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In the present work, stainless steel and Ni-Ti commercial orthodontic wires were immersed in
artificial saliva solutions, containing or not F-ions, in different pH values, during 30 days. The weight
loss and the Ni** content in the solutions at 15 and 30 days of exposition were evaluated using a
composite design 2*and response surface methodology. The open circuit potential (OCP) was measured
over the same period of time. Polarization curves and morphological analysis of the wires before and
after the corrosion experiments were also carried out. The results showed that corrosion of the studied
metal alloys depended on a combination among saliva pH, the exposition time, and the concentration
of F~ions in the solution. The critical condition was observed for Ni-Ti wires at pH = 3.0, and high
concentration of F~ ions, causing a decrease in the OCP values and an increase in Ni dissolution and

corrosion current density.
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1. Introduction

Titanium alloys such as TMA (Ti-Mo-Sn-Zr), Ti-Nb,
Ni-Ti and Cu-Ni-Ti are generally used as biomaterials,
mainly as orthodontic wires, because of their interesting
elasticity and shape memory capacity, which allow these
materials to return to their original configurations after
being submitted to a stress'?. These properties, that are
not observed in the traditionally used stainless steel wires
(generally called Cr-Ni wires by the dentists), permit the
orthodontist to apply continuous forces on the teeth, without
causing discomfort to the patient. This is a positive aspect
and stimulated the use of titanium alloys wires instead of
stainless steel ones, mainly during the beginning of the
treatment, when the teeth are more misaligned.

However, Ni-Ti-based alloys present a large Ni content
(about 48-55% mass), and a negative aspect that hinders
their wide use in prolonged orthodontic treatment takes
into account the Ni corrosion in oral cavity. This point is
a constant concern of many Dentistry professionals, since
the presence of the ion Ni** in the oral medium can cause
several allergies to the patients'®. It implies that corrosion
resistance must be another important item to be estimated
for the prolonged using of these materials in orthodontic
treatments.

Indeed, the anticorrosive behavior of Ni-Ti-based wires
has been evaluated in several works>"1, which presented

*e-mail: Isenna@uerj.br

different results, in the great majority of the cases. Kim and
Johnson analyzed the breakdown potential of stainless steel,
Ni-Ti, and titanium orthodontic wires in 0.9% m/v NaCl.
Two different samples of each kind of wire were analyzed
and the results indicated that the corrosion occurred readily
on both samples of stainless steel. On the other hand, the
Ni-Ti wires breakdown potential depended on the wires’
manufacturer, showing a dubious result compared to
stainless steel. Kuhta et al.'' studied the release of Ni** from
Ni-Ti and stainless steel wires in artificial saliva (pH = 6.75
and pH = 3.5). The Ni** content released from stainless
steel was higher than the amount released from Ni-Ti
alloys at pH = 6.75, while an opposite result was found for
pH = 3.5. The amount of Ni** released decreased with the
exposition time for both wires, regardless the pH value. Kao
and Huang'? compared the corrosion behaviour of stainless
steel and Ni-Ti wires in fluoridated artificial saliva at two pH
values, 4 and 6, and their results indicated that both wires
were easily corroded in the pH = 4 artificial saliva, without
any significant variance. The SEM morphological analysis
showed that both materials presented pitting corrosion on
their surfaces. Schiff et al.> compared the performance
of TMA, Ti-Nb, Ni-Ti, and Cu-Ni-Ti wires in artificial
saliva (pH = 5.3) and commercial mouthwashes, by using
polarization curves and OCP measurements. The results
indicated that the reactivity of each Ti-alloy wire depended
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on the kind of mouthwash used. It is important to point out
that each result was obtained with different Ni-Ti-based
alloys (different chemical composition and manufacturing
processes), saliva solutions, pH values, and F~ concentration
(when present), which makes it difficult to obtain a careful
evaluation of the different effects that these parameters exert
in the variables related to the corrosion resistance of the
mentioned alloys in the simulated saliva medium.

In addition, there is not a consensus in the literature
concerning the validity of in vitro experiments to evaluate
the Ni** release in Ni-Ti-based alloys. It is claimed that
the in vitro works have no comparison to actual in vivo
conditions, since the handling and manipulation of materials
in the laboratory lacks the formation of biofilms on
materials, which might decrease the reactivity of materials
with the environment. Moreover, the exposition time in the
aggressive medium is considered very small and should
last from 1.5 to 36 months, which is the real period of a
complete orthodontic treatment'*!. In fact, the period of
typical orthodontic treatment of 2-3 years is such that both
the effect of fatigue and corrosion, which are substances of
time, should be also considered in each study concerning the
Ni** content in the saliva'*">. Amini et al.'® have conducted
an experiment that lasted 12 to 18 months, using the saliva
of human subjects with fixed orthodontic appliances and
evaluated the variation in the Ni** content in the saliva. They
also compared these results with the Ni** content in the saliva
of subjects without a fixed orthodontic appliance and found
a statically difference (P < 0.035) between both groups.
However, the investigation of metal content in human
biological fluids, such as saliva or blood, is complicated by
the high individual variability and the inability to derive an
estimation of the cumulative release of metals over the full
term of treatment'”.

