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ABSTRACT

The purpose of this study was to use scanning electron microscopy (SEM) evaluation to determine the optimal anodize-
tion conditions needed to generate niobium oxide coatings on titanium alloy dental implant screws. Sand-blasted tita-
nium alloy dental implants were anodized in dilute hydrofluoric acid (HFq) solution using a Sorensen DLM 300-2
power supply. The HF concentration and anodization time were varied and the resulting implant surfaces were evalu-
ated using a Jeol JSM-5310LV Scanning Electron Microscope to determine the ideal anodization conditions. While HF
is necessary to facilitate oxide growth, increasing concentrations resulted in proportionate increases in coating delami-
nation. In a similar manner, a minimum anodization time of 1 hour was necessary for oxide growth but longer times
produced more delamination especially at higher HF ,q, concentrations. SEM imaging showed that implants anodized
for 1 hour in a 0.1% HF ) aqueous solution had the best results. Anodization can be used to generate niobium oxide
coatings on sand-blasted Ti alloy dental implants by balancing the competing factors of oxide growth and coating de-
lamination. It is believed that these oxide coatings have the potential to improve osseointegration relative to untreated

dental implants when evaluated in an in vivo study.
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1. Introduction

Dental implants are an important therapeutic approach,
providing both an aesthetic and functional alternative to
tooth replacement. Procedures involving dental implants
have grown steadily, rising consistently over the last 20
years to reach approximately one million performed an-
nually worldwide [1]. After endosseous implants are sur-
gically inserted into the jaw bones, three outcomes are
possible. Early implant failure will likely result from
either of the first two outcomes, in which either an in-
flammatory response is triggered or a fibrous capsule of
connective tissue forms around the implant. However,
the third outcome, where living and functional bone tis-
sue forms around the implant without an intervening
layer of soft tissue, is critical for long-term patient suc-
cess [2]. This is known as osseointegration and is typi-
cally defined as the intimate and direct apposition of
bone growth onto the titanium (Ti) implant surface after
it has interacted with biological tissues and fluids [3].
Despite the high success rates demonstrated in longi-
tudinal studies (ranging from 85% to 100% in studies of
up to 24 years [2]), many of the failures that still occur
are largely attributed to insufficient osseointegration [4].
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Attempts to improve osseointegration have led to more
than 1300 types of commercially available oral implants
[5] which vary in such qualities as material type, geome-
try, and surface properties. While delicate surgical tech-
niques, prosthetic biomechanical factors and patient hy-
giene are all important for the clinical outcome [6], it is
well-known that implant surface properties influence the
potential for and subsequent extent of osseointegration.
These properties, including roughness, composition, and
hydrophilicity, are therefore a prime focal point of im-
plant research. One of the more common surface prop-
erty modifications is to roughen the Ti surface using a
grit or sand-blasting technique. Compressed air is used to
project high-velocity ceramic particles, such as alumina,
titanium dioxide, and calcium phosphate (CaP), at the
implant surface. Titanium dioxide-blasted implants have
shown multiple clinical successes, including improved
bone-to-implant contact (BIC) [7-9], high clinical suc-
cess rates after 10 years [10,11] and higher marginal
bone levels and survival rates [12,13].

Despite such successes, a recent systematic review [14]
analyzed the clinical results from 16 randomized clinical
trials (RCTs) and summarized that no particular implant
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type had superior long-term success. However, none of
these RCTs involved implants that were either made or
coated with materials other than Ti; as such, this review
may provide additional motivation for research involving
non-titanium implant coatings. For example, plasma-
sprayed CaP coatings have been evaluated with varying
degrees of success. Several studies have demonstrated
clinical failures [15-17] due to coating delamination which
results from the differences in dissolution behavior of
amorphous and crystalline CaP phases. However, a larger
systematic review [18] actually showed no difference in
long-term success between plasma-sprayed CaP coatings
and traditional Ti implants.

Alternatively, metal oxides may be used on artificial
implants since these types of coatings can incorporate the
robust mechanical properties of the base metal with the
biocompatibility of the oxide layer [19]. Prior experi-
ments using niobium (Nb) metal as a base demonstrated
bioactivity of the anodized niobium oxide coating in a
variety of solutions including calcium-phosphorous solu-
tion [20], simulated and human salivas [21] and simu-
lated blood fluid [22]. A small lattice mismatch of only
1.1% between the Nb,Os oxide phase and hydroxyapatite
suggested an epitaxial influence on mineral nucleation
[20]. Additionally, the surface roughness of the oxide
coatings increased proportional to anodization time [23].
The same Nb,Os microcone morphology was also gener-
ated when smooth Ti alloy implants were coated with Nb
and then anodized [24].

These studies (including a recently completed in vivo
study demonstrating superior osseointegration of nio-
bium oxide-coated smooth Ti implants relative to smooth
Ti implant controls) have contributed to the scope of the
utility of the niobium oxide morphology as a viable
coating, but have not yet involved studies on roughened
Ti surfaces. Combining the structured niobium oxide
morphology with the rough framework of a sand-blasted
titanium oxide coating attractive for cellular attachment
and growth may provide an opportunity to ultimately im-
prove bone apposition. Thus, it is necessary to explore
whether niobium oxide can be generated on the surface
of a roughened Ti implant. Therefore, the purpose of this
study was to determine the feasibility of creating a nio-
bium oxide coating on a commercially available sand-
blasted Ti alloy (SB-Ti) dental implant.

2. Material and Method

SB-Ti dental implant screws (IMTEC Item # SH-10, 3M
IMTEC, Ardmore, OK) were 1.8 mm in diameter and 10
mm in height and featured a collared MDI implant stan-
dard thread design with a square prosthetic head. Nb
coatings were then applied by sputter coating at a base
pressure of 5 x 107 Torr to generate a smooth 5 um Nb
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coating.

