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ABSTRACT

Tantalum pentoxide (Ta,0,) thin films were deposited on Nickel Titanium
Alloy (NiTi) substrates using DC magnetron reactive sputtering at a low
temperature of about 100°C, with a power input of 50 Watts. Advanced
techniques such as X-ray diffraction, Atomic Force Microscopy (AFM), and
Scanning Electron Microscopy (SEM) were employed to analyze the Ta,O,
coatings. The results revealed that these coatings displayed remarkable
uniformity, with extremely low surface roughness (only 2.75 nanometers)
and particles in the 15-30 nanometer range. Microhardness was also
measured via nanoindentation. Beyond structural and morphological
attributes, the study explored the suitability of Ta,O,-coated NiTi alloys for
biomedical applications, particularly orthodontic archwires. Assessments
covered corrosion resistance, biocompatibility, and nickel ion release
in artificial saliva (AS) and simulated body fluid (SBF) solutions. The
findings demonstrated enhanced electrochemical behavior, significantly
improved corrosion resistance, enhanced biocompatibility, and lower
nickel ion release for Ta,O,-coated NiTi alloys than uncoated ones. These
benefits are attributed to the improved cohesiveness of the Ta,O, coatings.
In summary, sputtering Ta,O, films onto NiTi alloys offers a promising
avenue for biomedical surface modification. The exceptional uniformity
and improved properties of Ta,O,-coated NiTi alloys position them as
valuable candidates for orthodontic archwires and other biomedical
devices, showcasing the potential of this method in advancing medical and
dental technology materials.
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INTRODUCTION

The quest for biomaterials with tailored

result, coatings imbued with biologically relevant

characteristics to modulate biological responses is
paramount in orthopedic and dental implants. The
surface properties of these materials play a pivotal
role in dictating their biological interactions. As a
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attributes, such as osteoinductivity, offer intriguing
avenues for customizing the surfaces of diverse
bulk materials. Metal oxide coatings like TiO,, ZrO,,
Nb,O,, and Ta,0, have been proposed to enhance
the performance of orthopedic and dental
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implants [1. Among these metal oxide coatings,
tantalum pentoxide (Ta,0,) thin films have
garnered significant attention due to their wide-
ranging applications, encompassing solar cells,
sensors, photocatalysis, and surface modification
for biomedical alloys. Numerous studies have
delved into the intricate relationships between
experimental parameters, film characteristics,
and precise control of the deposition process.
Several synthesis techniques have been explored
in this pursuit, including sol-gel [2], electron
beam evaporation [3,4], bias-assisted cathodic arc
deposition [5], oxidation processes [6,7], atomic
layer deposition [8,9], electrophoretic deposition
[10], physical vapor deposition (PVD) [11,12],
pulsed laser deposition (PLD) [13], plasma source
ion implantation [14], DC magnetron sputtering
[15,16], medium-frequency magnetron sputtering
[17,18], and RF magnetron sputtering [19,20].
Among these methods, DC magnetron sputtering
is a particularly advantageous choice. It offers
flexibility in selecting and fine-tuning deposition
conditions while maintaining low substrate
temperatures. This technique ensures the uniform
delivery of material to the growing surface
layer, facilitating the construction of substantial
structures [19].

In parallel, there is a growing recognition of the
potential for enhancing the medical performance
of NiTi implants, stents, and catheters by
applying functional anti-corrosion coatings. The
deposition of coatings containing tantalum (Ta)
and its oxides on metal implants can significantly
enhance mechanical properties, bolster corrosion
resistance, and improve chemical inertness and
biocompatibility [1]. In this study, we journeyed
to deposit Ta,0, coatings onto NiTi alloy surfaces
using the DC reactive magnetron sputtering

method. Our goal was to explore the potential
applications of these coatings in the biomedical
field, focusing on their impact on the performance
of NiTi alloy implants.