Therefore, there are many parameters to be evaluated if
the corrosion process of orthodontic wires can be clinically
considered. In most of the in vitro works, the conventional
and classical univariate methods are used to evaluate this
process. In these methods, most of the parameters are
maintained at constant values while one of them is varied in
a chosen direction'®. The use of univariate methods means
that, in practice, the best conditions to avoid corrosion (pH,
F~ concentration, exposition time, the wire material, the wire
surface treatment, etc.) are often chosen empirically. On the
other hand, in the in vivo researchers, all the parameters
vary spontaneously and the results are composed by
their joint effects. Its is not possible to know effectively
if the salivary metal ion differences in subjects with and
without orthodontic appliance may be partly attributed to
dissimilarities in nutritional habits, since the effect of dietary
Ni intake on metal content of saliva cannot be calculated'>¢.

One way to achieve a better approach, given the
complexity of the corrosion processes in the oral cavity, is to
use experimental design and response surface methodology,
in which all the parameters are varied simultaneously,
showing the responses of their synergic and antagonistic
interactions. These methodologies both drastically reduce
the number experiments needed to optimize the process
and give statistical inference on the optimum conditions's.
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In the present work, experimental design and response
surface methodology were used to evaluate in vitro the
effects of pH, time of exposition and the fluoride ions content
on the anticorrosive behaviour of commercial orthodontic
wires of stainless steel and Ni-Ti alloys in artificial saliva
solutions. The chosen of these initially studied parameters
was based on their presence on the majority of the works
concerning corrosion of orthodontic appliance in the
literature*>"12, Additionally, open circuit potential (OCP)
measurements, polarization curves, and morphological
analysis were also carried out. Our goal was to contribute
to a better understanding of the corrosion problems of the
stainless steel and Ni-Ti archwires in an artificial saliva
medium by using statistic evaluation, reaching to a more
quantitative result. Moreover, this work aims to add the use
of experimental design and response surface methodology to
the discussion concerning the long term use of Ni-Ti wires
in orthodontic treatment.

2. Experimental Procedures

2.1. Stainless steel and Ni-Ti wires

Commercial orthodontic stainless steel (SS) and Ni-Ti
wires (Morelli Ortodontia, Rio de Janeiro, Brazil) were used
in this work. The SS wire was an austenitic stainless steel
ABNT 302"!, whose chemical composition is described
in Table 1. The bright polished finishing was obtained
by drawing the material in diamond tool. No quantitative
specification concerning the roughness of the wires was
provided by the manufacturer.

The NiTi wire was manufactured in accordance to
ASTM F 2063”, and its chemical composition is presented
in Table 2. The NiTi archwires were submitted to mechanical
polishing after thermal treatment. Similar to SS archwires,
no quantitative specification concerning the roughness of
the wires was provided by the manufacturer.

2.2. Total immersion experiments

The wires’” samples used in these experiments (both SS
and Ni-Ti wires) presented 0.5 mm diameter and 6.0 cm
length. They were first cleaned with acetone, dried in warm
air, and weighted with an analytical balance (Sartorius
BL210, with 0.1 mg precision). Then, the wires were
immersed in 25.00 mL of artificial saliva solutions (Table 3),
which were produced based on the work of Ferreira®. The pH
solutions (3.0 or 5.0) were chosen based on the main works
presented in the literature*”!!, as well as in clinical data:
the lowest pH value found under mature dental plaque was
about 3.5, The pH values were adjusted with a 0.1 mol.L™!
HCl solution.

Table 1. Chemical composition of the austenitic stainless steel
wire!.

Chemical composition (% m/m)

C Mn Si P S Cr Ni Fe

17.00 8.00
0.15 200 1.00 0.045 0.03 to to balance
19.00 10.00
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Initially, a composite design 2® (from known on
denominated Design 1) was used to evaluate the effects
of the studied wire, SS or Ni-Ti (w), the solution pH (pH),
and the exposition time to the corrosive medium (¢), on
the weight loss (Am) and on the Ni** concentration (Cm)
released during the experimental time. It means that the three
parameters w, pH, and ¢ were simultaneously varied between
two levels, —1 and +1, in which the —1 level represents the
lowest value of the parameter, while the +1 level corresponds
to the highest value of the parameter'®. The experimental
design matrix, as well as the codified and the real values
of the studied parameters are presented in Table 4. In this
design, only solutions 1 and 2 of Table 3 were used. All
experiments were carried out in duplicates to evaluate the
experimental error'®. At the end of the assays the wires
were cleaned with water and alcohol, dried with warm air,
and weighted again, using the same analytical balance. The
results were used to calculate Am. In addition, 10.00 mL
of the saliva solution of each experiment were analyzed
by flame atomic absorption spectrometry (Perking Elmer
AAnalist 300) to quantify the Cj; released at the studied
conditions. A commercial software package (STATISTICA
for Windows, release 7.0) was used for the experimental
data regression analysis.
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A second composite design 2* (from now on
denominated Design 2) was used, based on the solutions
no. 3 to 6 from Table 3, which present F~ ions in two
different concentration, 100 mg.L™! (5.3 x 10 mol.L™")
and 1000 mg.L™! (5.3 x 102 mol.L™"). This new group of
experiments intended to evaluate the effects of the studied
wire (w), the F~ concentration (C,), and the exposition
time to the corrosive medium (¢), on the weight loss (Am)
and in the C,, released during the experimental time. All
the experiments were carried out in duplicate, for each
solution pH (3.0 or 5.0). The wires were prepared as
former described for Design 1, and the procedures at the
end of the experiments were also similar to those earlier
mentioned. The experimental design matrix, as well as
the codified and the real values of the studied parameters
are presented in Table 5. The same commercial software
package (STATISTICA for Windows, release 7.0) was used
for the experimental data regression analysis.

The complete surface response model between the
studied factors and the system response, based on both
proposed experimental designs, is presented in Equation 1.

