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Abstract The aim of this study was to evaluate the elemental
release from a Ni–Cr dental casting alloy subjected to 10%
hydrogen peroxide (HP) or 10% carbamide peroxide (CP)
solutions and to determine the composition of surface oxide
layer formed on alloy samples. Cylinder-shaped 15 specimens
were cast from a Ni–Cr alloy and divided into three groups
(n=5). Samples were exposed either to phosphate-buffer
solution, HP, or CP for 30 days, and total mass and
individual elements (Ni, Cr, Mo) released into solutions
were measured by means of atomic absorption spectrometry.
Before and after elemental release measurements, a scanning
electron microscope (SEM) accompanied by energy disper-
sive spectroscopy (EDS) (SEM/EDS) was used to analyze
the surface morphology, and surface characterization of
passive film formed on alloy samples was also performed
by using X-ray photoelectron spectroscopy (XPS). The
presence of bleaching agents induced the mass released
compared to control group (4.9 μg/cm2); this effect was
recorded in both HP (171.2 μg/cm2) and CP (59.7 μg/cm2).
XPS data showed that Cr and Ni levels in oxide layers
formed on HP group were higher, Mo level was lower than
those of CP group.

Keywords Bleaching . Biocompatibility . Elemental
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Introduction

Nickel-based alloys are commonly used for many prostho-
dontic applications [1]. When selecting a dental casting alloy
for a specific clinical situation, three factors influence the
clinician′s decision: cost, physical properties, and biocom-
patibility [2]. The corrosion behavior of dental alloy is of
great interest as an indication of their biocompatibility [3]
because these alloys are in long-term intimate contact with
oral tissues [4]. Corrosion may be described as the deterio-
ration of materials by aggressive action of the environment.
The oral environment is very conducive to corrosion.
Fluctuations in temperature, the presence of moisture, changes
in pH because of diet, variations in oxygen pressure, and
decomposition of food all contribute to this process [5].
Corrosion of alloys occurs when elements in the alloy ionize
[6]. The biocompatibility of an alloy depends on the type of
an alloy and the elements released from it into the
surrounding medium or tissues [7]. Released metallic ions
are critical with respect to the biological behavior of dental
metals and alloys [8]. Corrosion can be measured either by
many forms of electrochemical tests that measure elemental
release indirectly through the flow of the released electrons
or by tests that measure the release of the elements directly
by spectroscopic methods [6]. Both methods are commonly
used, but elemental release is probably more relevant to any
biological effects that corrosion might have [6, 9].

Corrosion resistance of Ni-based alloy depends greatly
on the formation of a thin, protective oxide film (passive
film) on the surface of the material [10]. Chromium is the
main alloying element in Ni-based alloys and is added to
improve the alloy′s ability to form a protective oxide film
on the surface [1, 5, 10]. It has been suggested that the
addition of Mo will further enhance the corrosion resistance
of the nickel-based alloys [5, 10]. Surface analysis of the

Presented at the 31st Annual Conference of the European
Prosthodontic Association, Athens, Greece, 11–13 October 2007.

E. Tamam (*) :A. K. Aydın
Department of Prosthodontics,
Ankara University Faculty of Dentistry,
06500 Besevler, Ankara, Turkey
e-mail: evsen78@yahoo.com

Clin Oral Invest (2011) 15:375–382
DOI 10.1007/s00784-010-0391-0



passive oxide film formed on the surface of Ni-based alloys
has related increased corrosion rates to lower proportions of
Cr and Mo in the film [11, 12].

When a dental alloy is embedded in the acidic oral
cavity, the corrosion resistance of passive film formed on
the alloy should be of great concern due to the biological
considerations. The proper characterization of passive film
is the first step in evaluating biocompatibility. If the passive
film, normally in the form of oxides, of the dental alloy is
damaged, increased metal ions and/or corrosion products
may be released to adjacent and systemic tissues [13].

Mouthguard bleaching is a popular method for treating
tooth discolorations [14]. For brightening discolored teeth,
hydrogen peroxide (HP) or peroxide releasing agents, such
as sodium perborate and carbamide peroxide (CP) are
generally used [15, 16]. The ability of these products to
lighten tooth color is evident, but the safety of some of
these oxidizing agents is a subject of concern [16].

