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Introduction
Variety of metal alloy wires are used in modern orthodontic 

treatment, such as, Stainless Steel (SS), cobalt-chromium, Nickel-
Titanium (NiTi), Beta-Titanium (TMA), etc. These metal alloy wires 
are subjected to biodegradation in oral environments leading to 
corrosion. Although the risk is low, corrosion products such as 
nickel and chromium may cause sensitivities or allergic reactions 
during orthodontic treatment [1-5]. Other consequences may 
involve discoloration or roughening of surface leading to friction 
between the bracket and the arch wire [1,2]. Several intrinsic 
and environmental factors influence the corrosion reactions of 
orthodontic wires such as, types of alloys, surface roughness, 
surface coating, electrolyte, pH value, aging, immersion time and 
temperature [1,3,4,6-12].

Orthodontic appliances rely on the formation of a passive 
surface oxide film to resist corrosion. The addition of nickel and 
chromium in stainless steel alloy imparts corrosion resistance. 
The chromium in the stainless-steel forms a protective, passivating 
oxide layer (Cr2O3) that provides a barrier to oxygen diffusion and 
other corrosive environments [2]. The Australian wires are special 
type of high tensile stainless-steel wire, with rougher surface 
than other stainless steel [13,14]. The corrosion resistance of 
nickel-titanium wire is due to the large amount of titanium in 
its compositions with passivation surface film of several oxides 
(TiO, TiO2, Ti2O5) [2]. The beta-titanium alloy wire has excellent 
corrosion resistance and biocompatibility which is due to the 
presence of titanium oxide (TiO2) [2,15,16].
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Abstract

Objective: The objective of this study was to compare the effect of wire type, pH and immersion time upon mean corrosion rates of four 
orthodontic wires. 

Materials and Methods: Four types of orthodontic wires, 

a.	 Nickel-titanium (NiTi) 

b.	 Regular stainless steel (SS) 

c.	 Australian stainless steel (Aus) and 

d.	 Titanium-molybdenum alloy (TMA) were immersed in artificial saliva, either at pH 6 or pH 2.5. The time of test was either as-received or 
90 days immersion time. Corrosion analysis was performed using linear sweep voltammetry. 

Results: 3-way ANOVA statistical analysis showed that wire type, pH, immersion time and combination of these factors, both second order 
and third order interactions, accounted for significant differences of the mean corrosion rates. At baseline status, (as-received wires, at pH 6) 
post hoc multiple comparison test showed that the mean corrosion rates of NiTi > Aus >SS>TMA (P < 0.05). Interaction plots revealed that 
the corrosion susceptibility of these wires could be modulated by pH 2.5 and 90 days immersion time, with different extent across wire types. 
Under pH 2.5 and 90 days immersion time condition, SS showed statistically greatest increase of mean corrosion rates. However, TMA, Aus and 
NiTi mean corrosion rates were not different from each other (P<0.05). Therefore, interaction of pH and immersion time upon wire types could 
deviate the pattern of relative mean corrosion rates from the as-received status.

Conclusion: Corrosion behavior was dependent on the interactions of alloy type and the environment factors (pH and immersion time).
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Abbreviations: NiTi: Nickel-Titanium; SS: Stainless Steel; AUS: Australian Stainless Steel and TMA: Titanium-Molybdenum Alloy
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Previous studies agreed that TMA wire possesses better 
corrosion resistance than other orthodontic wires [7,17]. Stainless 
steel showed greater corrosion than TMA [17,18]. However, the 
relative corrosion rates of NiTi were inconclusive [7]. Hunt et 
al. [18] reported the relative corrosion rates of the as-received 
orthodontic wires ranking from highest to lowest as NiTi > 
Australian stainless steel > TMA > chrome-cobalt. Sarkar et al. [17] 
showed relative corrosion rates of NiTi > Stainless steel > TMA. On 
the contrary, Rondelli [19] reported that NiTi possessed greater 
corrosion resistance than stainless steel. Kim [7] reported that 
nickel titanium alloy wires showed large variability in corrosion 
resistance.

Due to the information at present time may not be enough to 
ascertain how a given orthodontic wire alloy will undergo corrosion 
under complex environmental conditions. Few articles reported 
the corrosion rates in terms of interaction study. Therefore, it 
could be beneficial that more studies are to be conducted to gather 
more information. The objective of this study was to test the null 
hypotheses about the effects of wire type, pH and immersion time 
upon the means corrosion rates and investigate the interactions 
between these factors as well as the effects of individual factor.

