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Effect of coating on properties of esthetic orthodontic nickel-titanium wires

Masahiro lijima®; Takeshi Muguruma®; William A. Brantley°; Han-Cheol Choe®; Susumu Nakagakic;

Satish B. Alapatif; Itaru Mizoguchie

ABSTRACT

Objective: To determine the effect of coating on the properties of two esthetic orthodontic nickel-
titanium wires.

Materials and Methods: Woowa (polymer coating; Dany Harvest) and BioForce High Aesthetic
Archwire (metal coating; Dentsply GAC) with cross-section dimensions of 0.016 X 0.022 inches
were selected. Noncoated posterior regions of the anterior-coated Woowa and uncoated Sentalloy
were used for comparison. Nominal coating compositions were determined by x-ray fluorescence
(JSX-3200, JOEL). Cross-sectioned and external surfaces were observed with a scanning electron
microscope (SEM; SSX-550, Shimadzu) and an atomic force microscope (SPM-9500J2,
Shimadzu). A three-point bending test (12-mm span) was carried out using a universal testing
machine (EZ Test, Shimadzu). Hardness and elastic modulus of external and cross-sectioned
surfaces were obtained by nanoindentation (ENT-1100a, Elionix; n = 10).

Results: Coatings on Woowa and BioForce High Aesthetic Archwire contained 41% silver and
14% gold, respectively. The coating thickness on Woowa was approximately 10 um, and the
coating thickness on BioForce High Aesthetic Archwire was much smaller. The surfaces of both
coated wires were rougher than the noncoated wires. Woowa showed a higher mean unloading
force than the noncoated Woowa, although BioForce High Aesthetic Archwire showed a lower
mean unloading force than Sentalloy. While cross-sectional surfaces of all wires had similar
hardness and elastic modulus, values for the external surface of Woowa were smaller than for the
other wires.

Conclusions: The coating processes for Woowa and BioForce High Aesthetic Archwire influence
bending behavior and surface morphology. (Angle Orthod. 2012;82:319-325.)
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INTRODUCTION

Esthetic archwire (wire) is highly desirable to
complement esthetic brackets in clinical orthodontics."
The first esthetic transparent nonmetallic orthodontic
wire contained a silica core, a silicone resin middle
layer, and a stain-resistant nylon outer layer and was
marketed as Optiflex by Ormco.? Fallis and Kusy
subsequently developed an esthetic wire containing
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S2 glass fibers (Owens Corning, Toledo, Ohio)
embedded in a polymeric matrix formed from (bi-
sphenol A—diglycidylether methacrylate and triethylene
glycol dimethacrylate.®* Another research group has
also developed a fiber-reinforced polymer wire.*
Although these polymer-based esthetic wires have
an excellent appearance, they have not been clinically
popular because of their brittle character. On the other
hand, metallic archwires coated with polymer materi-
als, such as Teflon and epoxy resin, have also been
developed.>® Recently, coating technology for metallic
biomedical materials based on a plasma-immersion
ion-implantation technique has been developed,” and
ion-implanted wires specially intended for improving
the friction with brackets have been marketed for
clinical orthodontics, although these products are not
tooth colored.®' Elayyan et al.® have performed a
randomized clinical trial of epoxy resin—coated nickel-
titanium wire and reported that retrieved coated wire
produced lower force values (three-point bending test)
than as-received coated wire and that 25% of the
coating was peeled off within 33 days in vivo.

Recently, new esthetic nickel-titanium wires with
tooth color, Woowa (Dany Harvest, Seoul, South Korea)
and BioForce High Aesthetic Archwire (Dentsply GAC,
Islandia, NY), have been introduced in clinical ortho-
dontics. Woowa has a double-layered coating structure
(inner layer: silver and platinum coating; outer layer:
special polymer coating). BioForce High Aesthetic
Archwire has a proprietary, low-reflectivity rhodium
coating that presents a white appearance.

The purpose of this study was to investigate the
effects of these different coatings on the mechanical
properties of the aforementioned two commercially
available esthetic orthodontic nickel-titanium wires.
Three-point bending and nanoindentation tests were
performed to study their mechanical properties, which
were compared with those for noncoated wires. The wire
surfaces were characterized by a scanning electron
microscope (SEM) and an atomic force microscope
(AFM). It was hypothesized that the esthetic coatings do
not affect the mechanical properties.

