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Aim: To characterise the mechanical properties and galvanic coupling of Ni-free orthodontic brackets with stainless steel (SS) and
Nickel-Titanium (NiTi) orthodontic wires.
Methods: Three Ni-free bracket types (Topic [TOP], Equilibrium [EQU] and Orthos [ORT] made of Ni-free alloys), one
conventional (Mini 2000 [MIN]) made of SS alloy and an SS and a NiTi wire were examined in the present study. All brackets
and wires were embedded in epoxy resin and, after metallographic grinding and polishing, the Martens hardness (HM), the
indentation modulus (EIT), and the elastic index (ηIT) were recorded, employing Instrumented Indentation Testing (IIT) by monitoring
force over indentation depth curves during a loading-unloading cycle. The galvanic coupling of all bracket-wire combinations
was tested in 0.1M NaCl-0.1M lactic acid and 0.3% (wt.) NaF solutions by noting the potential differences over 48 hours. The
mechanical properties were statistically analysed by one-way ANOVA and Tukey multiple comparison tests at alpha = 0.05.
Results: Significant differences were identified in the mechanical properties of the materials tested. The TOP (2372 ± 182 N/
mm2), ORT (wing) (2418 ± 164) and SS wire (2302 ± 85) showed significantly higher HM compared with all other materials
tested. The MIN (base) (1115 ± 81) and ORT (base) (1237 ± 101) showed the lowest HM while MIN (wing) (1520 ±
138), EQU (1620 ± 139) and NiTi wire (1526 ± 42) demonstrated intermediate HM values. The ORT (wing) (101 ± 6 GPa)
displayed the highest EIT while NiTi wire (24 ± 5) showed the lowest. The latter had the highest elastic index (59 ± 5%) with
MIN (base)(15 ± 3) possessing the lowest. The potential difference for all bracket wire combinations was found below the
threshold for the initiation of galvanic corrosion (200 mV) apart from MIN coupled with NiTi wire in the NaF solution.
Conclusions: The mechanical properties of Ni-free brackets are significantly different compared with the SS bracket assessed.
Galvanic testing revealed that conventional and Ni-free brackets are compatible with both SS and NiTi wires in media
containing chloride and fluoride ions.
(Aust Orthod J 2019; 35: 53--60)

Received for publication: October 2018
Accepted: March 2019
Géraldine Kummer geraldine.kummer@bluewin.ch; Georgios Polychronis: gpolisg@yahoo.gr; Spiros Zinelis: szinelis@dent.uoa.gr;
Theodore Eliades: Theodore.Eliades@zzm.uzh.ch

Introduction
The extensive usage of Nickel (Ni)-containing stainless
steel (SS) orthodontic brackets in clinical practice and
related biocompatibility issues are well documented
and a highly investigated area of concern.1-3
Manufacturers have attempted to overcome nickel
reactivity by developing Ni-free fixed appliances based
on Cobalt-Chrome (CoCr) and Titanium (Ti) alloys.
Although these seem to be promising alternatives,
© Australian Society of Orthodontists Inc. 2019

clinical efficacy requires a combination of desired
material properties that must be fulfilled.
The replacement of conventional SS brackets with
Ti and CoCr base metal alloys invariably has clinical
implications associated with the differences in metal
mechanical properties, especially hardness, which is
associated with sliding and wear after wire placement.
A significant increase in bracket hardness may
have deleterious effects on orthodontic arch wires,
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increasing roughness and friction4,5 and therefore
reducing sliding efficacy. In the case of brackets made
of softer alloys than SS, there is increased vulnerability
to wear effects induced by harder wires, with adverse
consequences on sliding and biocompatibility from
the release of metallic particles.6,7
The replacement of SS brackets by other alloys has
overlooked the effect of galvanic corrosion as a
contributing factor to intraoral metal deterioration and
ion release. This is a biological concern related to all
heavy metals used in orthodontics including brackets,
wires and soldering alloys.8-11 Galvanic coupling is
generally associated with a pair of dissimilar metallic
materials capable of acting as an electron source when
a current flows from one material to the other through
an electrolytic medium. During this electrochemical
process, it is possible for one metal to preferentially
corrode, which simultaneously increases the corrosion
resistance of the other. The galvanic coupling between
two metallic materials establishes an electrochemical
gradient but a low millivoltage (mV) is unlikely to
initiate galvanic corrosion. However, if the electrical
potential is over 200 mV, galvanic corrosion could
result.12 During orthodontic treatment, brackets are
coupled to orthodontic arch wires made of SS and NiTi
alloys and recent laboratory electrochemical studies
have recorded high galvanic values when dissimilar
alloy brackets and arch wires are in contact.13-15 This
indicates an active process, leading to metal ion loss.
The corrosive environment as well as the corrosive
resistance and stability of an orthodontic alloy play a
major role.16-18
The aim of the present study was to compare the
mechanical properties of SS and Ni-free orthodontic
brackets along with the measurement of potential
differences as a result of galvanic coupling with
representative orthodontic arch wires under electrolyte
media. The null hypothesis states that Ni-free
appliances will not demonstrate significant differences
in mechanical and galvanic coupling performance
compared with conventional SS materials.