Materials and Methods
The study comprised 20 experimental groups with 15 samples 

per group. Four types of arch wire, 10mm in length, 0.018” in 
diameter, were tested which consisted of 

1.	 Nickel-titanium (NiTi) arch wire (G&H® Wire Company, 
IN, USA); 

2.	 Regular stainless steel (SS) arch wire (Ormco, CA, USA);

3.	 A.J. Wilcock Australian stainless steel (Aus) arch wire 
(TP Orthodontics, IN, USA); 

4.	 Titanium-molybdenum alloy (TMA) arch wire (Ormco, 
CA, USA). 

The surface composition percentage was obtained by 
evaluation of these alloys using the Energy Dispersive Spectroscopy 
(EDS) analysis (Model 7021-J, Horiba Ltd., Kyoto, Japan). 

The arch wires were immersed in artificial saliva. The chemical 
composition of the artificial saliva was modified Fusayama 
solution [10]. The composition was NaCl (0.4g/L), KCl (0.4g/L), 
CaCl2·2H2O (0.795g/L), NaH2PO4·H2O (0.690g/L), KSCN (0.3g/L), 
Na2S·9H2O (0.005g/L) and urea (1.0g/L). The electrolyte was 
adjusted either at pH 6 or pH 2.5. Each specimen was immersed in 
a glass cell vessel which contained 200ml of artificial saliva at 37 
°C. The immersion interval was either at as-received or at 90 days.

Corrosion analysis 
The testing apparatus consisted of a corrosion cell, the Auto 

lab testing machine PGSTAT20 and the General-Purpose Elec-
trochemical Software (GPES) package (AUTOLAB, Netherlands), 
which recorded the corrosion behavior and performed the linear 
sweep voltammetry [20]. Determination of the open circuit po-
tential (OCP) was done over a 30-minute period with a scanning 

rate of 1mV per minute. The polarization curves were assessed be-
tween +/- 150mV of the open circuit potential in order to obtain 
the corrosion and breakdown potentials. 

The GPES computer program determined the corrosion 
potential by plotting the slope of the polarization curve. The 
corrosion potential was then used for calculation of the corrosion 
rates of wires (mm/year), by adding prerequisite parameters 
which were surface area, the equivalent weight, and density. The 
values used for calculation are shown in Table 1. 

Statistical analysis
Data analyses were performed with statistical software 

SPSS 14.0. (SPSS Inc, Chicago, IL, USA). Descriptive mean 
corrosion rates and standard deviations were calculated for all 
experimental groups. In order to fit the dependent data with the 
assumption for general linear model, preliminary examination 
of the data required exclusion of some outliers. Therefore, the 
final number of specimens were as shown in Table 2. To run the 
analysis, log-transformed corrosion rates data was used. Levene’s 
test of equality of error variances demonstrated homogeneity 
of variances (P=0.13). Besides, the spread-versus-level plots 
revealed that there was no pattern for distribution of means and 
the standard deviations. So, the equal variances assumption was 
not violated for the variables. 

The General Linear Model procedure, multivariate analysis, 
was used to test the null hypotheses about the effects of wire 
type, immersion time and pH on the log mean corrosion rates. 
Full factorial model with Type III sum-of-squares method were 
selected for statistic calculation. Post hoc multiple comparison 
test (Tukey’s) was performed for the baseline (as-received and pH 
6) and the interaction effects. 

Scanning electron microscope
Scanning electron microscope (S-3000N, Hitachi Corp., Japan) 

was used to examine the corroded surface in each wire group. 
All specimens were labeled, and gold spluttered before being 
subjectively examined.

Results
Table 1: Comparison of elements of wire type and parameter for 
corrosion rates calculation.

Alloy
Equivalent 

weight 
(gram)

Density 
(gram/cm3)

Present study Surface Com-
position percentage

Aus 25.69 13088.29
Fe 72.34% 
Cr 21.86% 

Ni 5.8% 

NiTi 27.84 16974.62 Ti 52.5% 
Ni 47.5% 

SS 25.8 13145.03
Fe 69.33% 
Cr 21.29% 
Ni 9.38% 

TMA 27.71 10104.77

Ti 80.33% 
MO 10.5% 

Zr 6.7% 
Sn 2.48% 
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The results of the EDS testing for the surface chemical 
compositions of each wire alloy are listed in Table 1. The values 
were generally like the previous studies [21]. Table 2 shows 

the mean corrosion rates and standard deviations classified by 
independent variables.