Table 2. Chemical composition of the nickel-titanium shape memory alloy wire®.

Chemical composition (% m/m)

Ni C, . Co, Cu Cr . H_ Fe Nb_ N+0),.. Ti
54.5t057.0  0.050 0.050 0.010 0.010 0.005 0,050 0.025 0.050 Balance
Table 3. pH and chemical composition of the studied artificial saliva solutions.
Composition(mg.L")
Solution no. pH
K,HPO, NaCl CaCl,.2H,0 KCl F-

1 270 670 120 960 - 3.0

2 270 670 120 960 - 5.0

3 270 670 120 960 100 3.0

4 270 670 120 960 1000 3.0

5 270 670 120 960 100 5.0

6 270 670 120 960 1000 5.0

Table 4. Central composite design 2° experimental matrix (Design 1), showing codified and normal values of the studied variables: SS or
Ni-Ti wire (w), solution pH (pH), and exposition time (¢) to the solutions no. 1 and 2 of Table 3.

Codified values Real values
Run no.
t (cod.) pH (cod.) Wire (cod.) t/days pH Kind of wire
1 -1 -1 -1 15 3.0 SS
2 +1 -1 -1 30 3.0 SS
3 -1 +1 -1 15 5.0 SS
4 +1 +1 -1 30 5.0 SS
5 -1 -1 +1 15 3.0 Ni-Ti
6 +1 -1 +1 30 3.0 Ni-Ti
7 -1 +1 +1 15 5.0 Ni-Ti
8 +1 +1 +1 30 5.0 Ni-Ti
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A using a scan rate of 5 mV/s™, from -1 Vi o +1 V., at
Y=by + 0 X) + by X, + b3 X5 + by Xi Xy (1)  room temperature.

+h3 X1 X3 + b3 Xp X3 + b3 X1 X, X3

where ¥ is the estimated response (C,, or Am), X, is the
exposition time in the corrosive medium (#), X, represents
pH (for Design 1) or C, (for Design 2), and X, is the
kind of wire studied (w). Xin is the term of interaction
between two of the parameters, while XXX, represents
the interaction among all the studied parameters; b, are the
equation coefficients. Statistical tests (p = 0.05) were then
used to verify whether the analyzed effects were statistically
significant's. In the Equations presented in this work only the
parameters that affected the system at a level of statistical
significance (p < 0.05) are shown. It is important to point
out that even though some individuals trends could be
observed in how ¢, pH (or C,), and w influenced the system
responses, the final results were obtained using the response
surfaces, which take in account all the responses observed
for each effect!®.

2.3. Open circuit potential (OCP) measurements

Other samples of the same commercial SS and Ni-Ti
orthodontic wires were again submitted to the cleaning
treatment earlier described, before being linked to a
conductor wire and embedded in acrylic resin, to produce
electrodes (exposed area of 0.35 cm?). The electrodes
were immersed in the solutions of Table 3, and their OCP
values were measured during 30 days, using a saturated
calomel electrode (SCE) as the reference electrode and a
multimeter (Wavetek Meterform 28XT). Each experiment
was performed in triplicate.

2.4. Polarization experiments

Other electrodes of the same commercial orthodontic SS
and Ni-Ti wires, with exposed area of 0.35 cm?, were
prepared as earlier described in item 2.3 to be used in the
polarization experiments performed in the solutions of
Table 3. A three-electrode cell was used in these experiments:
the wires were the working electrodes, a Pt spiral was used
as the counter electrode, and the saturated calomel electrode
was the reference electrode. The polarization experiments
were carried out in a potentiostat/galvanostat Autolab 302N,

2.5. Morphological surface analysis

The morphologies of both wires, as-received and after
the weight loss experiments, were evaluated using a scanning
electron microscope (SEM - ZEISS - model EVO MA 10).
The samples were cleaned with acetone, dried in warm air,
and then attached to the support with a conducting tip. Only
secondary electron (SE) mode was used.

3. Results and Discussion

3.1. Morphology of the as-received commercial
wires

In the present work, both SS and Ni-Ti wires were
acquired from the same manufacturer, since we aimed to
evaluate statistically the effects of the chosen parameters
on these wires, only. Therefore, the differences in
morphology presented here will be due to their different
surface preparation, as presented in item 2.1. There was no
intention in comparing their performance with other kind of
wires used in orthodontic treatment or with the same wires
produced by other manufactures.

Even though it is known that that corrosion of
orthodontic alloys occurs in the intraoral environment
regardless of the metallurgic structure of the alloy, the
initial morphology of the wires (the presence of defects or
high roughness, for example) can also contribute to their
corrosion performance'>?>?. Therefore, Figure 1 presents
the surface morphology of the as-received commercial SS
and Ni-Ti wires. It is possible to observe that both wires
present homogeneous surfaces, without many defects.
Nevertheless, the Ni-Ti wire (Figure 1b) present small
cracks and pores. Since the presence of manufacturing
defects may accelerate the corrosion process®, these small
defects in Ni-Ti wires may influence their performances in
aggressive environments.

3.2. OCP measurements

Figure 2 presents the average OCP values for the Ni-Ti
and SS exposition in the artificial saliva solutions shown
in Table 3 during 30 days. This exposition period was

Table 5. Central composite design 2° experimental matrix (Design 2), showing codified and normal values of the studied variables: SS or
Ni-Ti wire (w), F- concentration (C,), and exposition time (¢) to the solutions no. 3 to 6 of Table 1.

