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Abstract: Nitinol is widely used for orthodontic archwires due to its favourable mechanical properties and 
corrosion resistance. To maintain oral hygiene and prevent dental plaque, orthodontic patients are advised 
to use commercially available mouthwashes, many of which contain chlorine- or fluorine-based compounds. 
These compounds can interact with the surface oxide layer of NiTi alloy, potentially leading to its degradation 
and the release of toxic nickel ions into the surrounding biological environment. The detrimental effects of 
chlorine- and fluorine-containing media on NiTi are well-known. However, due to the typically low intensity 
of the corrosion processes, the characterization of surface corrosion effects in such environments remains a 
great challenge. In this study, non-electrochemical corrosion tests were conducted on NiTi archwires exposed 
to artificial saliva and several commercially available mouthwashes to quantify nanometric changes in surface 
topography. Corrosion effects were evaluated using atomic force microscopy (AFM) in contact mode, with 
measurements taken at predefined surface locations before and after the corrosion tests. The topographical 
changes were evaluated using surface roughness parameters: Sa, Ssk, Sdr, and S10z. The analysis revealed 
that mouthwashes containing chlorine compounds resulted in both material loss and gain on the surface, 
while fluorine-based mouthwashes caused only material loss. In contrast, samples exposed to artificial saliva 
exhibited no significant topographical changes. The analytical approach developed in this study proves 
effective for identifying and distinguishing types of nanoscale surface alterations associated with corrosion. 
The observed material gain in chlorine-containing mouthwashes is likely due to surface reoxidation, a 
phenomenon not present in fluorine-containing solutions. 
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1. INTRODUCTION 
 

Nickel–titanium (NiTi) alloy is a biomaterial 
widely used in dental orthodontic applications. 
During orthodontic treatment, practitioners 
often recommend that patients use various 
mouthwashes to prevent caries and protect 

dental enamel [1]. As a result, NiTi wires are 
exposed to different oral environments that 
may lead to corrosion and the release of metal 
ions into the body. The release of these ions can 
have adverse biological effects, depending on 
the ion species and their concentrations [2]. 
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Corrosion resistance is a critical property of 
biomaterials, as it directly influences their 
biocompatibility. It has been shown that nickel 
ion release, caused by corrosion processes, can 
lead to allergenicity, toxicity, and even 
carcinogenicity [1,2] 

Evaluating the corrosion behavior of NiTi 
alloys under conditions similar to those in the 
human oral cavity remains a significant 
characterization challenge. Many studies [3–6] 

avoid the complexities of characterizing 
nanostructures and nanoscale surface changes 
by employing accelerated corrosion tests. 
However, such tests do not accurately replicate 
real clinical conditions. 

Therefore, the aim of this work was to 
perform non-accelerated corrosion tests on 
NiTi wires in various corrosive media and to 
characterize and quantify the resulting 
topographical changes. To achieve this, atomic 
force microscopy (AFM) measurements were 
conducted before and after the corrosion tests. 
 
2. EXPERIMENTAL 
 

The corrosion performance of NiTi 
orthodontic wires (Dentaurum, Germany) was 
evaluated in this study. Four prismatic 
specimens were prepared from the as-received 
wire. Prior to the corrosion tests, six scan 
locations were marked on each specimen. To 
facilitate the relocation of the same areas after 
corrosion testing, the scan sites were identified 
by making small scratches on the specimen 
surface. Returning to the same locations after 
testing allows for the characterization of nano-
topographic changes induced by corrosion with 
a relatively low number of measurements. In 
contrast, detecting such changes through 
randomly selected areas would require a 
significantly larger number of measurements, 
both before and after corrosion. Each specimen 
was exposed to one of four selected corrosive 
media (artificial saliva or commercial 
mouthwash). 

Corrosion was characterized by analyzing 
changes in surface topography. For this 
purpose, each specimen was examined at six 

predefined locations before and after the 
corrosion test using atomic force microscopy 
(AFM; CP-II di, Veeco). AFM measurements 
were conducted in contact mode using a 
symmetrically etched silicon nitride tip. The 
scanning parameters were as follows: fast 
scanning direction along the X-axis, scanning 
area of 100 × 100 µm, setpoint of 225 nN, 
scanning rate of 0.5 Hz, and gain of 0.5. 