Most mouthguard bleaching procedures are considered
relatively safe with regard to systemic effects. Since Ni–Cr
dental casting alloy is the most widely used restorative
material for premolars and molars, patients undergoing
mouthguard bleaching are likely to have crown-restored
teeth. Although bleaching materials are usually applied to
the anterior teeth, excessive bleaching agent may make
contact with metal restorations and enhance element release
from these restorations [14, 17]. The study including
mercury release from dental amalgam exposed to bleaching
agent revealed that this procedure causes mercury release in
solution [14]. Canay et al. [18] investigated the effect of
10% carbamide peroxide on the electrochemical corrosion
of dental casting alloys used for fixed partial dentures and
amalgam. Their results revealed that unpolished amalgam
and Ni–Cr alloy samples had the most corrosion rates, and
noble alloys had the least corrosion rates. Ameer et al. [19]
investigated electrochemical behavior of a non-precious
dental alloy in bleaching agents and concluded that all
tested agents may affect its corrosion behavior.

Several studies have involved in vitro elemental release
analysis of dental alloys under different test conditions [2,
20–25]. Nelson et al. [2] conditioned dental casting alloys
in either saline, cell-culture medium, or a saline/bovine
serum albumin solution; Messer and Lucas [20] used a cell-
culture medium supplemented with 5% fetal bovine serum
before measuring elemental release. Geis-Gerstorfer et al.
[21] studied elemental release from dental casting alloys in
0.1 mol/L lactic acid and 0.1 mol/L sodium chloride
solution. Consideration of published studied shows that
relatively little attention has been directed at understanding
the mechanisms responsible for metal ion release from
dental alloy following exposure to bleaching agents.

Elements released from dental alloy during mouthguard
bleaching can be absorbed by the oral mucosa as well as by

the respiratory and gastrointestinal tracts [17]. Therefore, it
is of clinical importance to assess the amounts of released
elements from dental alloy exposed to commonly used
bleaching agents. In addition, surface alterations of dental
alloy related with bleaching agents should be determined.
The aim of this study was to evaluate the elemental release
from a Ni–Cr dental casting alloy subjected to 10% HP and
10% CP solutions and to determine the composition of
surface oxide layer formed on alloy samples.

Materials and methods

The materials used in this study are 10% HP solution, 10%
CP solution, phosphate buffer solution (PBS) at pH 6.5, and
a Ni–Cr dental casting alloy (Wiron 99®, BEGO, Bremen,
Germany). The bulk composition for the alloy is listed in
Table 1. Cylinder-shaped (4 mm in diameter×10 mm in
height) 15 samples were cast using an induction casting
machine (Ducatron Serie 3, Ugin’dentaire, Seyyins,
France). Polishing procedure was performed until obtaining
clinically acceptable surfaces in accordance with the
recommendations of the manufacturer. Briefly, after devest-
ing, the alloys were blasted with 250 μm Al2O3 and
finished with diamond milling tools. Next, the surfaces
were blasted with 50 μm Al2O3, then blasted-polished with
Perlablast® (BEGO, Bremen, Germany), rubber-polished
with rubber polishers, finish-polished with a polishing paste
and steam cleaned.

Finally, each sample was cleaned by scrubbing with a
soft toothbrush and 2% glutaraldehyde solution, rinsing
with distilled water, and ultrasonic treating in 70%
isopropyl alcohol. After cleaning, samples were disinfected
in 70% isopropyl alcohol for 20 min, followed by two
rinses with sterile double-distilled water to remove the
alcohol [23, 24]. After that, the alloy samples were
randomly divided into the test and control groups with five
samples each.