Table 2: Mean corrosion rates (mm/year) classified by types of wire, immersion time and pH.

Types of wire Number Specimens Immersion Time pH
Corrosion rates (mm/year)

Mean S.D.

Aus

15
as-received

6 1.52E-04 4.10E-05

12 2.5 3.10E-04 1.30E-04

15
90 days

6 1.60E-04 2.30E-05

13 2.5 4.87E-04 1.26E-04

NiTi

15
as-received

6 1.95E-04 6.20E-05

15 2.5 2.00E-04 6.20E-05

15
90 days

6 1.56E-04 5.00E-05

12 2.5 3.96E-04 1.31E-04

SS

15
as-received

6 1.04E-04 3.70E-05

15 25 2.39E-04 5.40E-05

15
90 days

6 1.76E-04 3.90E-05

12 2.5 1.13E-03 4.36E-04

TMA

13
as-received

6 8.90E-05 2.10E-05

15 2.5 2.06E-04 4.90E-05

13
90 days

6 1.51E-04 1.70E-05

13 2.5 4.88E-04 1.38E-04

Australian wire (Aus), Nickel-titanium (NiTi), Stainless Steele wire (SS), Titanium-Molybdenum Alloy (TMA)

Table 3: The results of three-way ANOVA for log mean corrosion rates.

Source df Mean Square F Sig. Partial Eta Squared Observed Power

Corrected Model 15 1.027 45.8 *** 0.767 1

Intercept 1 2986.7 133278.7 *** 0.998 1

WIRE 3 0.196 8.7 *** 0.112

pH 1 9.1 406.3 *** 0.66 1

TIME 1 3.19 142.3 *** 0.405 1

WIRE * pH 3 0.3 13.5 *** 0.162 1

WIRE * TIME 3 0.4 18.3 *** 0.208 1

pH * TIME 1 1.14 50.9 *** 0.196 1

WIRE * pH * TIME 3 0.84 3.8 ** 0.051 0.81

Error 209 0.22

Total 225

Corrected Total 224

** Significance at P < 0.05, 
*** Significance at P < 0.001 
R Squared = .77 (Adjusted R 

Squared = .75)

Results of three-way ANOVA (Table 3) rejected the null 
hypotheses which indicated that all variables and their 
interactions significantly contribute to the model. Statistically 
significant differences among the log mean corrosion rates (P < 

0.05) was found for the main effects, the second order interaction 
and the third order interaction. The relative extent of variables 
contribution to the model could be seen from the partial eta 
squared (Table 3). It could be interpreted that pH contributed most 
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to the model (.660), followed by immersion time (.405). Whereas 
the wire x pH x time (.051) contributed least to the model. Post 
hoc multiple comparison test (Tukey’s) among the 4 orthodontic 
wires at baseline (as-received, at pH 6) and interaction effects 
were shown in Table 4 and Table 5 respectively. Post hoc test 

contrasting the main effect revealed that the mean corrosion rates 
of pH 2.5 was greater than pH 6, and the mean corrosion rates 
of 90-day immersion time was also greater than as-received (P < 
0.05).

Table 4: Post hoc multiple comparison test at baseline (as-received and at pH 6).

  Aus NiTi SS TMA

Aus - * * ***

NiTi * - *** ***

SS * *** - *

TMA *** *** * -

Australian wire (Aus), Nickel-titanium (NiTi), Stainless Steel wire (SS), Titanium-molybdenum alloy 
(TMA) 

ns = not significant, *= P < 0.05, ***= P < 0.001

Table 5: Post hoc multiple comparison test for interactions of pH and immersion time upon orthodontic wires.

  Aus NiTi SS TMA

Aus - NS *** NS

NiTi NS - *** NS

SS *** *** - ***

TMA NS NS *** -

Australian wire (Aus), Nickel-titanium (NiTi), Stainless Steel wire (SS), Titanium-molybdenum alloy (TMA) 
ns = not significant, *= P < 0.05, ***= P < 0.001

Figure 1: The interaction plots between mean log corrosion rates and wire types. 
A) Contrasting pH 2.5 and pH 6 at as-received status. 
B) Contrasting pH 2.5 and pH 6 at 90 days immersion time.