Anodization was then performed using the Karlinsey
method [25], as shown in Figure 1(A). Table 1 summa-
rizes the anodization condition of 7 implant screws. Hy-
drofluoric acid (48% - 50% assay, Fisher Scientific,
Pittsburgh, PA, USA) was added to a Nalgene beaker
containing deionized (DI) water. The total solution vol-
ume was always 100 mL, with HFq concentrations
ranging from 0.1% to 0.5%. 100 mg NaF (Spectrum
Chemical Mfg. Corp., Gardena, CA, USA) was added
and the solution was magnetically stirred at 30°C for one
hour prior to anodization using a Cimarec digital stirring
hotplate (Barnstead International, Dubuque, 1A, USA).
Next, a copper electrode was connected to a Sorensen
DLM 300-2 power supply (AMETEK Programmable
Power, Inc., San Diego, CA, USA) and placed into the
same beaker. An alligator clip was used to connect the
implant screw and immerse the threads in the solution
(Figures 1(B) and (C)). Finally, a constant 25 V potential
was supplied to stimulate oxide development. All anodi-
zations were performed with constant stirring and the

Figure 1. Image (A) depicts the entire anodization setup, in-
cluding the electrochemical cell, stir plate, and power sup-
ply. Image (B) provides a closer view of the electrochemical
cell itself while image (C) shows how the implant screw is
immersed into solution by an alligator clip. Image (D)
shows, from left to right, an uncoated implant and an Nb-
coated implant before and after anodization.

Table 1. Implant anodization parameters and resulting
surface conditions.

D Nb Coating  [HFq]  Time Coa_ting_ Oxide
(um) (Wt%) (hrs)  Delamination ~Growth?
A N/A 0.5 2 N/A N/A
B 5 0.5 2 Complete No
C 5 0.25 2 Moderate Yes
D 5 0.25 1 Light Yes
E 5 0.1 2 Light Yes
F 5 0.1 1 None Yes
MSA
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hotplate set to 30°C. When anodization was terminated,

the screw was removed from the alligator clip, rinsed

with DI water for 10 seconds, and allowed to air dry.
Anodized implant screws were then analyzed using a

Jeol JSM-5310LV Scanning Electron Microscope (SEM).

The working distance was kept between 10 - 12 mm with
an accelerating voltage of 20 kV. The magnification was
increased from 100x up to 10,000x%.

3. Results and Discussion
3.1. Anodization and Delamination

Previous experiments [23] demonstrated that a minimum
anodization time of 1 hour was required to stimulate no-
ticeable oxide development on dental implant screws.
Therefore, 1 hour was used as a baseline and 2 hours was
used to demonstrate the trends observed with increased
anodization time. When comparing the images of Fig-
ures 2(C) with (D) (0.25% HFq) and (E) with (F)
(0.1% HF ), it is clear that increasing anodization time
at a constant HF,q) concentration results in more exten-
sive coating delamination. Similarly, when comparing
Figures 2(C) to (E) (2 hr anodization) and (D) with (F)
(1 hour anodization), the delamination increases with

higher HF,q) concentration at a constant anodization time.

The comparison of Figures 2(A) and (B) definitively
shows that the Nb coating is completely removed after a
2 hr anodization in 0.5% HF ).

3.2. Anodization and Oxide Growth
As for the oxide growth, Figures 3(C) and (D) in par-

ticular show that growth increases with anodization time
at a given HFq concentration. The relationships be-
tween Figures 3(C) and (E) along with (D) and (F) show
that oxide growth is more substantial at lower HF
concentrations when the anodization time is held con-
stant.

HF,q) is necessary to generate the Nb,Os oxide struc-
ture previously observed using this anodization process,
as the same oxide morphology has not been observed
using different electrolyte solutions such as oxalic acid,
sulfuric acid, phosphoric acid, and nitric acid [26]. It is
believed that F~ ions cut into the Nb metal during oxida-
tion and assist with the development of the Nb,Os struc-
ture when oxygen ions interact with interstitial Nb ions
[21,27]. The previously proposed growth model [28]
depicts O solution into the Nb metal and initial NbsO
segregation to relax the induced lattice strain. However,
the subsequent Nb,Os nucleation is accompanied by a
factor 3 volume increase which strains and serrates the
underlying metal and generates defects. These defects in
turn enhance O diffusion and can lead to further oxide
growth.

4. Conclusion

At longer anodization times, it is possible that the
additional oxide growth and associated Nb deformation
could destabilize the Nb-Ti interface and result in coating
delamination. As for the role of HFq concentration,
both Nb metal and Nb,Os oxide are soluble in HF ,q [28].
Therefore, while HF(,q, aids in Nb,Os development as
mentioned, it also produces a rate of oxide dissolution

Figure 2. Low magnification (100x) SEM images of implants (A)-(F) depict the effects of anodization time and HF g con-

centration on coating delamination.
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Figure 3. High magnification SEM images of implants (A)-(F) at 3500x ((A), (B)) and 10,000x (C)-(F) demonstrate the effects

of anodization time and HF,q) concentration on niobium oxide growth.

proportionate to acid concentration. This property may
help to explain why more extensive oxide coverage was
observed at 0.1% HF (g than 0.25% HF and no oxide
growth was seen for 0.5% HF,q. Based on these results,
it is evident that a balance must be struck between in-
creasing oxide growth without producing coating de-
lamination. Since longer anodization times help with
growth but are hindered by delamination, lowering HF )
concentrations was an effective way to avoid undesirable
delamination. For these reasons, implant “F”, prepared
using a 1 hr anodization time at 0.1% HF ), was deemed
to have the optimal surface morphology for future labo-
ratory and in vivo evaluations.
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