The testing samples were each sealed in individual assay
test tubes containing 2.5 mL solution of either 10% HP or
10% CP at pH 6.5. The 10% HP solution was prepared by
diluting the 30% HP solution in 0.1 M PBS, and the 10%
CP solution was prepared by dissolving carbamide peroxide
powder (Sigma, St Louis, MO, USA) in 0.1 M PBS,
adjusting the pH accordingly. The remaining samples were
sealed in similar assay test tubes containing 2.5 mL 0.1 M
PBS at pH 6.5 which served as controls. Negative controls
for the extraction experiments were the extracting solutions
without alloy samples. The assay tubes containing control
samples as well as those without samples were incubated at
37°C in a 95% air, 5% CO2 atmosphere for 30 days.
Distinctly from the control group, samples in the testing
groups were exposed to fresh HP and CP solutions only 8 h
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per day, and the solutions were collected following their
application; after completion of 8 h, samples were rinsed
with sterile double-distilled water to remove the bleaching
agents, then transferred into assay tubes containing 2.5 mL
0.1 M PBS for the rest 16 h per day within this 30 days
time period. Testing groups were also kept in incubator
during whole time interval. All the extracting solutions
were renewed everyday to avoid microbial overgrowth and
drift of the pH of the medium [2]. Since the total surface
area of each sample was approximately 1.5 cm2, the ratio of
sample surface area to the volume of the extracting solution
was approximately 0.6 cm2/mL, which was in the limits
(0.5 to 6.0 cm2/mL) of that required by the International
Standards Organization for testing of this type [26].
Elements released (total mass and individual elements) into
solutions were measured by graphite furnace atomic
absorption system using Varian Atomic Absorption Spec-
trophotometer (30/40 model, Varian Techtron Pty Ltd.,
Victoria, Australia) during a 30-day period. Each measure-
ment was repeated five times for each sample and the mean
values were calculated. Values for the concentrations
obtained from the atomic absorption measurements were
converted to micrograms of mass released from the alloy
per square centimeter of alloy surface for each element.

One-way analysis of variance was applied to compare
the mass loss among the three groups. When differences
were detected, Dunnett T3 multiple range comparison tests
(α=0.05) were used to identify statistical differences
between the groups within a specific condition.

Before and after elemental release measurements, a
scanning electron microscope (SEM, Jeol JSM-6400,
Tokyo, Japan) accompanied by an energy dispersive
spectroscopy (EDS, Thermo Noran, NORAN System Six-
NSS300, Middleton, USA) facility (SEM/EDS) was used to
analyze the surface morphology (two samples of each
group). Prior to casting, the ingot were examined with EDS,
and an ingot was also examined using X-ray fluorescence
spectroscopy (XRF, RIX 3000, Rigaku Industrial Co.,
Yamaguchi City, Japan) in order to determine the compo-
sition of the alloy.

In addition, before and after bleaching applications,
surface characterization of passive film formed on alloy

samples was also investigated by using X-ray photoelectron
spectroscopy (XPS, Specs ESCA, Berlin, Germany). One
cylinder from each group was analyzed with XPS employ-
ing a Mg anode with Kα radiation=1253.6 eV. The analysis
area on each sample was a circle (approximately 4×7 mm).
The binding energies (BE) for all photopeaks were
corrected by assigning the C 1s peak due to surface
contamination at 285.0 eV. XPS spectra were recorded
with a step size of 0.1 eV and a scan number of 5; dwell
time for each energy step was 1 s. The atomic percent of
each element on the surface area was calculated from the
photopeak area using a software (SpecsLab software). To
obtain composition as a function of depth (depth profiling),
the surface of alloy was etched using argon sputtering with
an ion beam for times between 0 and 3,480 s with 120 s
intervals.

Results

Table 1 shows the EDS and XRF ingot compositional
analyses of the Wiron 99® (W99) alloy compared with the
manufacturer′s information. The results are very similar for
the major elements, with the only differences being the
minor elements, identified by EDS and XRF, but which the
manufacturers do not always quote.

The release of elements from the groups subjected to
different extracting solutions was examined over a period of
30 days; afterwhich, the total mass and individual elements
released from all samples were different. The amounts of
mass released, as determined through elemental release
measurements, are listed in Table 2.