Codified values Real values
Run no.
t (cod.) C, (cod.) Wire (cod.) t/days) C /mg.L"! Kind of wire
1 -1 -1 -1 15 100 SS
2 +1 -1 -1 30 100 SS
3 -1 +1 -1 15 1000 SS
4 +1 +1 -1 30 1000 SS
5 -1 -1 +1 15 100 Ni-Ti
6 +1 -1 +1 30 100 Ni-Ti
7 -1 +1 +1 15 1000 Ni-Ti
8 +1 +1 +1 30 1000 Ni-Ti
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chosen because these wires may be replaced after 1-month SS owes its corrosion resistance to chromium, a highly
application, during dental orthodontic treatment*!'. When  reactive base metal, which spontaneously forms (passivation)
both wires were exposed to solutions no. 1 and 2 of Table 3~ and reforms (repassivation) a passive chromium oxide
(Figure 2a), most of the OCP results are positive potentials,  film on its surface, both in air and under most tissue fluid
regardless the pH value used. conditions®. The Ni-Ti wires used in orthodontic treatments

10 pm* Signal A= SE1 Mag= 500KX EHT=1500kV Date:20May2012 #& 10 pm* oo S Mag= 500KX EHT=15.00kV Date :29 May 2012 (2‘(&\
aneiy= PhotoNo.=2551 ~ WD=110mm  Time :12:09:35 g PhotoNo.=2552 ~ WD=105mm  Time:12:12:31 %
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Figure 1. Surface morphologies of the (a) SS and (b) Ni-Ti wires as-received.
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Figure 2. Average OCP measurements of Cr-Ni and Ni-Ti wires, obtained during 30 days of exposition in the solutions of Table 1:

(a) Exposition to solutions no. 1 (m SS, o Ni-Ti) and 2 (A SS, V Ni-Ti); (b) Exposition to solutions no. 3 (m SS, o Ni-Ti) and 4 (A SS,
V Ni-Ti); (c) Exposition to solutions no. 5 (m SS, o Ni-Ti) and 6 (A SS, V Ni-Ti).



2013; 16(1)

present a passive layer of titanium oxide on their surfaces
due to the presence of titanium. In water, this passive
layer grow, since the pH increasing due to the reaction
Ti + 2H,0 — TiO,+ 2H,, favors the released OH™ anions to
migrate to the surface and stabilize the oxide layer'”.

Comparing the above mentioned results to the Pourbaix
Diagrams for the studied systems (Cr-water and Ti-water,
respectively)®, the OCP values obtained for both wires in
saliva pH = 5.0 are in agreement with the stability region
of CrO, and TiO,, indicating that the passive layer covering
both wires might still be intact after 30 days.

Less positive OCP values were measured for the wires
exposed at pH = 3.0, mainly until approximately 18 days
of experiment. This result indicates that a decrease in pH
might have caused a small deterioration of these films and,
consequently, that a higher Ni** could have been released in
this condition. It is known that acidic conditions provide a
reducing environment in which the stainless steel oxide film
required for corrosion resistance is less stable!>. Moreover
chloride ions can be particularly detrimental to these wires.
Additionally, the increase in H* concentration trends to
decrease the stability of TiO, oxide on the Ni-Ti-based wires
surfaces, decreasing their corrosion resistance**. However,
at the end of the experiment, there was no significant
differences on the OCP values among the wires and/or the
pH values, showing that the CrO, and TiO, coatings could
have probably kept their integrities, even at pH = 3.0.

F~ions were included in the artificial saliva solutions to
simulate other conditions generally found in the oral cavity.
Fluoride-containing commercial mouthwashes, toothpastes,
and prophylactic gels are widely used to prevent dental caries
and relieve dental sensitivity. Moreover, fluoride mouth
rinses are effective complements to mechanical cleaning. It
reduces enamel decalcification and gingival inflammation,
and enhances the remineralization of enamel adjacent to
orthodontic brackets??%, It is also known, however, that
F ions are very aggressive toward the protective CrO,
and TiO, films present on the outermost surface of SS and
Ni-Ti-based wires**!>?, In acidic condition, the presence
of F~ions may cause pitting corrosion, since this anion may
penetrate into the metal/oxide film interface!>*.

The presence of F~ions in the artificial saliva solutions
of the present work (solutions 3 to 6 of Table 3) produced
different results in the OCP measurements of the wires
exposed to them. The OCP values observed for SS wires
in Figures 2b, ¢ were not different from those verified in
Figure 2a for solution 1 (pH = 3.0 and no F-). The OCP
values of the SS wires were always more positive than
the Ni-Ti ones and approximately constant during the
experiment period, despite the pH and the C, values,
indicating that the CrO, film may still be stable at these
conditions.

On the other hand, several changes could be noted
for the Ni-Ti wires immersed in the same solutions. It
can be verified that, at pH = 3.0 and in solutions 3 and 4
(Figure 2b), the Ni-Ti wires present OCP values much more
negatives that those observed for SS wires, immersed in the
same solutions. It can also be noted that the OCP values
for the Ni-Ti wires immersed in solution 4 (containing
1000 mg.L~! F) are even more negative than those obtained
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for solution 3 (containing 100 mg.L-" F"), for this same wire.
These results indicate that the presence of fluoride and its
concentration in solution (C,) may affect the corrosion
of Ni-Ti alloys. Equally, in the experiments performed at
pH =5.0 (Figure 2c), the Ni-Ti wires immersed in solutions
containing F~ (solutions 5 and 6 of Table 3) presented
OCP values more negative than the SS ones in the same
conditions. This behavior agrees to what has been observed
in Figure 2b for the experiments in pH = 3.0, although
the results among the Ni-Ti wires in solution 5 and the
SS wires in both solutions 5 and 6 were not statistically
different (p > 0.05) at pH = 5.0. Even though the small
defects observed in Figure 1b could also have influenced
on the Ni-Ti performance in fluoride containing media, the
results shown in Figures 2b, c indicate that there must be a
direct correlation between pH value and F- concentration,
which can favor (or not) the Ti-depassivation in the alloy.