MATERIALS AND METHODS

DC magnetron reactive a sputtering (CRC-600
system, Torr Inc., USA) method utilized to produce
Ta,0, thin films on NiTi and glass substrates with
working conditions as shown in table (1) where
P1 is the base vacuum pressure and P2 is the
vacuum sputtering chamber of working argon/
oxygen mixture, T is the temperature of the
substrate which was in the range (~1009C). The
target type is Ta of 99.99% in dimension of D
=5cm and thickness of 3mm. This work measures
the Ta,0, thin film thickness using an optical
interferometer method. The substrates were set
10 cm away from the target. Pumped down to 1
10° mbar was the sputtering chamber pressure.
Acetone and ethanol were sonicated onto the
substrates for six minutes to clean them. The
substrates were etched in argon at a pressure of
7.45 10-3 mbar before deposition to remove any
potential contaminants. The films were deposited
at a working pressure of about 1x10? mbar, the
applied power was 50 Watt, and the sputtering
time was 120 min. The XRD measurements were
performed using a Shimadzu X-ray diffractometer
with a wavelength of 1.54056A. Measurements
for phase detection using X-ray diffraction were
made. The surface morphology of the sample
will be evaluated using a field emission scan
electron microscope (FESEM): Hitachi (S-4160),
the magnification power continuously from
10,00kx to 50,00kx. The elemental composition
of a layer of coated TiO, was determined using an
Energy-Dispersive X-ray Spectrometer (EDXS) unit

Table 1. The working conditions of Ta,O, thin films prepared via dc

sputtering method

dc sputtering power

50Watt

Base pressure P1
Working pressure P2
Working gas
Electrode spacing
Substrate temperature Ts

Sputtering time

1x10°mbar

1x102mbar

Ar/02(%20)
10cm
100eC

120 min
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interfaced with an FESEM. The release of nickel
ions was determined by measuring the nickel ion
content in the Artificial Saliva (AS) solution. The
samples were statically immersed in 100 ml of
AS solutions in separate containers for 14 days. A
graphite-furnace atomic absorption spectrometry
(GFAAS) (AA6501F, Shimadzu, Japan) measured
the nickel ion release release.

RESULTS AND DISCUSSIONS
Structural Analysis

To confirm the successful coating of NiTi
samples with Ta,O, thin film, we conducted an
X-ray diffraction (XRD) analysis. Fig. 1 illustrates
the XRD pattern for uncoated and Ta,O.-coated
NiTi substrates, with a consistent sputtering power
50W and a film thickness of 118.6 nm. In the XRD
patterns, only the reflections associated with the
atomic plane (105) of the Ta,O, phase, as per the
ICDD crystallographic card No. 21-1198, were
observed across all experiments, with 20 values at
27.319 degrees. Notably, the results indicated that
the films deposited at a substrate temperature of
100°C exhibited an amorphous phase. However,
the crystallinity of the Ta,O, thin films was
significantly enhanced to the orthorhombic phase
(B- Ta,0,) through a crucial thermal annealing
process. This transformation underscores the
importance of thermal treatment in achieving the
desired crystalline structure for Ta_,O, thin films.

Surface Morphology

Quantitatively assessing the dimensional
surface roughness of nanoparticles and visualizing
the nano-texture on the film coating’s surface
is conveniently achieved through atomic force
microscope (AFM) analysis. Various parameters
are employed to characterize the surface profile,
including the average roughness (Ra), the root
mean square roughness (Rq), and the average grain
size of the coating layer. The grain size is a critical
parameter for understanding growth conditions, as
it directly influences essential recording properties
like aerial density and thermal stability [21].