Materials and methods
Materials tested
Three Ni-free bracket types and one conventional
SS bracket type were examined in the present study.
These were Topic (TOP) (Dentaurum, Ispringen,
Germany, Lot: 476025), which is a single piece
54
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bracket made of CoCr alloy using Metal Injection
moulding technology, and Equilibrium (EQU)
(Dentaurum, Lot: 353284) as a single unit bracket
made by pure Ti. Orthos (ORT) (Ormco, CA, USA,
Lot: 011696323) is a two piece structure made of Ti
and Ti6Al4V alloy,7 and Mini 2000 (MIN) (Ormco,
Lot: 00209522) also as a two piece bracket made from
SS alloys. In addition, one rectangular 0.016 × 0.022”
SS orthodontic arch wire (Dentaline, Birkenfeld,
Germany, Lot: 92706622) and a NiTi wire of similar
dimension (Neo Sentalloy, DENTSPLY GAC, New
York, USA, Lot: 135229) were also included in this
study.

Instrumented indentation testing
Five brackets from each manufacturer were embedded
in epoxy resin (Epofix, Struers, Belarup, Denmark).
The central segment (about 20 mm in length) of
five wires of each type were also embedded in epoxy
resin along their longitudinal axis. All specimens were
ground with water-cooled SiC papers from 220 to
4000 grit and polished with 3 and 1 μm diamond
pastes (DM Paste, Struers) in a grinding/polishing
machine (Dap-V, Struers). Subsequently, the
specimens were ultrasonically cleaned for 10 minutes
and left to air dry. Instrument Indentation Testing
(IIT) measurements were conducted by employing
a universal hardness testing machine ZHU0.2/Z2.5
(Zwick Roell, Ulm, Germany). Force indentation
depth curves were generated by applying a force
of 4.9 N with a 2 second dwell time delivered by a
Vickers indenter. Five readings were recorded for each
wire, bracket base and wing region and the mean
value was used as representative of the specimen. All
force-indentation depth curves were recorded and the
Martens hardness (HM) Indentation modulus (EIT)
and elastic index (ηIT) were calculated according to
ISO 14577-1 specifications.19

Galvanic coupling testing
The mesh surfaces of the orthodontic bracket bases were
laser welded (R102915, LaserStar Technologies, RI,
USA) to SS metallic rods. The base area of each bracket
that clinically is in contact with tooth was insulated
by non-conducting epoxy resin. Only 20 mm of each
wire was exposed to the solution while the remainder
was insulated by an elastic rubber. The electrochemical
apparatus consisted of an electrolyte glass container
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with a plexiglass lid, which permitted the delivery
of a galvanic couple while preventing electrolyte
evaporation, a voltmeter (P903, Consort, Turnhout,
Belgium) and a personal computer. The construction
of the electrochemical cell and the measurement
procedure for galvanic potential difference complied
with the ASTM G71-8120 standard. The electrolyte
volume followed the recommended ratio of 40 ml per
cm² metal surface area (≈ 50 ml). Prior to electrolyte
immersion, the exposed metal surfaces were cleaned
of organic impurities by immersion in acetone. The
bracket-arch wire distance was kept constant at 1 cm.
The voltameter’s positive pole remained connected
to the orthodontic bracket for comparative reasons.
The potential difference measurements were recorded
at room temperature (25°C), three times for each
galvanic couple and after 48 hours since pilot studies
showed that a plateau phase was reached during the
first seven to eight hours. The recorded data were
measured using Consort nv software (Consort) and
graphically represented after smoothing.
Two water electrolyte solutions were tested. The first
was a neutral (pH = 6.5) water-based solution of 0.3%
NaF corresponding to 1394 ppm F⁻. The second was
an acidic (pH = 2.3) solution of 0.1 M lactic acid and
0.1 M NaCl according to ISO 10271.21 In total, eight
combinations of orthodontic wires and brackets (four
brackets × two wires) were assessed for each electrolyte.