It has been already shown that the corrosion of wires
containing Ti in artificial saliva containing NaF was under
100 times larger than that tested in fluoride-free artificial
saliva®. Moreover, the OCP values of pure titanium
and titanium alloys strongly decreased after 24 hours
immersed in fluoridated-acidified Fusayama Meyer saliva’®'.
Concerning the effect of fluoride concentration Lee et al.?,
have shown a significant influence (p < 0.001) of the C,
on the corrosion resistance of Ni-Ti wires, regardless of
archwire manufacturer. Similar results were described by
Robin and Meireles* for Ti samples in artificial saliva with
different pH values and F- concentration. All of these results
are in agreement with those shown in the present work.

It is also important to remember that the measured
OCP values are also related to the surface morphology
of the wires, which can be dependent on their finishing
processes. In the present work, however, the finishing
treatment did not seem to cause any significant differences
in the OCP measurements of SS and Ni-Ti wires in acid
artificial saliva. The differences were observed only in the
presence of F-ions.

3.3. Design I results

After 15 and 30 days of exposition in solutions no. 1 and
2 of Table 3 (Design 1), it was observed no weight loss
for any of the studied wires, regardless the pH value used,
considering the uncertainty of the used balance (0.1 mg).
Moreover, the C,, determined in the resulting solutions
were below the detection limit (DL) of the analysis method
(DL = 0.42 mg.L" = 0.02 mol.L™"). These results suggest
that, for the kind of saliva used in this work, pH and ¢ are
not causing significant corrosion in both orthodontic SS
and Ni-Ti wires.

The present results agree with the work of Kutha et al.!’,
who verified that there was no significant difference in
Ni?** released from SS and Ni-Ti wires in artificial saliva
(pH = 3.5) after 28 days of immersion. On the other hand,
Huang et al.* have shown that the decrease in the artificial
saliva pH from 3.75 to 2.50 and an increase in the immersion
time caused an increase in Ni** release of a Ni-Ti alloy. They
have also shown that their result was dependent on the wire
manufacturers. Even though we have used a Ni-Ti archwire
obtained from a different manufacturer and a different
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saliva solution, it is possible to note that, at the pH values
used in the present work (3.0 and 5.0), which were above
the more acidic pH value used for Huang et al.%, only very
small C,, were released. These results agree with the OCP
measurements observed in Figure 2a where only small
differences could be verified for both wires in the studied
pH values, indicating a trend, although no significant, of
increasing the C\, with decreasing the pH. Once more, the
finishing treatment did not seem to cause any significant
differences in the C,, measurements of SS and Ni-Ti wires
in acid artificial saliva.

Therefore, based on the amount of Ni** released in the
artificial saliva studied in the present work (in both pH
values), both wires could be clinically used during the time
that these experiments lasted (30 days). It means that the C,
released from both orthodontic wires (SS and Ni-Ti) used
in this study may not be of clinical significance for most
patients, even at 30 days of exposition.
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3.4. Design 2 results

For the experiments carried out using Design 2, different
results were observed for both C; and Am. The result model
obtained for C, estimated from the experiments performed
in the solutions 3 and 4 described in Table 3 (solutions
containing F-, pH = 3.0), is represented by the fitted
surface response diagram shown in Figure 3 and defined
by Equation 2. The fitting shows, at a confidence level of
95% and R? = 96%, that all the studied parameters, as well
as the interactions among them, significantly stimulated the
C,, released by the corrosion of the orthodontic wires. This
variable was more influenced by w (p <0.00001), followed
by C,.(p <0.0001) and by the interaction between w and C,
(p <0.0001). It means that, comparing both wires, the Ni-Ti
wires would be easier corroded than the SS ones, mainly in
a solution containing high C,.

Kind of

wire — Immersion
-1 -1.2 time
(b)
W 240
3140
B 40
1.2

Figure 3. Fitted surfaces of standardized effects for C, (mg.L™") at the conditions of Design 2 (Table 5) for pH solution = 3.0: (a) Influence

of C,, and £; (b) Influence of w and £; (c) Influence of w and C,.
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A

Cp; =100+31¢+75C; + 98w +30tCp 2)
+30tw + TACw + 30tCow

Figure 3 presents the response surface for the proposed
model and shows the tendency for increasing the studied
response variable (C,,) as the darkest part of the figure.
Figure 3a shows the effects of a concurrent variance of
C, and t on C,,. There is a strong and positive interaction
between both parameters to increase C,, which means that a
simultaneous increase of ¢ and C,, would favor the corrosion
process of both orthodontic wires. Analyzing the influences
of ¢ and w, and C, and w (Figures 3b, c, respectively) on
C,.. a strong and significant increase in Ni** release can
be observed when Ni-Ti wires are used, for both large ¢
and C, values. The Ni-Ti wires are represented in these
figures as +1 level, while the SS wires are presented as the
—1 level (parameter “X,” in Table 5). Since this is not a
numerical parameter, the results presented in Figures 3b, ¢
are qualitative and only the extreme levels are expressed,
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representing the SS and Ni-Ti wires (-1 and +1 levels,
respectively). These results show that, in the conditions
of these experiments, the corrosion of Ni-Ti wires is more
intense than the SS ones.