Figure 1A is the interaction plots between mean log corrosion 
rates (ordinate) and the 4 as-received orthodontic wires (abscissa), 
contrasting pH 2.5 and pH 6. Figure 1B is the interaction plots 
between mean log corrosion rates at the 90 days immersion-time 
orthodontic wires contrasting pH 2.5 and pH 6. The non-parallel 
lines in the two figures indicated interaction between these 
variables. 

Scanning electron microscope
As shown in Figure 2, for as-received and pH 6 status (1st row), 

Aus wire shows remarkable longitudinal grooving, as a result of 
being drawn during production. NiTi shows the amorphous and 
smoothest surface. SS shows tiny pits and shallow grooves while 
TMA shows the largest pores and deep grooves. The most striking 
surface change was observed in 90 days at pH 2.5, especially for 
Aus. NiTi surface, however, showed the least change.
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Figure 2: The SEM micrograpHs from orthodontic wires (x1000) Australian wire (Aus), Nickel-titanium (NiTi), Stainless Steele wire (SS), 
Titanium-molybdenum alloy (TMA).

Discussion
The results of this study indicated that wire type, pH, immersion 

time and combination of these factors accounted for significant 
differences of mean corrosion rates. The greatest impact was pH, 
followed by time and the least was the wire*time*pH. In general, 
the interaction of pH 2.5 or 90 days immersion time upon the as-
received orthodontic wires resulted in increased mean corrosion 
rates. Dramatic change of mean corrosion rates was shown for all 
orthodontic wires when subjected to pH 2.5 and 90 days immersion 
time (Figure 1B). SS was significantly most affected by pH 2.5 and 
90 days immersion time than the other three orthodontic wires 
(Figure 1B), (Table 5). Consequently, relative ranking of mean 
corrosion rates of all 4 orthodontic wires subjected to these two 
variables were differentially changed compared to the as-received 
status. 

Comparison of mean corrosion rates across wire type for 
the as-received wire at pH 6 showed that NiTi was the highest, 
followed by Aus, SS and the least was TMA respectively (Table 
4) and (Figure 1A). These results were partly in agreement with 
many studies [17,18]. Our result supported the findings by Sarkar 
et al. [17] and Hunt et al. [18] who reported the relative corrosion 
rates of NiTi was greater than SS/Aus and then TMA [17,18]. 
However, our results did not support Rondelli [19] who reported 
that NiTi had better corrosion resistance than stainless steel. This 
contradicting might be due to different NiTi components which 
were reported to show large variety among brands [7,22].

Orthodontic wires are subjected to corrosive environment in 
the oral cavity. Many ingested fluids can be corrosive because of 
their low pH, for example, fruit juices, vinegar, acidic carbonated 
drinks [23,24]. Fluoridated mouthwash could also create acidic 
environment. Reduction of pH may dissolve the surface oxide films 
and prevent its reformation which results in greater corrosion. 

This may explain why the PH 2.5 group showed significant higher 
mean corrosion rate than pH 6. This finding agreed with various 
reports [10,25,26]. Moreover, the 4 orthodontic wires in our study 
showed differential corrosion susceptibility when subjected to 
pH 2.5 (Figure 1A). The highest change which indicated the most 
susceptibility was found for SS, followed by TMA, Aus and NiTi 
respectively. 

Regarding the immersion time, 90 days was chosen for 
this study as this may represent the average period that an 
orthodontic wire may be used in oral cavity before changing to 
a new stiffer wire. Interaction of pH 2.5 and immersion time for 
90 days had significant influence by increasing corrosion rates of 
all 4 orthodontic wires, however with different susceptibility. The 
highest change which indicated the most susceptibility was found 
for SS, followed by TMA, Aus and NiTi respectively. Reduction of 
pH could destroy surface oxide layer. In addition, alloy aging may 
increase surface roughness as time went by, resulting in oxygen-
depleted area, which cause deeper crevice or pitting corrosion 
[14,24]. Similar results were reported by Huang et al. [10] who 
found that the amount of nickel and titanium ions released from 
NiTi wire in pH ≥3.75 solution at 1 day immersion time was much 
less than that in pH 2.5 solution, at 28 days. Kwon et al. [26] 
also reported increase of NiTi arch wire corrosion as the period 
of immersion in acidic fluoride solution increased and pH value 
decreased. 