Table 1. Sample denotation 

Sample Corrosive medium 

Sample 1 Artificial Saliva 

Sample 2 Aquafresh® Mouthwash 

Sample 3 Eludril® Mouthwash 

Sample 4 Listerine® Mouthwash 

 
To enable accurate repositioning of the 

probe after the corrosion test, a specific 
procedure was developed. Before and after 
testing, the probe was positioned relative to the 
specimen using a predefined probe elevation to 
maintain consistency in the probe/sample 
alignment. However, during the approach of 
the probe to the sample surface, deviations 
from the ideal path were occasionally observed. 
These deviations may lead to slight mismatches 
in scanning location before and after corrosion 
exposure. Therefore, the exact probe path was 
determined both before and after the corrosion 
test. Based on differences in probe trajectories 
and specimen height variations, probe position 
corrections were calculated. However, even this 
procedure could not guarantee precise 
repositioning of the probe at identical locations 
following corrosion exposure. To address this, 
80 × 80 µm and 10 × 10 µm sub-areas were 
extracted from the original 100 × 100 µm 
scanned regions. The effects of corrosion were 
evaluated within these extracted areas. 

Topographic image analysis was conducted 
using SPIP software (Image Metrology), which 
was used to extract the 80 × 80 µm and 10 × 10 
µm regions and calculate surface roughness 
parameters. All quantitative parameters 
obtained from the AFM measurements were 
first subjected to a normality test (Anderson–
Darling test, p > 0.05), followed by a paired t- 
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Figure 1. Characteristic surface topography image of NiTi with the marked location used for evaluating 
corrosion effects. 

test. Statistical analyses were performed using 
Minitab 16 software at a significance level of 
5%. test. Statistical analyses were performed 
using Minitab 16 software at a significance level 
of 5%. 

 
3. RESULTS 
 

Representative topography images of NiTi 
surface before corrosion test are presented in 
Figure 1. The NiTi surface exhibits characteristic 
parallel grooves with smooth areas between 
them, a pattern resulting from the 
manufacturing process.  

Representative AFM topography images of 
Sample 3 before and after the corrosion test are 
presented in Figure 2. A comparison of these 
two images reveals slight nano scale changes in 
surface topography following the corrosion 
test. 

 
Figure 2. Representative AFM topography images 
of Sample 3: (a) before and (b) after the corrosion 

test. 

Figures 3 and 4 present the calculated 
surface roughness parameters over a 10 µm × 
10 µm area, both before and after corrosion 
testing. Prior to corrosion, all samples showed 
Sa values between 10–30 nm and S10z values 
ranging from 80–180 nm, indicative of a nearly 

polished surface state (Figure 2). Following the 
corrosion test, slight changes in Sa and S10z 
were observed, with statistically significant 
differences detected in Samples 2, 3, and 5. 

 
Figure 3. Surface roughness parameters Sa and 

S10z before and after the corrosion test. 

 

Figure 4. Surface roughness parameters Sdr and 
Ssk before and after corrosion test 

Figure 3 shows the results for the Sdr and Ssk 
parameters. Before corrosion, the Ssk values 
were low, indicating a uniform surface without 
prominent protrusions or grooves. Similarly, the 
Sdr values were close to zero, reflecting a 
relatively flat surface with minimal deviation 
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from an ideal smooth profile, i.e., minimal 
surface protrusions or pits. After corrosion 
testing, changes in both Ssk and Sdr were 
observed. These changes were statistically 
significant for Sample 2 and 4 with respect to 
the Ssk parameter, and for Samples 2, 3, and 4 
with respect to the Sdr parameter. 
 
4. DISCUSSION 
 

The changes observed in surface topography 
over 10 × 10 µm areas for samples treated with 
mouthwashes (Samples 2, 3, and 4) indicate 
that the corrosion processes induced nanoscale 
alterations. These findings confirm that the 
corrosion effects were of very low intensity and 
could only be statistically discerned in regions 
with low initial surface roughness. In this study, 
such regions were identified exclusively within 
surface segments of 10 × 10 µm. 

The results of statistical analysis revealed 
that samples exposed to the investigated 
mouthwashes (Samples 2, 3, and 4) exhibited 
statistically significant changes in nearly all 
analyzed surface roughness parameters. These, 
observed changes are consistent with findings 
from previous studies where it was shown that 
the presence of fluoride and chloride ions leads 
to reduced corrosion resistance [1,4,5,7–10], 
change in surface morphology [1,5,7,8,10], and 
increased nickel ion release from NiTi alloys 
[9,11–14]. 