On the other hand, no significant effect of the studied
parameters on Am could be noted, even though mass
differences have been measured (which was not obtained
for Design 1). However, similar trends were observed in
the surface responses plotted for this variable (Figure 4).
It indicated that the weight loss probably follows the same
trends observed for C,, confirming that the corrosion of Ni-Ti
wires at pH = 3.0 occurs at larger extent when compared to
that observed for SS ones, mainly at higher C,,and ¢ values.

An increase in the pH values decreased the orthodontic
wires corrosion, as measured in terms of CNi and Am.
However, the presence of F~ ions (solutions 5 and 6 of
Table 1) was directly responsible for the corrosion of the
wires, even at pH = 5.0. At a confidence level of 95% and
R? = 96%, only the parameters C, (p < 0.00006) and w
(p < 0.00004), as well as the interaction between them
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Figure 4. Fitted surfaces of standardized effects for Am (g) at the conditions of Design 2 (Table 5) for pH solution = 3.0: (a) Influence of

C, and t; (b) Influence of w and #; (c) Influence of w and C,.
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(p<0.00001), affected the C,; released during the corrosion
experiments, confirming that Ni-Ti wires would be easily
corroded in a solution containing high C;, even at pH = 5.0.
Equation 3 and the response surfaces for the variable C,,
(Figure 5) present the final results for this model. It is
possible to note by the equations coefficients (the bi in
Equation 1) that the corrosion process intensity decreased,
when compared to Equation 2. The results show that an
increase in the C,, favors the corrosion process, mainly for
Ni-Ti wires, regardless the exposition time.

A

Cri = 3.0+ 1,9C, +2,0w+2,4Cpw )

Similarly to what have been noticed before, no
significant effect of the studied parameters on Am could
be noted, although all 16 experiments have presented mass
differences. However, some trends could also be seen
(Figure 6) and, for these conditions, Am presents a non
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statistical trend to increase with the interaction between ¢
and C,, mainly for Ni-Ti wires.

By analyzing the above mentioned results, the
relationship between the C,, and the pH of the saliva solution
for the integrity of the TiO, passive layer, earlier indicated
by the OCP experiments in Figures 2b, c, becomes clearer.
In agreement with the results of Robin and Meireles*? and
Kao and Huang'?, the results presented in Figures 3 to 6 show
that a decrease in pH values of an artificial saliva containing
F-reduces the corrosion resistance of the Ni-Ti wires, since
the surface passive film on these archwires becomes severely
damaged by fluoride ions, favouring the passive TiO, film
breakdown. Moreover, this effect becomes more intense
with increasing the C,, as shown by Lee et al.’. Small
C,. present in acidic medium is enough to form fluoridric
acid (HF) molecules, and the dissolution of the oxide film
depends on the presence of HF and other species that are
formed at low pH values. HF concentration above 30 mg.L™!
can react with the TiO, film and destroy it*>***. The TiO,
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Figure 5. Fitted surfaces of standardized effects for C,, (mg.L™") at the conditions of Design 2 (Table 5) for pH solution = 5.0: (a) Influence

of C,, and £; (b) Influence of w and £; (c) Influence of w and C,.
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passive layer is completely degraded at acidic pH saliva
containing F~ concentration of approximately 500 mg.L,
due to the formation of a complex between Ti and F. Tt is
important to point out that in daily commercial mouthwashes
the F~ concentration may reach 250 mg.L™". In a real oral
cavity, this effect can be added to other acidic compounds,
like formic acid and lactic acid, present in the bacterial
plaque, which can contribute to Ti and Ti-based alloys
corrosion in oral cavity**.

However, if the pH is not acid enough this effect can
decrease, as it was verified by the coefficient values of
Equation 3 when compared to those of Equation 2 for the
same parameters effects on the response variable (C,,).
Ahn et al.** have shown that the content of the released
metal elements of Ni-Ti and Ni-Ti—Cu orthodontic wires
during 3-day immersion in F-containing (<500 mg.L™")
acidic (pH 6) solution could be considered negligible. Kao
and Huang'? compared the corrosion behaviour of stainless
steel and Ni-Ti wires in fluoridated artificial saliva at two
pH values, 4 and 6, and their results indicated a decrease in
the corrosion process of both wires at pH = 6. Even though,
the corrosion of Ni-Ti wires in slightly acid solutions is still
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dependent on C,, as can also be seen in the present study
and in the work of Lee et al.?.

Although the corrosion of SS wires in F-containing
medium was more intense than in solutions 1 and 2 of
Table 3 (without F~ ions), the C,;, released for this kind of
wire in F~-containing solutions were much smaller than the
values obtained for the Ni-Ti wires in the same solutions.
For example, the values of C,; in the solutions resulting
from these experiments in Solution 4 of Table 3, which
was the most aggressive solution studied, were 3.58 mg.L!
(0.21 mol.L") and 468 mg.L™! (27.50 mol.L™") for SS and
Ni-Ti wires, respectively. These results can also be related to
the surface morphology of SS and Ni-Ti wires before testing
(Figure 1). Since the SS wires presented low roughness and
few surface defects, the intensity of corrosion could have
been smaller than that verified for the Ni-Ti ones. Therefore,
the corrosion process of Ni-Ti wires in acid artificial saliva
containing F~ ions, a very aggressive medium for Ti-based
alloys, could probably have been intensified by the surface
defects. However, more experiments are needed to reach a
final conclusion about the influence of surface finishing on
the corrosion process of these wires.
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Figure 6. Fitted surfaces of standardized effects for Am(g) at the conditions of Design 2 (Table 5) for pH solution = 5.0: a) Influence of
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3.5. Morphological analysis of the wires after the
immersion experiments