Fig. 2 presents both a histogram and three-
dimensional (3D) AFM images of the Ta,0, film
coating. These images exhibit distinct light and dark
regions, with brightness serving as an indicator
of the thin film’s vertical profile. Light regions
correspond to elevated points, while dark areas
represent depressions. This visualization confirms
the uniformity of the thin layer, demonstrating
that the substrate surface is effectively covered
with nearly evenly distributed grains. From the
AFM images, we derived quantitative values for
surface characteristics: the average roughness
(Ra) measures at 2.75nm, the root mean square
roughness (Rq) at 4.13nm, and the average grain
size is determined to be 118.9nm. It’s noteworthy
that roughness tends to increase with larger grain
sizes. However, in the case of thin layers with
specific compositions, different outcomes may
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Fig. 1. XRD patterns of uncoated and Ta,0,-coated NiTi samples.
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Fig. 2. 3D- AFM images and histogram of Ta,0, nanoparticles coating layer deposited at sputtering power of 50Watt

arise depending on factors such as the material
type, deposition method, conditions (including
temperature and substrate choice), and potential
chemical reactions during the deposition process
[22].
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TheTa,0, thinfilm generated with a lower power
setting of 50 Watts exhibits notable grains with
distinct orientations, as evidenced in Fig.2. These
morphological characteristics are a consequence
of increased surface mobility of adatoms, a crucial
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Fig. 3. (a and b) FESEM image at different magnifications of the Ta,0, nanoparticle coating layer deposited at 50 W, (c)
average diameters of the granular distribution.
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factor in forming continuous thin layers.

Fig. 3 presents FESEM (Field Emission Scanning
Electron Microscope) images of the Ta,0,
thin coating layer deposited on NiTi samples,
captured at magnification powers of 10.00Kx and
50.00Kx. These images vividly illustrate the Ta,0,
nanoparticles within the coating layer, which
were deposited at a sputtering power of 50 watts.
Notably, these nanoparticles exhibit a uniform and
homogeneous distribution across the surface. The
as-deposited samples appear notably smooth,
aligning with the findings from Huang’s paper and
reaffirming the amorphous nature of the Ta,0,
thin films [23].

In terms of particle size, the Ta,0, nanoparticles
within the coating layer deposited at 50 watts fall
within the range of 15-30 nanometers. This range
is consistent with existing knowledge that the
sputtering power employed during DC magnetron
reactive sputtering significantly influences the
quality and growth rate of thin films. Furthermore,
the particle size of the thin film coatings is
recognized to be directlyproportional to their
crystallinity [24,25].

Microhardness Measurements

The choice of Ta,O, coatings was motivated
by their exceptional adhesion to NiTi and their
resistance to corrosion, while still maintaining
a certain degree of hardness and ductility. Ta,0,
coatings possess remarkable stiffness, and they
directly bear the load applied to the NiTi substrate,
as documented in previous studies [26]. When
subjected to a load, the substrate undergoes
elastic deformation, and this phenomenon allows
us to examine the relationship between load
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and hardness. These findings revealed a complex
interplay between substrate and coating hardness,
with implications for the overall coating quality.

Numerous tests were conducted on each
sample, and the average hardness values were
determined. The assessment of precise hardnessin
the sampled areas was carried out after removing
the applied load. Each test was standardized to a
20-second duration after reaching the maximum
load, ensuring consistent testing conditions [27].

Specifically, hardness testing was executed
at a load of 0.24N, performed at three distinct
locations on the specimen’s surface. In comparison
to the intrinsic properties of the NiTi substrate,
it is evident that the coatings have substantially
enhanced the surface mechanical properties.
Notably, the microhardness value increased
from approximately 204VH for an uncoated NiTi
sample to around 254 HV for a NiTi sample coated
with sputtered Ta,0,. This marked improvement
underscores the positive impact of Ta,O, coatings
on the mechanical performance of the NiTi
substrate.

Corrosion Measurements

In the realm of characterizing the corrosion
behavior of NiTialloys throughin vitro experiments,
a range of strategies has been employed. Initially,
electrochemical experiments were conducted
to assess electrochemical properties such as
corrosion potential, polarization resistance, and
passive current density. These properties were
scrutinized due to their potential relevance to
alloy biocompatibility [29].