During immersing into PBS, samples were almost stable,
releasing only minor amounts (4.9 μg/cm2) of elements.
Elemental release was significantly elevated with two
bleaching solutions compared to control group (Table 2).
The increases in elemental release were highest for the HP
solution (171.2 μg/cm2), which was approximately three
times greater than those of CP solution (59.7 μg/cm2). In all
cases, the release of elements was statistically different
from each other (α=0.05), and the order of elements
released was as follows: Ni>Mo>Cr.

Elements EDS (at.%) XRF (mass%) Manufacturer (mass%) Manufacturer (at.%)

Ni 63.50 61.7 65.0 65.2

Cr 24.85 22.1 22.5 25.5

Mo 8.93 8.6 9.5 6

Si 2.72 2 1.0 2

Nb ND 0.9 1.0 0.6

Fe ND 0.2 0.5 0.5

Ce ND ND 0.5 0.2

Table 1 The bulk composition
of Wiron 99® as supplied by the
manufacturer, from EDS and
XRF analyses

n=2

ND not detected
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The post-corrosion examination with SEM revealed that
both HP and CP solutions caused little surface erosion
compared to untreated samples (Fig. 1), but the surface
erosion that occurred with HP solution was more prominent
with respect to CP solution.

Results of XPS analysis of surface oxide layer formed on
Ni-based alloy samples before and after bleaching applica-
tions are listed in Tables 3 and 4, showing the compound
structure and composition content (in atomic percent),
respectively. Representative XPS survey scans are shown
in Fig. 2a, b; XPS depth profile analysis of the Ni–Cr alloy
are shown in Fig. 3. Ni, Cr, Mo, and O were shown to be
present on the surfaces of all tested samples. Surfaces were
a mixture of Cr, Mo, and Ni oxides for all groups. The
presence of carbon was due to organic species adsorbed on
the high energy oxide surface.

For control group (untreated sample), a complex Ni 2p
peak was present on the surface with BE that correlated

with metallic Ni (Ni0) and NiO. A complex asymmetric Cr
2p peak, indicating the presence of Cr2O3 as well as
metallic Cr (Cr0), was also identified. Surface exhibited a
complex Mo 3d peak composed of metallic Mo (Mo0) and
MoO3 (Tables 3 and 4). Depth profiling analysis showed
that oxide forms of Ni, Cr, and Mo were detected for only
argon sputtering times until 1,200–1,440 s. After this time,
there was no evidence about their oxide forms. O accounted
for 26.4 at.% of the oxide layer. The minor alloy elements
(Si, Nb, Ce, Fe) were not detected.

For the CP-treated group, NiO was present for only
argon sputtering times between 0–120 s; after this time, Ni
was detected only in elemental state. Mo was present in
both oxide and elemental states. There was no evidence of
Cr, Ce, and Nb in the elemental state, but only in the oxide
forms. O accounted for 62.4 at.% of the oxide layer. Trace
amounts of Ce, Fe, and Nb were also detected. Si (6.2 at.%)
was detected only in the oxide form. The concentrations of
Ni and Cr were reduced, while the concentrations of all
other elements detected were increased (especially O and
Mo) compared to untreated group.

For HP-treated group, in addition to oxide forms shown
in Table 3, binding energies that correlated with Ni2O3,
Mo2O5, CrO3, and NbO2 were also present. Trace amounts
of Fe and Nb were also detected. Different from the other
two groups, significant amount of Ce (8.3 at.%) was
demonstrated. There was no evidence of Cr, Ce, and Nb
in the elemental state, but only in the oxide forms. Ni and
Mo were present in both oxide and elemental states. Si
(5.7 at.%) was detected only in the oxide form. O

Table 2 Summary of AAS data (μg/cm2)

PBS (control) HP CP

Cra 0.3 (0.02) 27 (1.67) 7.1 (0.18)

Nia 2.9 (0.52) 77.4 (16.22) 30.4 (1.03)

Moa 1.7 (0.16) 66.8 (15.89) 22.2 (2.71)

Totala 4.9 (0.2) 171.2 (13.31) 59.7 (1.30)

SD in parentheses
a Results are the arithmetic mean of five analyses of each five samples

Fig. 1 SEM micrographs and corresponding EDS element profiles for W99 alloy comparing before (a) and after corrosion measurements [HP
treated samples (b), and CP treated samples (c)]
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accounted for 66.8 at.% of the oxide layer. Except for Ni,
the concentrations of all elements detected were increased
compared to untreated group. Mo, Si, and Nb levels were
decreased, while the all other elements were increased
compared to CP-treated group (Table 4).