However, NiTi wire in our study was less susceptible to change 
in pH than the other 3 wires. However, this result should not be 
generalized for other NiTi brands. It should be noted that the 
results of NiTi corrosion were complex and varied greatly because 
this alloy have been vastly modified for various use in medical and 
dental fields. Several factors have been reported for some medical 
devices both in increasing or reducing NiTi corrosion rates, for 
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example, loading, surface treatment, surface coating, sterilization 
techniques, pH, immersion time [7,10,17-19,22,27]. Consequently, 
contradicting results were reported in the past [7,17,18]. The 
difference findings could also be attributed to the formation, 
thermal process and polishing method of NiTi wire which were 
different greatly among manufacturers [22]. 

The results of variables interaction upon TMA should be 
further studied. It was interesting to observe that pH reduction 
and increased immersion time could increase TMA corrosion 
rates in our study. Although the as-received titanium alloys were 
exceptionally corrosion resistant because of the stability of the 
TiO2 oxide layer, they are not inert to corrosive attack. When 
the stable oxide layer is broken down or removed and is unable 
to reform on parts of the surface, titanium can be as corrosive 
as many other base metals [28]. Many laboratory studies have 
also demonstrated that, in a fluoridated, acidic environment, the 
corrosion susceptibility of titanium was increased [11,29,30]. 

In vitro studies of corrosion behavior can use various 
methodologies and outcomes, such as, potentiostatic, 
potentiodynamic, atomic absorption spectroscopy etc. Corrosion 
outcomes reported were varied such as Icorr (electric current), 
Ecorr (corrosion potential), Rp (Polarization Resistance), Bp 
(Breakdown Potential), µg/cm2. The strength of this study was 
that the kinetic corrosion reactions of the orthodontic wires with 
the outcome unit as corrosion rate (mm/year) were used. The 
findings of interaction of these variables will help adding more 
information into this field. 

The weakness of this study was that it was an in vitro 
experiment. For in vitro study, the decreasing corrosion rate may 
result from the increase in metal ion contents in the saturated 
environment of artificial saliva [2]. This notion was supported 
by Huang et al. [10] who studied NiTi wire and found that the 
average ion released per day decreased with immersion time 
due to the accumulated amount of nickel and titanium ions as 
time went by. However, this situation does not occur in the oral 
cavity since these ions could be removed by food, fluids, and the 
toothbrush which will continue the corrosion [2]. pH 2.5 which 
was used in this study may be considered as extreme and rarely 
happened in the normal saliva. However, the values (pH 2.5-6.25) 
were previously experimented by Huang et al. [10] pH value of 2.5 
was also reported for Cola soft drinks by Nordstrom et al. [31]. 
Inclusion of more orthodontic wires of different brands under 
various corrosive conditions are suggested for future study. 

Implication for clinical practice: Orthodontists and patients 
should be warned of possible risks of wire corrosion when taking 
beverages, juice and sour fruits with low acidic pH, together with 
keeping the same arch wire in the oral cavity for a too long period 
of time, for example, when the patient continuously keeps breaking 
the appointment. These situations can increase the possibility of 
wire corrosion, regardless of wire materials. The bottom line is the 
interaction of several other corrosive factors may reduce passivity 
of surface oxide layer and modulate corrosion of orthodontic 
wires. 

Conclusion
1.	 Wire type, pH, immersion time and combination of 
these factors, both second order and third order interactions, 
contribute to 

2.	 significant differences of the mean corrosion 
rates.	

3.	 The mean corrosion rates of the as-received at pH 6 
showed that NiTi >Aus >SS>TMA.

4.	 Corrosion behavior of Aus, NiTi, SS and TMA could 
change due to interaction of pH and/or immersion time. 

5.	 At pH 2.5 and 90 days immersion time, the susceptibility 
of these orthodontic wires to corrosion could be modulated. 
The greatest increase mean corrosion rates were SS. However, 
TMA, Aus and NiTi mean corrosion rates were not significant 
different from each other.
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