Figure 7 presents the surface morphology of the SS
and Ni-Ti wires after 30 days of exposition in solution 4 of
Table 3, which have been showed as the most aggressive
conditions verified in this work. It can be observed that
the corrosion attack to the SS surface (Figure 7a) was less
severe than that noted for Ni-Ti wires (Figure 7b), in which
cracks in the TiO, coating can be noted. This result agrees
with the OCP data in Figure 2b and with the values found
for C,, in the studied solution, as presented in Design 2.
Yokoyama et al.*> have shown that acid treatment causes
the Ni-Ti wire to become brittle, and under stress, this wire
may fracture. This possibility may increase in presence
of F~ ions, since these ions cause the breakdown of the
protective passivation layer that normally exists on titanium
and its alloys, leading to pitting corrosion’'. However, the
morphological effects due to the small pores and cracks
observed on the as-received Ni-Ti wires surface (Figure 1b)
must also be taken in consideration. These defects may
have also contributed to present results in F--containing
acid saliva.

3.6. Polarization experiments

Figure 8a shows the results of the polarization curves
obtained for the SS and Ni-Ti wires in the Solutions 1 and
2 of Table 3. It is possible to note that the curves of SS
wires were shifted to smaller values of current density,
when compared to the Ni-Ti ones, regardless the pH values
used. This is reflected in their respective corrosion current
densities and corrosion rate values, presented in Table 6,
and it means that the SS wires were less susceptible to
corrosion in the studied artificial saliva medium than the
Ni-Ti wires. Additionally, the effect of changing the pH to
more acidic values was clearly observed for the Ni-Ti wires,
whose pitting potential was decreased. Similar results were
found by Afshar et al.”>, which was related to an increase
in the corrosion of Ni-Ti wires and, consequently, to the
Ni?* release.

10 um EHT = 20.00 kV
WD =11.0mm
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Photo No. = 241
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Time :11:44:04 s

Mag= 5.00KX
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It is important to point out that the both eftects of pH
and w could not be noted in a long-time assay as the total
immersion experiments performed in Design 1. However,
these effects were easily observed in the polarization curves,
showing that both kinds of experiments must be used as
complementary tools to verify the corrosion processes of
orthodontic wires in artificial saliva.

The effects of pH and the C,, on the polarization curves
of SS wires can be observed in Figure 8b and Table 6. It
is interesting to note that both parameters present a strong
influence in the anodic branches of the polarization curves,
which are changed to higher values of current density when
C, was increased, mainly at more acidic medium. This result
could be related to a change in the corrosion process of this
wire, probably due to a decrease in the resistance of the
Cr,0, layers at these conditions. The proposed mechanism
would involve the penetration of F~ions into the metal/oxide
film interface, causing pitting corrosion®'. The direct effect of
changing CF, however, was less noted at pH = 3.0, since both
curves were not significantly different. It could indicate a
higher influence of pH in this process, which agrees with the
work of Kao and Huang'. Additionally, the corrosion current
densities and the corrosion rates values obtained from these
experiments and shown in Table 6 were not significantly
different (p > 0.05) from those earlier presented in Figure 8a.

Figure 8c presents the effects of pH and the C,, in the
polarization curves of Ni-Ti wires in Solutions 3 to 6 of
Table 3. It is possible to see that most of the curves are
changed to higher values of current density when the pH
was decreased and C,, was increased, which indicates that
these conditions stimulated the corrosion of Ni-Ti wires.
Similar to the findings presented in Figure 8b, there is a
strong influence of the studied parameters in the anodic
branch of the polarization curves, probably due a change
in the corrosion process of these wires. However, the curve
obtained for the smallest pH and highest C,, values have
also presented a higher shift in the cathodic branch, showing
that this condition may have also affected the corrosion
kinetics more intensively. Yokoyama et al.** proposed
that the mechanism of corrosion might be from hydrogen

b
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Figure 7. Surface morphologies of the (a) SS and (b) Ni-Ti wires after 30 days of exposition in artificial saliva solution no. 3 of Table 1.
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adsorption on NiTi wire surface, penetrating into the wire,
and enhancing its fragility. This process is increased at low
pH values, and may be improved at high C,, values, probably
causing the changes observed in the cathodic branch of the
polarization curve obtained at pH = 3.0 and high C,.
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These results agree to those presented for Design
2 and can also be related to the effect of pH and C,, on the
stability of TiO, layers, presented on the surface of these
wires. Evaluating Ti and Ni-Ti alloys, Schiff et al.*' reported
similar results, when comparing fluoridated acidified saliva,
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Figure 8. Polarization curves of (a) SS and Ni-Ti wires immersed in the Solutions 1 and 2 of Table 3; (b) SS wires immersed in Solutions
3 to 6 of Table 3; (c¢) Ni-Ti wires immersed in Solutions 3 to 6 of Table 3.

Table 6. Tafel parameters and corrosion rates of the Ni-Ti and Cr-Ni wires immersed in the solutions of Table 1, obtained from the
polarization curves (Figures 7 and 8).