Discussion

In this study, the corrosion behavior of the W99 alloy
investigated was due to the elemental release in bleaching
solutions. The results showed that bleaching treatment
caused an increase in elemental release from Ni-based
alloy. In addition, bleaching agents caused alterations to the
chemistry and the surface morphology of this alloy.

It has been shown that a lower corrosion resistance
occurred for Ni-based alloy with a lower Cr content
(12.6 wt%) compared with a higher Cr content (25 wt%)
in the bulk alloy [27]. Huang [11] also showed a lower
corrosion resistance for alloys with 12.4–13.6 wt% Cr
compared with alloys containing more than 21 wt% Cr that
were resistant to corrosion. In the current study, tested alloy
with 22.5 wt% Cr in the bulk surpassed the mentioned level
for corrosion resistance (Table 1). In considering the choice
of alloy applied in this study, the selection of a low
corrosion resistant alloy in addition to W99 could provide a
better understanding for making comparisons, but the
experimental design in the current study was not in excess
of what is anticipated under normal use (conditions).
Testing a high-corrosion resistant alloy can also be used
as further confirmation of the safety of these types of
materials rather than a low resistant one.

Elements are released from metal restorations under
physiological conditions, but their release are augmented
under bleaching conditions [14, 17]. The effect of 10% CP
and 10% HP on Hg, Ag, Sn, and Cu, which were released
from dental amalgam, was studied by electrochemical
method (elemental release study) and SEM [28]. The study
showed that the long treatment by bleaching agents causes

change in the crystalline structure of amalgam as a result of
released ions from corrosion process. Because elemental
release has been associated with biological risks, bleaching
appeared to increase the biologic liability of nickel-based
alloys [29].

Products are currently available for the mouthguard
bleaching technique, 10% and higher concentrations of HP
and CP with a pH close to neutral. CP (10%) is unstable
and disassociates into 3% HP and 7% urea [30]. It means
that both HP and CP bleaching agents have the same active
agent. The extracting solutions in this study were based on
home-bleaching procedures using 10% HP or CP. We used
HP and CP in solution rather than in a gel form, which is
how this agent is normally delivered for mouthguard
bleaching. This was done with the purpose of eliminating
most variations that may exist between commercial prod-
ucts due to differences in composition, thickness, pH, and
decomposition by-products [14]. PBS was used for conve-
nience and to help correlate with previous studies [23]. The
results of the current study indicated that increasing
peroxide concentration led to an increase in mass released
(α=0.05) compared to control group (Table 2). In accor-
dance with the proportion of active agents between the HP
and CP solutions, mass released for the HP-treated group
was approximately three times as much as compared to the
CP-treated one. Comparing the effects of the two bleaching
agents at 10% showed that the alloy suffered less corrosion
rates in the presence of CP than HP. These results agreed
with the SEM observations. However, differences in ion
release pictures obtained from SEM analysis were slightly
prominent, even though ion release profiles suggested
differences between bleaching systems This behavior could
be attributed to the high electron density on nitrogen and
oxygen active centers of CP that absorbed on the metallic
surface, forming a protective layer for corrosion [19].