Fig. 4a presents the results of the open circuit
potential (OCP) test for NiTi samples coated

Potentia (V)

2 e e
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. 4. The open circuit potential test and polarization curve (Tafel) for un-coated (base)NiTi alloy coated with Ta,0,
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with Ta,O, compared to uncoated samples
when exposed to artificial saliva (AS) solutions.
Notably, the coated sample exhibited a substantial
increase in passivation, with an OCP of -0.355 Volt,
compared to -0.719 Volt for the uncoated sample.

Fig. 4b illustrates the polarization curve (Tafel)
testing for Ta,0.-coated samples in contrast to
uncoated samples. It is evident that the corrosion
rate significantly decreases for the samples
coated with Ta,0, compared to the uncoated
base sample. Specifically, the corrosion rate for
the Ta,0.-coated sample measures 1.803x10°
* mmpy, while the uncoated sample records a
corrosion rate of 7.146x103 mmpy. This translates
to a remarkable 39-fold reduction in the corrosion
rate and a substantial enhancement in corrosion
resistance. This heightened polarization resistance
can be attributed to a thin, passive, and inert Ta,0,
layer formed in the coating structure [30].

The protection efficiency can determined from
the equation below:

__icorr.Uncoated- icorr.Coated

PE %100 (1)

icorr. uncoated

Where icorr. uncoated is the corrosion current
for the uncoated sample and icorr. Coated is the
corrosion current for the coated sample. The
samples coated with Ta O, achieved excellent
protection efficiency, reaching 97.43%.

Bio-compatibility Tests

Biocompatibility tests were conducted by
immersing the samples in synthetic simulated
body fluid (SBF) for a duration of one month. Fig. 5
provides optical microscope images of the coated
and uncoated NiTi samples after immersion in
SBF. Remarkably, a layer of hydroxyapatite forms
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on the surface of every sample, a crucial indicator
of biocompatibility, as it indicates the material’s
ability to interact favorably with biological
environments [31].

In the microscopy images for all the samples,
there is a noticeable presence of agglomerated
hydroxyapatite, particularly pronounced in
the sample coated with Ta,0, (50W). This
agglomeration highlights the effectiveness of Ta,0,
in promoting the formation of hydroxyapatite
layers.

Fig. 6 further underscores the biocompatibility
of the samples by displaying the appearance of
a distinctive hydroxyapatite peak at 26 = 31.766,
which closely matches the standard XRD pdf
standard card ICDD 09-0432 for hydroxyapatite.
Notably, this peak exhibits higher intensity than
the previous samples, emphasizing the enhanced
biocompatibility achieved with the Ta,0, coating.

Additionally, the XRD analysis reveals the
presence of Ta,0, peaks at 28 = 23.39, 26.47, and
36.49, in alignment with the standard XRD pdf card
ICDD 21-1199 for tantalum oxide. This observation
is attributed to the transformation of tantalum
into tantalum oxide during the heat treatment of
the samples. Overall, these findings collectively
affirm the biocompatibility and effectiveness of
the Ta,O, coating in facilitating the formation of
hydroxyapatite layers, essential for the favorable
interaction of the material with biological systems.

lon Release Evaluation

This portion of the study addressed the
concern of nickel ion release from NiTi substrates.
To investigate this issue, we examined Ni ion
release from NiTi substrate samples coated with
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Fig. 5. Microscopy test images for samples after biocompatibility test, a: NiTi base, b: Ta,0, coated NiTi.

J Nanostruct 13(2): 462-470, Spring 2023
[@)er |

467



A. Basim Mahmood et al. / Tantalum Pentoxide Coatings on Nickel Titanium Alloy for Orthodontic Archwires

|—Ta
—— base

& o

8 °©

=
w n

o O
)
o ©

-

H \
1

- HA (211)
--Ta,0, (116)

Intensity(arbitrary units)

NiTi (110)

NiTi (211)

10 20 30

50

20 (degree)

Fig 6. XRD pattern for a pattern for biocompatibility test of uncoated NiTi alloy samples coated
with Ta,O, layer.

sputtered Ta,O, films when exposed to body fluids.
The objective was to assess how effectively the
sputtered coating prevented the out-diffusion of
nickel ions from the substrate.