To determine whether the corrosion caused 
by specific media led to material loss, gain, or 
both, it was necessary to assess the changes 
relative to the surface mean plane. In this study, 
a methodology was developed for evaluating 
material gain or loss by analyzing the combined 
changes in various surface roughness 
parameters. The underlying logic behind the 
developed methodology is explained on an 
exemplary surface and graphically presented in 
Figure 5. The initial surface was approximated 
by a sinusoidal profile with minor peaks and 
valleys distributed around the mean plane 
(Figure 5a). The possible effects of corrosion 
and the locations of their manifestation on the 
initial profile are schematically represented by 

symbols given in Figure 5b. After incorporating 
these transformations, a profile model is 
obtained. It contains all the changes that may 
occur on the initial profile (Figure 5c). By 
analyzing the formulas used to calculate them, 
the change in each surface roughness 
parameter (Sa, Sdr, Ssk) can be correlated with 
a specific dominant corrosion effect, i.e., 
material gain or loss relative to the mean profile 
plane.  Through an elimination-based 
approach, effects that produce contradictory 
trends in the roughness parameters can be 
excluded. This enables the identification of the 
predominant corrosion mechanism acting on 
each sample. 

 

 

Figure 5. Graphical presentation of the analysis 
performed for detection of corrosion effects on 

surface topography: (a) approximated initial profile 
(before treatment); (b) possible corrosion effects 

and their locations; (c) profile of exemplary surface 
after corrosion. 

The analysis begins with the evaluation of 
changes in the Sa parameter, as illustrated in 
Figure 6. An increase in Sa, as observed for 
Sample 2, may result from either material gain 
above the mean plane and/or material loss 
below it. All other potential effects would lead 
to a reduction in Sa and are therefore 
considered non-dominant. Conversely, the 
decrease in Sa observed for Sample 3 suggests 
the presence of material loss above and/or 
material gain beneath the mean plane. Sample 
4 did not exhibit a detectable change in the Sa 
parameter, which means that in this medium all 
corrosion effects can be present on the surface.  
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Figure 6. Determining the main corrosion effects. 
The empty triangle (material loss) vs. the full 

triangle (material gain). The statistical results are 
indicated by the following symbols: ≈, ↗, ↙. These 

symbols represent: insignificant difference, 
significant increase, and significant decrease in 

parameters. 

The Sdr parameter for Sample 2 also increased 
following the corrosion test, implying that 
effects which would reduce the developed 
surface area can be excluded as dominant 
mechanisms. The concurrent increase in both 
Sa and Sdr values in Sample 2 is thus consistent 
with corrosion-induced material gain above the 
mean plane and/or material loss beneath it. A 
similar analytical approach was applied to 
Samples 3 and 4, and the findings are also 
presented in Figure 6. 

The analysis of corrosion-induced changes in 
the Ssk parameter is inherently more complex. 
It is well established that high positive Ssk 
values indicate a surface dominated by peaks 
above the mean plane, and vice versa [42]. 
However, due to the high sensitivity of this 
parameter, its variations cannot be directly or 
clearly linked to a specific corrosion 
mechanism. For instance, significant changes in 
Ssk may result from relatively low-intensity 
alterations at peaks or valleys located far from 
the mean plane. Conversely, high-intensity 
changes in the surface topography may shift the 
position of the mean plane relative to 
otherwise unchanged features, thereby 
amplifying the apparent prominence of a large 
number of peaks or valleys. Nonetheless, it was 
possible to discern a previous effect by 

observing a change in Sa parameter. It can be 
reasonably proposed that a significant change 
will inevitably lead to a repositioning of the 
mean plane . Consequently, in the event of a 
substantial change in the Ssk parameter, it is 
possible to deduce whether this change is 
primarily the result of mean plane repositioning 
or a consequence of low-intensity, localized 
corrosion effects on the surface profile. 

For Sample 2, an increase in both Sa and Ssk 
was observed. In consideration of the preceding 
analysis, it can be determined that the 
corrosion resulted in material loss on the 
surface. Furthermore, it can be deduced that all 
other possible effects are negligible. A similar 
analysis was performed, and it was determined 
that a dominant corrosion effect was present 
for all of the investigated media. The results of 
this analysis are presented in Figure 13. The 
analysis revealed that treatments with fluoride-
containing media, namely Aquafresh® (Sample 
2) and Listerine® (Sample 4), caused material 
loss, while fluoride-containing Eludril® (Sample 
3) caused both material loss above the mean 
plane and/or material gain beneath the mean 
plane. 

 
5. CONSLUSION 
 

This investigation evaluated the topographic 
changes of NiTi alloy archwires exposed to 
artificial saliva and fluorine- and chlorine-
containing mouthwashes. The following 
conclusions can be drawn from the results 
obtained: 

• The sample exposed to artificial saliva 
did not display statistically significant 
changes in any surface roughness 
parameter. 

• A new analysis method was developed 
to identify material gain or loss based on 
surface roughness parameters. It 
revealed that fluoride mouthwashes 
(Aquafresh® and Listerine®) cause 
material loss, while chlorine 
mouthwashes (Eludril®) can cause both 
gain and loss. 
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