Although the stability of Ni-based alloys has been shown
to be significantly reduced when placed in more acidic
environments and metal ion release is thus enhanced [3],
the pH was 6.5 in the current study because popular

NiO Cr2O3 MoO3 SiO2 Nb2O5 CeO2 Fe2O3

Before immersion + + + – – – –

HP immersion + + + + – + +

CP immersion + + + + + + +

Table 3 Results of XPS
chemical analysis of surface
passive film before and after
elemental release measurements,
showing the compound structure

Ni2p Cr2p Mo3d Si2p O1S Nb3d Ce3d Fe2p

Before immersion 33.8 7.3 1.95 – 26.4 – – –

HP immersion 2.8 8.05 4.1 5.7 66.8 0.02 8.3 0.2

CP immersion 0.4 1.5 5.7 6.2 62.4 0.02 0.1 0.2

Table 4 XPS depth profile
analysis of the surface oxide
layer before and after elemental
release measurements, showing
the composition content in
atomic percent (at.%)
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commercial preparations have an average pH of 5 to 6.5
[17]. Since home bleaching comprises daily applications of
5 to 8 h for 2 to 5 weeks [15, 30], in this study, total testing
period was selected as 30 days, and the bleaching agents

were applied for only 8 h a day in order to simulate the
clinical situation as closely as possible.

Intraoral corrosion rates may possibly be predicted from
in vitro tests. Gettleman et al. [31] used a linear polarization

Fig. 2 Representative XPS
survey scan. a An XPS
widescan of CP-treated group.
b An XPS narrow scan of
untreated group showing Cr
peak spread over 573.1–
576.7 eV and covering Cr0 and
Cr2O3 and showing that
elemental oxidation can be in
various forms

Fig. 3 Representative XPS
depth profile analysis of oxide
film formed on the surface of
control group
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technique to study intraoral corrosion phenomena. In their
study, measurement of corrosion rates in baboons was
correlated with in vitro tests in artificial saliva. Their study
included amalgams, casting gold and base metal alloys,
stainless steel, and titanium alloys. The in vivo currents
measured exceed, in most cases, the corresponding mea-
sured in vitro currents. In vivo currents up to about ten
times the corresponding in vitro currents were registered in
that study. On the contrary to the present study, the results
obtained by Johansson et al. [22] showed that Ni–Cr alloy
in 0.9% NaCl solution and artificial saliva solution was
resistant to corrosion, but the amounts of elements released
to immersion solution were not measured in that study.
Wataha et al. [23] reported that for Ni-based alloys, release
of nickel reached 600–800 μg/cm2 in case of alloys that
were brushed in solutions of PBS at pH 7 with toothpaste.
It has been shown that the amount of mass loss was 0.54–
3.261 μg/cm2 from Ni–Cr alloys which were examined
using a solution of 0.1 mol/L lactic acid and 0.1 mol/L
sodium chloride after 35 days [21]. In the current study,
both control solution and test solutions caused elemental
release from the tested alloy; however, elemental release
increased as a result of bleaching application compared to
control group (Table 2). It is difficult to make direct
comparisons between the data from the current study and
published ones, due to limitations of either differences in
test conditions like extracting solutions and the composition
of the alloys used or presentation of data in these papers.

The release of metal ions, especially nickel from dental
alloys, is a possible concern, because of its local and
systemic toxic, immunogenic, mutagenic, and chemotactic
effects. The potential biologic hazards, hypersensitivity in
particular, from nickel containing dental alloys are still
uncertain [32]. Nickel might activate monoyctes and
endothelial cells, depending on the ionic concentration
[33]. Additionally, nickel complexes in the form of
arsenides and sulphides are known to be carcinogenic,
allergenic, and mutating substances, whereas nickel at
nontoxic concentrations was found to induce deoxyribonu-
cleic acid (DNA) alterations, mainly by base damage and
site-specific DNA strand scission [34].

XPS data showed that oxide layers formed on all groups
contained mainly Cr2O3, NiO, and MoO3 (Table 3). Since
the O concentrations were approximately same, the amount
of oxides formed on both HP- and CP-treated samples were
almost same, but the composition of the oxides were
different (Tables 3 and 4). For HP-treated group, additional
oxide forms (Ni2O3, Mo2O5, CrO3, and NbO2) were seen.
Moreover, Cr and Ni levels were higher than CP-treated
sample. In addition, significant amount of Ce (8.3 at.%),
which can easily connect to O, was also demonstrated. XPS
data confirmed the oxidizing effect of HP. Except for trace
elements, only the Mo level was increased with CP

compared to HP treatments. These conflicting results
between the XPS and atomic absorption spectrometry (AAS)
analyses may indicate the instability of passive film that
formed after high concentrated HP (10%) treatment. HP may
have accelerated the degradation of the alloy surface by
affecting protective surface film; thereby, inner layers of
alloys could be damaged. And the results also showed that
the presence of especially Mo on the oxide layer as well as
Cr improved the growth of oxide layer, leading to a better
corrosion behavior.