Experimental conditions I..(Acecm?)  Corrosion rate (mpy) [, (Vdec') [, (Vdec")
Solutions 1 and 2 pH=3.0 5.44 x 10 1.26 x 10! 0.043 0.092
(without F~ fons) pH=5.0 3.60 x 107 8.34 x 107 0.101 0.065
Ni-Ti Solutions 3 and 5 pH=3.0 8.02 x 107 2.03x 1072 0.053 0.112
wires (C,=100mg.L™") pH=5.0 3.34 x 107 7.75 x 10 0.094 0.995
Solutions 4 and 6 pH=3.0 571 x 10 1.32x 10! 0.047 0.074
(C,=1000 mg.L"™") pH=5.0 4.65 x 107 1.08 x 10! 0.095 0.055
Solutions 1 and 2 pH=3.0 493 x 108 1.25x 107 0.070 0.191
(without F~ fons) pH=5.0 3.22x 108 8.14 x 10 0.063 0.069
i Solutions 3 and 5 pH=3.0 1.78 x 107 449 x 107 0.061 0.175
SS wires B
(C, =100 mg.L) pH=5.0 537 x 10 1.36E-03 0.079 0.810
Solutions 4 and 6 pH=3.0 1.90 x 108 4.80 x 107 0.121 0.072
(C, =1000 mg.L™ pH=5.0 134 x 107 3.39 x 10 0.163 0.077
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Figure 9. Influence of w, pH and C,. on the polarization curves of SS and Ni-Ti wires: (a) C,, = 100 mg.L™'; (b) C,=1000 mg.L".

acidified saliva and fluoridated saliva. It is interesting to note
that, when C,, = 1000 mg.L", the curves are almost similar,
regardless the pH used, which suggests that if Cis high,
even at pH =5 the corrosion process can be very intense. It
agrees to the results of Lee et al.”*. Even though there are
small differences in the corrosion current densities and in
the corrosion rates of Ni-Ti wires immersed in solutions with
and without F- (Table 6), no statistic significance (p > 0.05)
was obtained.

The effects of pH and the kind of wire (w) on the
polarization curves are presented in Figure 9. In accordance
to the results presented in Figure 8b, the solution pH
influenced the corrosion process of SS wires to a greater
extent than the Ni-Ti wires, mainly for C, = 1000 mg.L™".
It is possible to observe, in Figure 9a, that the polarization
curve for SS wire immersed in Solution 5 of Table 3
(pH =5.0; C,. = 100 mg.L"), was shifted to smaller values
of current density. However, there was only one order of
difference among the corrosion current densities of the
SS and Ni-Ti curves obtained from Solutions 3 and 5
of Table 3 (Table 6). The difference of w is noted in the
shape of the curves, since the pitting potential could not be
detectable for the SS wires curves, while it is clearly seen in
the Ni-Ti curves. Moreover, the influence of w can be easily
distinguished for C,, = 1000 mg.L™" (Figure 9b), in which
the curves for Ni-Ti wires were moved to higher values of
current density. Table 6 shows that the highest corrosion rate
(0.132 mpy) was observed for the Ni-Ti wires, immersed
in Solution 4 of Table 3 (pH =3.0; C,, = 1000 mg.L™"). This
result agrees to what has been presented by the Design 2.

4. Conclusions

The in vitro corrosion process of SS and Ni-Ti
orthodontic wires in artificial saliva solutions were
evaluated using experimental design and response surface
methodology. The corrosion of these wires, measured as
weight loss and C, released was not significantly affected
by the parameters studied in Design 1 (w, ¢, and pH). In
agreement with these results, the OCP measurements of both

SS and Ni-Ti wires were stable and showed anodic values, at
potential regions where the TiO, and Cr, , were not enough
deteriorated during the period of this study (30 days).

On the other hand, the presence of F- (Design 2) has
significantly increased the C,; released, mainly for the Ni-Ti
wire. At pH = 3.0, there is a positive and high influence of C,,
and ¢ for these wires, showing that the simultaneous increase
of these parameters is dangerous for the integrity of Ni-Ti
wires. Increasing the pH value (pH = 5.0), the corrosion
process decreased and ¢ was not a significant parameter
anymore. Nevertheless, the Ni-Ti wires were more sensitive
to the studied corrosion medium than the SS ones, and at this
pH value, the positive effect of C,. on C,, still contributes to
cause damages to Ni-Ti wires. These results corroborated
the OCP measurements.

The polarization curves demonstrated that, in the
absence of F~ ions, the solution pH seems to affect the
corrosion process of Ni-Ti wires more intensely than the SS
wires. In the presence of F~ions the corrosion process of SS
wires was affected mainly by the solution pH. At pH = 3.0,
the variation of C,, caused small differences in the corrosion
rate. Concerning the Ni-Ti wires, an increasing in C,, caused
a very intense corrosion process in these wires, as could be
observed by their polarization curves, which were shifted
to higher current densities, independent of the medium pH.

Although it was not statistically evaluated, the
morphology of the as-received wires might have contributed
to the results obtained in this work. Even though the OCP
values and the Design 1 responses (variation in w, ¢, and
pH) did not seem to be affected by the differences on the
surface finishing treatments of both wires, the presence
of small cracks and pores on the Ni-Ti surface could have
influenced on the intensity of its corrosion process obtained
from Design 2 (variation in w, #, and C,,, mainly at pH = 3.0).
We suggest that the parameter “surface morphology” be
also statistically evaluated in future studies concerning the
corrosion of orthodontic wires.

Based on the proposed experimental design and on the
obtained response surfaces, the SS wires showed a better
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performance in the studied saliva solutions, even at critical
conditions (C, = 1000 mg.L™" and pH = 3.0), indicating
that, at least in terms of corrosion and in the conditions of

these experiments, this kind of wire can be clinically used
for long-term exposition than the Ni-Ti ones.
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