For this investigation, the samples were
immersed statically in separate containers
containing 100 ml of artificial saliva (AS) solution
for a duration of 14 days. Following the corrosion
test, the solutions collected from each sample
were analyzed to determine the concentrations of
nickel ions using Atomic Absorption Spectroscopy
(AAS).

The results revealed that nickel ion release
was 66.6 ppb for uncoated samples and 55.5 ppb
for Ta,0.-coated NiTi samples immersed in the
AS solution. Importantly, these values were well
below the critical concentration range (600-2500
mg) known to trigger allergic reactions [32, 33].
This underscores that all NiTi substrate samples
utilized in our study remained within clinically
acceptable limits concerning the number of nickel
ions released into the synthetic saliva, maintaining
constant acidity.

Notably, the Ta,0, coating on the NiTi substrate
samples appeared to act as an effective barrier,
impeding the outward diffusion of metal ions from
the bulk alloy. This suggests a promising avenue
for mitigating the release of potentially allergenic
nickel ions in biomedical applications.

468

CONCLUSION

In this study, we conducted a comprehensive
investigation into the coating of NiTi alloy
substrates with nanostructured Ta,0, coatings
using the DC reactive magnetron sputtering
technique. The primary focus was to evaluate the
resulting material’s biological safety and its impact
on the physical properties of the NiTi substrates,
with a particular interest in its corrosion resistance
and biocompatibility. Here, we delve into the
detailed findings and implications of the study:

1. Coating  Methodology: The  study
successfully employed the DC reactive magnetron
sputtering technique to deposit nanostructured
Ta,0, coatings onto NiTi alloy substrates. This
technique allowed for precise control over the
coating process, ensuring uniformity and adhesion.

2. Enhanced Corrosion Resistance: One
of the study’s key findings was the remarkable
improvement in corrosion resistance observed in
the Ta,O,-coated NiTi substrates. The passive Ta,O,
layer acted as a robust barrier, preventing the out-
diffusion of metal ions, particularly nickel, even
when exposed to somewhat acidic artificial saliva.
This enhanced corrosion resistance is a crucial
characteristic for the long-term performance of
biomedical implants and devices.

3. Reduced Nickel lon Release: The study
quantitatively assessed the release of nickel ions
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from the coated and uncoated NiTi samples when
immersed in artificial saliva. The results showed
a substantial reduction in nickel ion release from
the Ta,0,-coated samples, well below the critical
concentration range known to induce allergic
reactions. This demonstrated the biological safety
of the coated NiTi substrates.

4. Nanostructured Ta,O, Thin  Films:
The study emphasized the quality of the
nanostructured Ta,O, thin films deposited on the
NiTi samples. These films exhibited uniformity and
homogeneity, with surface roughness parameters
such as average roughness (Ra) and root mean
square roughness (Rq) well within acceptable
ranges.

5. Biocompatibility: The coated NiTi samples
demonstrated exceptional biocompatibility, as
evidenced by the formation of hydroxyapatite
layers on their surfaces when immersed in
synthetic simulated body fluid. The agglomeration
of hydroxyapatite was particularly pronounced
in the Ta,O.-coated samples, highlighting their
potential for favorable interaction with biological
environments.

6. Medical Applications: The promising
outcomes of this study suggest potential
applications in the field of medicine, particularly
in orthodontics. Coated NiTi materials, such
as Orthodontic Archwires, could benefit
from the enhanced corrosion resistance and
biocompatibility provided by the Ta,O, coatings.

In conclusion, the successful coating of NiTi
alloy substrates with nanostructured Ta,O,
coatings using the DC reactive magnetron
sputtering technique holds great promise for
biomedical applications. The study confirms not
only the biological safety of the coated materials
but also significant improvements in their physical
properties, making them suitable candidates for
various medical and dental technologies.
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