From our XPS results, it appears that both CP and HP
can cause changes in surface levels of the elements. Such
changes may be caused by enhanced oxidation, corrosion,
and dissolution of the alloy surfaces that take place during
exposure to HP and other decomposition by-products of the
bleaching agents.

Mouthguard bleaching is usually being performed for 8 h a
day and when the patients are asleep where the flow of saliva
decreases. One should consider that if the patients have full-
cast and/or porcelain fused to metal (PFM) restorations,
bleaching treatment must be applied very carefully because
excessive material may contact with these restorations and
alter the corrosion properties and/or tissue responses, and CP
should be selected for bleaching applications rather than HP
bleaching agent.

Acknowledgements This investigation was supported by Ankara
University Research Foundation Grant No: 2005.08.02.065.

XPS measurements were done by METU Central Laboratory and
Development.

Authors are grateful to Dilşen TAMAM for statistical analysis and
Ayberk YAĞIZ for artworks.

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Leinfelder KF (1997) An evaluation of casting alloys used for
restorative procedures. J Am Dent Assoc 128:37–45

2. Nelson SK, Wataha JC, Lockwood PE (1999) Accelerated toxicity
testing of casting alloys and reduction of intraoral release of
elements. J Prosthet Dent 81:715–720

3. Al-Hity RR, Kappert HF, Viennot S, Dalard F, Grosgogeat B
(2007) Corrosion resistance measurements of dental alloys, are
they correlated? Dent Mater 23:679–623

4. Schmalz G, Garhammer P (2002) Biological interactions of dental
cast alloys with oral tissues. Dent Mater 18:396–406

5. Gil FJ, Sánchez LA, Espías A, Planell JA (1999) In vitro
corrosion behaviour and metallic ion release of different prostho-
dontic alloys. Int Dent J 49:361–367

6. Wataha JC (2000) Biocompatibility of dental casting alloys: a
review. J Prosthet Dent 83:223–234

7. Al-Hiyasat AS, Darmani H (2005) The effects of recasting on the
cytotoxicity of base metal alloys. J Prosthet Dent 93:158–163

8. Geurtsen W (2002) Biocompatibility of dental casting alloys. Crit
Rev Oral Biol Med 13:71–84

Clin Oral Invest (2011) 15:375–382 381



9. Wataha JC (2002) Alloys for prosthodontic restorations. J Prosthet
Dent 87:351–363

10. Nascimento ML, Mueller W-D, Carvalho AC, Tomás H (2007)
Electrochemical characterization of cobalt-based alloys using the
mini-cell system. Dent Mater 23:369–373

11. Huang H-H (2003) Surface characterization of passive film on
NiCr-based dental casting alloys. Biomaterials 24:1575–1582

12. Roach MD, Wolan JT, Parsell DE, Bumgardner JD (2000) Use of
X-ray photoelectron spectroscopy and cyclic polarization to
evaluate the corrosion behavior of six nickel–chromium alloys
before and after porcelain-fused-to-metal firing. J Prosthet Dent
84:623–634

13. Huang H-H (2002) Effect of chemical composition on the
corrosion behavior of Ni–Cr–Mo dental casting alloys. J Biomed
Mater Res 60:458–465

14. Rotstein I, Avron Y, Shemesh H, Dogan H, Mor C, Steinberg D
(2004) Factors affecting mercury release from dental amalgam
exposed to carbamide peroxide bleaching agent. Am J Dent
17:347–350

15. Attin T, Hannig C, Wiegand A, Attin R (2006) Effect of bleaching
on restorative materials and restorations—a systematic review.
Dent Mater 20:852–861