MATERIALS AND METHODS
Materials

Two as-received esthetic nickel-titanium wires,
Woowa (Dany Harvest) and BioForce High Aesthetic
Archwire (Dentsply GAC), with a cross-section dimen-
sion of 0.016 X 0.022 inch were used in this study.
Two noncoated as-received nickel-titanium wires, the
noncoated posterior regions of the anterior-coated
Woowa and Sentalloy (Dentsply GAC) with the same
cross-section dimensions, were used for comparison.
Communications with the manufacturer revealed that
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BioForce High Aesthetic Archwire and Sentalloy have
the same composition and are made by similar
manufacturing procedures. The only difference is the
heat treatment procedure, and the different heat
treatment conditions in each region (anterior and
posterior) of the BioForce High Aesthetic Archwire
yield different force levels between the anterior region
and posterior region. The posterior regions from all
wires were used for all experiments. Nominal compo-
sitions of the wire coatings were determined by x-ray
fluorescence (XRF; JSX-3200, JOEL, Tokyo, Japan).

Scanning Electron Microscopy and Atomic
Force Microscopy

For studying the cross-sections of the wires, each
specimen was encapsulated in epoxy resin (Epofix,
Struers, Copenhagen, Denmark), and the surface was
ground and polished using a series of silicon carbide
abrasive papers and a final slurry of 0.05-um alumina
particles. All specimens were sputter coated with gold
and examined by an SEM (SSX-550, Shimadzu, Kyoto,
Japan) operating at 15 kV.

The external surfaces of the wires were examined
with an AFM (SPM-9500J2, Shimadzu) to characterize
the surface morphology. Values of average surface
roughness (R,) were calculated by software supplied
with the AFM (n = 5).

Three-Point Bending Test

A three-point bending test was carried out for the
specimen wires (n = 5). The span size for the wire
segments, 12 mm, was chosen in accordance with
ANSI/ADA Specification No. 32."" All samples were
loaded with the same protocol on a universal testing
machine with a 20-N load cell (EZ Test, Shimadzu) at
room temperature (25°C). Each wire was first loaded
to a deflection of 3 mm (loading process) and then
unloaded (unloading process) at a rate of 0.5 mm/min.
The unloading force (ie, the load measured at a
deflection of 1.5 mm during the unloading process)
was compared between coated and noncoated wires
of the same type.

Nanoindentation Test

The cross-sectional surfaces and external surfaces
of the wires were examined with a nanoindentation
apparatus (ENT-1100a, Elionix, Tokyo, Japan). For
analysis of the cross-sectional surface, each specimen
was encapsulated in epoxy resin (Epofix), and the
surface was ground and polished using the same
series of silicon carbide abrasive papers and final
slurry of 0.05-um alumina particles that were employed
to prepare the SEM specimens. All specimens were
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Table 1. Composition of the Wire Coatings (wt %)?
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Brand Ni Ti Au Ag Cl
Woowa 15 24 — 40.6 41.6
BioForce High Aesthetic Archwire 53.4 30.6 14.3 — —

2 Determined by x-ray fluorescence analysis.

fixed to the specimen stage with adhesive resin
(Superbond Orthomite, Sun Medical, Shiga, Japan),
and all nanoindentation testing was carried out at 28°C
using a Berkovich indenter with a peak load of 20 mN.
Each test consisted of three segments: 10 seconds for
loading to the peak value, a hold period of 1 second at
the peak load, and 10 seconds for unloading. The
maximum depth of indentation and the hardness and
elastic modulus were calculated by software that was
supplied with the nanoindentation apparatus, using
equations in 1ISO Standard 14577.2

Statistical Analysis

A statistical analysis was performed using PASW
Statistics (version 18.0J for Windows, IBM, Armonk,
NY) to examine the effect of coating on surface
roughness, unloading force, hardness, and elastic
modulus between the coated and noncoated specimens
of the same wire type. The data were examined for the
normality of distribution with the Kolmogorov-Smirnov
test and the equality of variances with the Levene test.

Because each data set did not meet the required criteria
for parametric analysis, the Mann-Whitney U-test was
applied to determine whether a significant difference
existed between the groups (P < .05).

RESULTS

Nominal compositions of the wire coatings obtained
by XRF are summarized in Table 1. The XRF analyses
suggest that the coating on Woowa contained 41%
silver and 42% chlorine and that the coating on
BioForce High Aesthetic Archwire contained 14% gold
beside nickel and titanium. The XRF analyses were
unable to detect rhodium, which the manufacturer
reports as being incorporated in the coating on
BioForce High Aesthetic Archwire.

Figure 1 shows representative SEM photomicro-
graphs for cross-sectioned wires. The coating layer
on Woowa had a uniform thickness of approximately
10 um, but no coating layer could be observed on the
surface of the BioForce High Aesthetic Archwire at the
SEM magnification employed.

