo.
Surface inactivation or passivation of a metal
reduces both cathode and anode reaction rates
and prevents corrosion. Corrosion inhibitors
are substances that reduce corrosion when they
are added in small amounts. The mechanism of
corrosion inhibitors is to interrupt cathode or anode
reactions, or both. Passivators work by forming a
thin, impermeable shell on the metal surface or
interruption of either cathode or anode reactions.
In the present study, the alloy passivation
significantly reduced Co and Cr ion release rates. Co
ion release decreased in the first and fourth weeks,
while Cr ion release decreased in the first, second,
and fourth weeks. In non-passivated samples, Co
and Cr ion release rates increased significantly over

Figure 2. SEM images of CO-Cr sample surfaces; left:
non-passivated sample after four weeks of immersion
in normal saline solution, right: the passivated sample.
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time, with a more significant effect of passivation
on the reduction of Cr release rate than that of
Co. SEM images also confirmed a lower release of
passivated samples with a smoother surface than
non-passivated samples, consistent with Rylska et
al.15
It should be noted that an essential feature of the
passivated layer formed on Cr is its very low release
rate (about <0.1 µA/cm2). Passivated Cr does not
show a fractured passive layer and local corrosion.20
Studies demonstrated that alloys containing 16‒27%
Cr and 6‒17% Mo with no Be content had lower
kerogen content, a homogenous protective oxide
layer, and higher resistance to pitting.28,29 The
Flexicast Co-Cr base alloy used here contains 63%
Co, 29% Cr, 6.1% Mo, <1% Ni, and <1% Si, with
a high amount of Cr in the studied alloy, and the
results correspond to those of Huang et al and
Roach et al.28,29
Briefly, several factors, including the chemical
nature of elements, the metallurgical environment
of elements, pH, pressure-related biomechanical
conditions, pressure, and strain, surface quality
and treatment, alloy abrasion, cleaning, and
polishing, electrolyte composition, and the applied
electrochemical potential, control the release of
elements from alloys.1,2 In the present study, the
samples were cleaned using sandpapers, polishing
wheel, and polishing paste until obtaining a mirror
surface and then were cleaned using an ultrasonic
device and deionized water.
Denizoglu et al. evaluated the release of ions from
two base metal alloys at different pH levels (4, 5, and
7) and observed the highest and the least releases
for Ni and Cr, respectively. They reported that pH
changes significantly affected the overall release of
alloy and Co, but did not affect that of Ni or Cr.
Also, the type of alloy did not differ in the release of
elements.18
It should be noted that corrosion is affected
by the environment and the metal type. The
electrochemical reaction is also polarized or
disturbed by environmental factors. Environment
acidity has a significant effect on the passive layer
formation and, consequently, corrosion. In a study
by Dong et al,30 the corrosion behavior of dental
alloys was investigated using a 7-day immersion
test in a strong acid, a weak acid, and neutral water.
Their results showed that Co-Cr alloy resistance was
more corrosion resistant in the strong acid than in
a weak acid and neutral water. In other words, the
alloy had slight corrosion in an acidic environment
due to the alloy inactivation by forming a surface
protective oxide layer, which was the product of the
thin brown corrosion present in the alloy, cobalt,
and chromium oxide.
Previous studies on the Mo-Cr-Co alloy showed
that 1) alloy samples were passivated by placing in
sodium sulfate solution, and a layer of chromium
oxide evenly covered the surface; 2) the corrosion
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mechanism in these alloys is of a local type associated
with the formation of pitting; 3) corrosion and
ion release rates decreased significantly by surface
passivation operations.
Conclusion
Chemical passivation of the Flexicast Co-Cr alloy
significantly reduced corrosion over time. At all the
four time intervals, corrosion rates in the passivated
samples were significantly lower than those in the
non-passivated samples. The ion release rate in the
passivated group was significantly lower than the
non-passivated group. SEM images demonstrated
higher levels of porosity and corrosion in the nonpassivated group.
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