Statistical analysis
The mechanical properties tested were statistically
compared by employing one-way ANOVA and Tukey
multiple comparison test at alpha = 0.05.

Results
Instrumented indentation testing
Figure 1 demonstrates representative force indentation
curves for all materials tested. Different force–
indentation depth curves were recorded for MIN
(Figure 1A) and ORT (Figure 1D) for base and wing
regions, while similar curves were acquired for TOP
(Figure 1B), EQU (Figure 1C) and the orthodontic
wires (Figure 1E and 1F). The results of the tested
mechanical properties are presented in Table I. The
TOP, ORT (wing) and SS wire showed significantly
higher HM compared with all other materials tested.
MIN (base) and ORT (base) showed the lowest HM

Table I. Mean values and standard deviations of Martens Hardness
(HM), Indentation Modulus (EIT) and elastic index (ηIT).

HM
(N/mm2)

EIT
(GPa)

ηIT
(%)

Mini2000 (Base)

1155(81)1

62(5)1

15(3)1

Mini2000 (Wing)

1520(138)2

82(7)2

22(7)2

Topic

2372(182)

2

83(3)

22(3)2

Orthos (Base)

1237(101)1

62(6)1

26(2)2

Orthos (Wing)

2418(164)3

101(6)3

35(8)3

Equilibrium

1620(139)2

73(8)2

23(3)2

SS wire

2302(85)

4

40(2)

49(2)4

NiTi wire

1526(42)2

24(5)2

59(5)5

Materials

3

3

Same superscripts denote mean values without statistically significant
differences.

while MIN (wing), EQU and NiTi wire demonstrated
intermediate HM values. The ORT (wing) illustrated
the highest EIT and NiTi wire the lowest. The latter
showed the highest ηIT while MIN (base) presented
the lowest.

Galvanic testing
Figure 2 demonstrates representative curves (potential
over time) for all tested bracket-wire combinations.
All curves reached a plateau phase during the first four
to five hours except for the combination of bracketNiTi arch wires in neutral NaF electrolyte, which
required an additional time of several hours.
In Figure 3, the mean potential differences, in
descending order, for all bracket-wire combinations
are presented for both solutions. The MIN showed
the highest mean values (-108 mV, -34 mV) in
absolute scale in NaCl/lactic acid when combined
with NiTi and SS arch wires, respectively. The Nifree brackets were characterised by very low potential
differences (<17 mV). In the NaF solution, the SS
brackets presented the highest difference (278 mV)
when coupled with the NiTi arch wire, followed by
the Ni-free wires with similar results ranging from 78
to 88 mV. EQU coupled to SS arch wires revealed the
greatest negative value of -41 mV.

Discussion
Based on the results of the present study, the null
hypothesis must be rejected, as Ni-free brackets showed
significant differences in mechanical properties and
galvanic coupling with orthodontic wires.
Australasian Orthodontic Journal Volume 35 No. 1 May 2019
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Figure 1. Representative force indentation curves from all materials tested. MIN (1A) and ORT (1D) demonstrate big difference in relative curve position
for base and wing regions while TOP (1B) and EQU (1C) provide almost identical curves from both regions. The curves of SS (1E) and NiTi wire (1F) are
also presented.
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Figure 2. Representative curves from all bracket wire combinations tested showing the potential difference over time for both solutions. A and B depict the
curves of bracket-SS wire combinations for 0.1 M NaCl -0.1 M lactic acid solution and 0.3% NaF respectively. C and D show the curves for bracketNiTi wire combinations.