16. Nour El002DDin AK, Miller BH, Griggs JA, Wakefield C (2006)
Immediate bonding to bleached enamel. Oper Dent 31:106–114

17. Steinberg D, Blank O, Rotstein I (2003) Influence of dental
biofilm on release of mercury from amalgam exposed to
carbamide peroxide. J Biomed Mater Res Part B: Appl Biomater
67B:627–631

18. Canay Ş, Çehreli MC, Bilgiç S (2002) In vitro evaluation of the
effect of a current bleaching agent on the electrochemical
corrosion of dental alloys. J Oral Rehabil 29:1014–1019

19. Ameer MA, Khamis E, Al-Motlaq M (2004) Electrochemical
behavior of non-precious dental alloys in bleaching agents.
Electrochim Acta 50:141–148

20. Messer RLW, Lucas LC (2000) Cytotoxicity of nickel–chromium
alloys: bulk alloys compared to multiple ion salt solutions. Dent
Mater 16:207–212

21. Geis-Gerstorfer J, Sauer K-H, Pässler K (1991) Ion release from
Ni–Cr–Mo and Co–Cr–Mo casting alloys. Int J Prosthodont
4:152–158

22. Johansson BI, Lucas LC, Lemons JE (1989) Corrosion of copper,
nickel, and gold dental casting alloys: an in vitro and in vivo
study. J Biomed Mater Res: Appl Biomater 23(A3):349–361

23. Wataha JC, Lockwood PE, Mettenburg D, Bouillaguet S (2003)
Toothbrushing causes elemental release from dental casting alloys
over extended intervals. J Biomed Mater Res Part B: Appl
Biomater 65B:180–185

24. Wataha JC, Lockwood PE, Khajotia SS, Turner R (1998) Effect of
pH on element release from dental casting alloys. J Prosthet Dent
80:691–698

25. Wataha JC, Lockwood PE (1998) Release of elements from dental
casting alloys into cell-culture medium over 10 months. Dent
Mater 14:158–163

26. ISO Standards (1997) ISO 10993-5. Biological evaluation of
medical devices: part 5: tests for cytotoxicity: in vitro methods

27. Wylie CM, Shelton RM, Fleming GJP, Davenport AJ (2007)
Corrosion of nickel-based casting alloys. Dent Mater 23:714–723

28. Rotstein I, Mor C, Arwaz JR (1997) Changes in surface levels of
mercury, silver, tin, and copper of dental amalgam treated with
carbamide peroxide and hydrogen peroxide in vitro. Oral Surg
Oral Med Oral Pathol Oral Radiol Endod 83:506–509

29. Wataha JC (2001) Principles of biocompatibility for dental
practitioners. J Prosthet Dent 86:203–209

30. Cavalli V, Reis AF, Giannini M, Ambrosano GMB (2001) The
effect of elapsed time following bleaching on enamel bond
strength of resin composite. Oper Dent 26:597–602

31. Gettleman L, Cocks FH, Darmiento LA, Levine PA, Wright S,
Nathanson D (1980) Measurement of in vivo corrosion rates in
baboons and correlation with in vitro tests. J Dent Res 59:689–
707

32. Petoumenou E, Arndt M, Keilig L, Reimann S, Hoederath H,
Eliades T, Jäger A, Bourauel C (2009) Nickel concentration in the
saliva of patients with nickel–titanium orthodontic appliances. Am
J Orthod Dentofac Orthop 135:59–65

33. Wataha JC, Sun ZL, Hanks CT, Fang DN (1997) Effects of Ni
ions on expression of intercellular adhesion molecule 1 by
endothelial cells. J Biomed Mater Res 36:145–151

34. Wataha JC, Lockwood PE, Marek M, Ghazi M (1999) Ability of
Ni-containing biomedical alloys to activate monocytes and
endothelial cells in vitro. J Biomed Mater Res 45:251–257

382 Clin Oral Invest (2011) 15:375–382



Copyright of Clinical Oral Investigations is the property of Springer Science & Business Media B.V. and its

content may not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's

express written permission. However, users may print, download, or email articles for individual use.