Figure 1. Scanning electron microscope photomicrographs of the external surface of (a) Woowa, (b) noncoated Woowa, (c) BioForce High
Aesthetic Archwire, and (d) Sentalloy. Original magnification 1000. C indicates coating layer; E, epoxy resin; and W, wire.
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Figure 2. Three-dimensional images for external surfaces of four wires obtained with atomic force microscope (AFM). (a) Woowa. (b) Noncoated

Woowa. (c) BioForce High Aesthetic Archwire. (d), Sentalloy.

Figure 2 shows representative three-dimensional
images obtained with the AFM for the external
surfaces of the four wires examined, and Table 2
shows the average surface roughness (R,) values,
where each row presents the comparisons between
the coated and noncoated wires of the same type. The
surface of Woowa was rougher (357 um) than the
noncoated Woowa (104 um, P = .008). Also, the
surface of BioForce High Aesthetic Archwire was
rougher (179 um) than Sentalloy (142 um, P = .008).

Figure 3 shows representative load-deflection
curves for the four nickel-titanium wires. Unloading
forces at a deflection of 1.5 mm for the four nickel-
titanium wires are summarized in Table 3, where each

Table 2. Average Surface Roughness (R, Values) for the Four Wires

row again presents the comparison between the
coated and noncoated wires of each type. The coated
portion of Woowa and the noncoated posterior part of
this wire showed a considerably higher mean load than
the BioForce High Aesthetic Archwire and Sentalloy.
Woowa produced a significantly higher unloading force
value than the noncoated Woowa (P = .0001). In
contrast, BioForce High Aesthetic Archwire produced
significantly lower unloading force value than Sentalloy
(P = .0001). All wires exhibited superelastic behavior
at room temperature.

Figure 4 shows representative loading-unloading
curves for the nanoindentation testing obtained from
the external surfaces and cross-sections of the four

Surface Roughness, um

Brand Mean SD Mean SD P Value
Woowa—noncoated Woowa 357 57.4 104 52.5 .008
BioForce High Aesthetic Archwire—Sentalloy 179 16 142 11.6 .008

Angle Orthodontist, Vol 82, No 2, 2012
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Figure 3. Representative load-deflection curves of four wires.
Woowa, continuous line; noncoated Woowa, dashed line; BioForce
High Aesthetic Archwire, dashed-dotted line; Sentalloy, dashed
double-dotted line.

nickel-titanium wires. The values of the maximum
depth of indentation for the external surface (coating
layer) of Woowa were much greater than those
obtained for the other wires. All wires showed similar
loading-unloading curves for the cross-sectioned
surfaces. Figures 5 and 6 show the hardness and
elastic modulus of each wire for the external surface
regions and cross-sectional surface regions, respec-
tively. The hardness (P = .0001) and elastic modulus
(P = .0001) of the external surface region for Woowa
were significantly lower than the values for the
noncoated Woowa. There was no significant difference
in the average hardness (P = .190) between BioForce
High Aesthetic Archwire and Sentalloy, although the
elastic modulus of the external surface region for
BioForce High Aesthetic Archwire was significantly
higher than for Sentalloy (P = .003).

DISCUSSION

This study used XRF analyses to obtain information
about the compositions of the wire coatings. From
private communications with the manufacturers, silver,
platinum, and a specific polymer (parylene) were used
for coating Woowa, and gold and rhodium were used
for coating BioForce High Aesthetic Archwire. The
parylene polymer generally has chlorine in the struc-
ture, and the XRF analyses showed reasonable results
that the surface region of Woowa contained 41% silver
and 42% chlorine. In contrast, 14% gold was detected
at the surface for BioForce High Aesthetic Archwire,
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and rhodium was not detected, which may be due to its
amount being less than the XRF detection limit.

It was found that application of the coating layer on
Woowa and BioForce High Aesthetic Archwire affected
the three-point bending behavior. Woowa with a thick
(10 um) coating produced a significantly higher
unloading force value than the noncoated Woowa,
although the coating layer of Woowa, which contained
parylene, had a very low elastic modulus. On the other
hand, BioForce High Aesthetic Archwire produced
significantly lower unloading force values than Sental-
loy did. This may be attributed to different heat
treatment conditions for the wires before rhodium
plating and a thermal effect during the rhodium plating
procedure. There was only one previous study that
reported the mechanical properties (three-point bend-
ing) for epoxy-coated nickel-titanium wire, although a
different device and different conditions for the three-
point bending test were used.® This study reported that
the as-received coated nickel-titanium wire with a
diameter of 0.016 inch produced 51-61 gf during the
unloading process, and these unloading forces are
similar to those found for BioForce High Aesthetic
Archwire and Sentalloy in the present study. On the
other hand, the starting nickel-titanium wire for Woowa
may have been intentionally processed by the manu-
facturer to produce a higher mean load for clinical use.