Figure 3. Mean potential differences for all bracket-wire combinations in descending order from left to right in both solutions tested. In all cases the
standard deviations were found to be less than 23 mV and they are not presented for the sake of clarity. Positive mean values denote wire oxidation
while negative depict bracket oxidation as shown by the arrows.
Australasian Orthodontic Journal Volume 35 No. 1 May 2019
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IIT is considered a more accurate technique in the
determination of material hardness compared with
traditional techniques (i.e., Vickers, Knoop etc.) as
it is fully automated and the final outcome is not
influenced by an operator’s perception and change
in diagonal length due to elastic recovery after load
removal.22,23 IIT confers additional mechanical
properties such as indentation modulus, elastic
index and indentation creep, and other mechanical
properties described by ISO 14577-1 specifications.19
In the present study, the indentation modulus and
elastic index were included; the former is the elastic
modulus derived by the unloading curve and the
elastic index is indicative of the relative ductility of
the alloy tested.
Although the HM of SS and NiTi wires was found
to be supportive of recently-published data,23 there is
no data for the Ni-free and SS brackets tested. Twopiece brackets were found to differ in their mechanical
properties in their base and wing regions of MIN
and ORT. The harder wing in both cases (Table I)
is in accordance with contemporary orthodontic
technology in which the wing is made from a harder
alloy to withstand wear effects.7,24 TOP wings made
from the Ti6Al4V alloy7 and TOP made from a CoCr
alloy share the same HM with SS wire and therefore
may be considered compatible from the standpoint
of mutual wear at the contact interface. A significant
mismatch in HM values heralds the wear of a softer
material with adverse consequences in biocompatibility
due to release of wear particles and clogging of the wire
in the slot.24 However, until now, there was no specific
guideline of biomechanical concern in orthodontic
therapy. The HM values of EQU made of Ti and the
MIN wing made by an SS alloy are compatible with
the HM of NiTi wire. However, during orthodontic
therapy both types of orthodontic wires may be used
and therefore the selection of appropriate brackets to
eliminate an HM mismatch and mitigate wear must
be considered.6,25 Apart from the modulus of elasticity
for the ORT (wing) (101 GPa), all other values were
lower than the nominal values of the alloys tested,
in a finding which is associated with the inherent
limitation of IIT to determine the elastic modulus in
non-stress-free samples.26 It is known that orthodontic
wires are delivered in the market after cold drawing
(a process that develops residual stresses) but the
manufacturing process and thermal treatment of
orthodontic brackets are proprietary information and
58
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remain undisclosed to the dental community. Twopiece brackets are manufactured by casting the wing
and base separately and then brazing the two parts
using a soldering alloy, in a method that might induce
residual stresses.24 In addition, brackets made by
metal injection moulding (MIM) need final thermal
treatment to relieve manufacturing stresses.27
The major criteria for electrolytic solution selection
were the presence of chlorides and fluorides to
simulate intraoral conditions and assess their effect on
the Cr and Ti oxides passivation layers, respectively.
In general, Ti is considered more resistant to Cl
ions compared with SS but more vulnerable to F
ions as the latter destroys the TiO2 oxide protective
film.28,29 The first electrolyte followed the ISO 10271
standard and contained Cl ions in acidic conditions.
The second solution had a concentration of 0.3%
NaF which corresponds to 1394 ppm F ions. Since
the effect of F ions is concentration related, it was
deliberately used at a level below the upper limit of
1450 ppm recommended as the concentration for
children’s toothpaste.30 The exposed surfaces were in
accordance with common clinical practice involving
the anterior bracket surface and 8 mm of arch wire
length.16,17 The potential difference in measurements
was recorded over 48 hours, since a pilot study showed
that a plateau phase was reached during the first seven
to eight hours.
In acidic conditions the SS brackets exhibited
undesirable electrochemical behaviour. The negative
potential difference values indicated oxidation of
the bracket alloy, which was exacerbated when
coupled with NiTi arch wires. This is not a clinically
advantageous effect, since the brackets remain bonded
throughout orthodontic treatment in contrast to the
arch wires. However, the galvanic potential difference
was below the 200 mV threshold required for galvanic
corrosion, irrespective of the arch wire combination.
However, Ni-free brackets were largely unaffected as
they recorded minimal potential difference values.
In the presence of a neutral NaF electrolyte, MIN
showed positive potential difference values of over
200 mV when coupled with NiTi arch wires, in a
finding that supports previously published data.16
This is associated with arch wire oxidation, which
may lead to undesirable ion release. Similarly, Ni-free
brackets were characterised by cathodic behaviour
when coupled with NiTi arch wires. However, the
potential difference values did not indicate intense
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galvanic effects as the concentration of F ions used
in this electrolyte solution was much lower than
clinically applicable. It is therefore suggested that
the temporary removal of the NiTi arch wire is
appropriate when preventive measures involving
fluoride gel therapy (12,000 ppm F ions or more28)
are taking place. The Cr-containing brackets (MIN
and TOP) did not show significant potential electrical
difference values when coupled with SS arch wires.
Beyond the clinical implications of the present study,
it is worthwhile to note that the experimental results
are considered indicative and not conclusive of the
clinical performance of materials tested, as intraoral
conditions are different and much more complicated
compared with the charged laboratory interface
between metallic surfaces and aqueous reagents.
However, in vitro testing is the only way to assess
galvanic compatibility between dissimilar orthodontic
materials. Finally, the combination of experimental
findings with in vivo ion release could reveal
additional information related to the electrochemical
degradation mechanism of orthodontic materials
under clinical conditions.
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