Friction between the bracket and the wire during
tooth movement is one of the primary issues in clinical
orthodontics, since the efficiency of tooth movement is
greatly influenced by this friction.®'*'* Surface rough-
ness and hardness of the wire influence its frictional
properties,’®'® and surface coating the orthodontic
wire should influence its roughness and hardness.
Mixed results have been reported about the relation-
ship between surface roughness and frictional force.
Saunders and Kusy'™ reported that there is little
correlation between surface roughness and friction.
In contrast, a recent study showed that there was a
positive correlation between bracket slot roughness
and friction resistance.'® The surfaces of Woowa and
BioForce High Aesthetic Archwire were rougher than
the surfaces of the corresponding noncoated wires
(Table 2), and the external surface region of Woowa
had significantly lower hardness and elastic modulus
than values for the noncoated Woowa (Figure 5).
Therefore, the coating layers on Woowa and BioForce
High Aesthetic Archwire might influence their frictional

Table 3. Average Unloading Forces at a Deflection of 1.5 mm for the Four Nickel-Titanium Wires

Unloading Forces, gf

Brand Mean SD Mean SD P Value
Woowa—noncoated Woowa 242 5.2 219 6.8 .0001
BioForce High Aesthetic Archwire—Sentalloy 31.1 7 76.5 9.8 .0001

Angle Orthodontist, Vol 82, No 2, 2012



324

IIJIMA, MUGURUMA, BRANTLEY, CHOE, NAKAGAKI, ALAPATI, MIZOGUCHI

----- Sentalloy®
10 (a) Y 101 (b) A ---- BioForce®
1 i i - - -Non-coated Woowa™
J?r!"'- P — Woowa™
84 ,J,E' ! 8 Vi ;
iyl A
o) 1 {:': ;;! ' =y /’:" l.j
% 6 firi % 64 A
— i J:‘_r' ll-f ! — ¥ £ ’/
= i ! = v, ;
] 4 ol i i ]
g ¢4 B g 4 ) s
- 1 P — P y
2 3 l’.“.’ 3 % 4
1 ¢ i =7 57
1 / '.-"/ e'/ /J
0 fl" T T T T T 0 T £ T bz T i3 T ¥ T L T s T ¥
0 200 400 600 800 1000 1200 1400 0 50 100 150 200 250 300 350 400
Depth (nm) Depth (nm)

Figure 4. Representative loading-unloading curves of each wire obtained by nanoindentation testing. (a) Comparison of the external surfaces. (b)
Comparison of the cross-sectioned surfaces. Woowa, continuous line; noncoated Woowa, dashed line; BioForce High Aesthetic Archwire,

dashed dotted line; Sentalloy, dashed double-dotted line.

characteristics. However, further research is needed to
prove this hypothesis. On the other hand, the hardness
obtained for the external surface region of the
BioForce High Aesthetic Archwire showed similar
values to the noncoated Sentalloy nickel-titanium wire.

The maximum depth of indentation for the external
surface (coating layer) of the BioForce High Aesthetic
Archwire was approximately 370 nm (0.37 um). From
private communication with the manufacturer, the
coating layer of the BioForce High Aesthetic Archwire
mainly consisted of gold and rhodium and is approxi-
mately 0.5 um in thickness. The thickness was too small
for the coating to be detected at moderate SEM
magnification (Figure 1). This thin metallic coating layer
for the BioForce High Aesthetic Archwire might be
expected to have mechanical properties that are similar
to those for the near-surface layer of nickel-titanium
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wires (Sentalloy and noncoated Woowa). However,
further research is needed to prove this hypothesis.

CONCLUSIONS

Under the conditions in this study, the following
conclusions can be drawn:

« The coating process for Woowa influences its three-
point bending behavior.

« The coating process for BioForce High Aesthetic
Archwire might influence its three-point bending
behavior.

» The surface of the parylene coating layer on Woowa
had rougher morphology and much lower hardness,
but the bulk portion of the coated wire had similar
mechanical properties compared with the noncoated
wire.
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Figure 5. Mechanical properties at the external surface of each wire obtained by nanoindentation testing.
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Figure 6. Mechanical properties for cross-sectioned surface of each wire obtained by nanoindentation testing.
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