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      Abstract: Background: This study aims to enhance the biocompatibility of Nickel–

Titanium (NiTi) alloy by developing a new coating using titanium dioxide (TiO2) and titanium 

pentoxide (Ta2O5) through direct current (DC) reactive sputtering technology. Materials and 

methods: Two distinct coating materials, namely, TiO2 and Ta2O5, were used to fabricate NiTi 

orthodontic archwires with improved surface properties. TiO2 nanoparticles, with thickness 

ranging from 21.90 nm to 31.93 nm, were deposited onto NiTi alloy substrates through DC 

reactive sputtering deposition under different power conditions. Results: X-ray diffraction 

and field emission scanning electron microscopy validated the uniformity and morphology 

of the coatings. Immersion tests in simulated body fluid (SBF) revealed significant 

hydroxyapatite layer growth on TiO2-coated NiTi, especially at a sputtering power of 240 W. 

Reduced nickel ion release was observed on TiO2 nanoparticles with a thickness of 21.90 nm 

at 50 W sputtering power compared with 31.93 nm-thick nanoparticles at 240 W. Ta2O5 thin 

films were deposited on NiTi substrates through DC magnetron reactive sputtering at ~100 

°C with a deposition power of 50 W. Structural and morphological analyses through optical 

microscopy and X-ray diffraction, atomic force microscopy, and scanning electron 

microscopy revealed the homogeneity and low roughness of the coatings. Biocompatibility 

assessments in artificial saliva and SBF solutions established that Ta2O5-coated NiTi alloys 

exhibited superior electrochemical behavior, enhanced corrosion resistance, and diminished 

Ni ion release compared with uncoated specimens. Conclusion: TiO2 and Ta2O5 coatings not 

only improved the biocompatibility of NiTi orthodontic archwires but also presented a 

promising path for advanced biomedical applications. These coatings have potential in 

improving the cellular behavior and performance of NiTi-based orthodontic devices. 

        Keywords: Nickel-titanium, Orthodontic archwires, Nanoparticle, TiO2, Ta2O5, atomic force 

microscopy, scanning electron microscopy, artificial saliva. 
 

Introduction 

  Biomaterials derived from natural or synthetic sources play a pivotal role in modern medical 

practices. These materials are meticulously engineered to interact seamlessly with biological systems, 

including tissues, blood, and biological fluids, without inducing adverse effects on the host. Applications 

of biomaterials span a wide range of medical fields, from prosthetic devices and diagnostics to treatments 

and storage (1–4). In dentistry and orthodontics, biomaterials are integral to enhancing and maintaining oral 

health and aesthetic outcomes. The core principle of orthodontic treatments rests on a mechanical 

foundation, positing that intentional manipulation of tooth movement can effectively convert stored 

elastic energy into mechanical work. For precise control, orthodontic wires are indispensable components 
(5). Fixed orthodontic treatments have a rich history of utilizing orthodontic wires, which are designed to 

conform to dental arches and rectify tooth misalignments. Various wires made of alloys are available, each 

offering distinct attributes aimed at shortening treatment duration and elevating patient comfort (6,7). 
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Orthodontic wires should possess certain key attributes to be optimally effective. Given their persistent, 

intimate contact with the oral environment, these materials should exhibit corrosion resistance, minimize 

ion release into the oral cavity, and be non-allergenic. Establishing harmonious interactions between 

dental tissues and orthodontic wires is paramount (8). Nickel–titanium (NiTi) alloy has gained significant 

attention in biomedical applications, especially in orthodontics. This alloy is known for its unique 

properties, such as shape memory effect, superelasticity, and superior biocompatibility (9). Its versatility 

has led to its use across multiple medical specialties, including cardiology and neurosurgery (10–14). The 

term “biocompatibility” stands central in the context of biomaterials and refers to a material's capability 

to fulfil its intended application without eliciting undesirable host responses (10). Achieving 

biocompatibility is vital for the successful integration of biomaterials in therapeutic scenarios. 

In orthodontics, NiTi wires, especially those in the austenitic phase at oral temperatures (37 °C), are 

effective when paired with orthodontic brackets. The adoption of NiTi wires in orthodontic procedures is 

attributed to their superelastic characteristics, which facilitate consistent and gentle force applications, 

thereby ensuring effective tooth movements 10. NiTi alloys are also applied to vascular stents due to their 

notable anti-thrombotic features and unmatched biocompatibility (15,16). The success of these self-

expandable stents in treating atherosclerotic lesions across various arterial pathways underscores their 

efficacy. However, concerns arise with the prolonged use of NiTi orthodontic wires under tensile stress, 

especially concerning potential nickel ion release, emphasizing the importance of biocompatibility (17). To 

address these challenges, researchers have explored various strategies, including the formation of inert 

oxide layers on NiTi surface through post-surface treatment techniques. These methods can enhance the 

biocompatibility and surface resilience and greatly contribute to the overall effectiveness of these 

biomaterials (18–22). This study aims to elevate the biocompatibility of NiTi alloy by developing a new 

coating using TiO2 and Ta2O5 through direct current (DC) reactive sputtering technology. 

Materials and Methods 

 Preparation of samples 

Circular NiTi alloy sheets measuring 15 mm in diameter and 2 mm in thickness were prepared by cutting. 

The specimens were cleaned thoroughly with running water to ensure their cleanliness and remove any 

impurities caused by environmental factors. The surface of the specimens was meticulously prepared by 

grinding with silicon carbide paper, followed by polishing using a specialized cloth. The specimens were 

immersed in high-purity alcohol with a purity level of 99% and subjected to 30 minutes of ultrasonic 

vibration for optimal surface treatment at 100 °C. 

Coating procedure 

Sputtering was conducted using a DC magnetron reactive sputtering system (CRC-600 system, Torr Inc., 

USA) employing a high-purity titanium target with a diameter of 5 mm and a thickness of 3 mm that was 

affixed to a balanced magnetron. A DC sputtering plasma machine was operated to generate TiO2 layers 

with varying thicknesses by applying different sputtering power levels of 50–240 W, and the deposition 

duration was set at 120 minutes. The initial chamber pressure was set at 1 × 10-5 mbar and subsequently 

increased to 1 × 10-2 mbar by introducing high-purity argon gas into the chamber. Prior to coating, the 

titanium target underwent an initial exposure to continuous plasma to ensure a clean surface to form a 

TiO2 and Ta2O5 nanostructure on the NiTi substrate. 

 Characterization 

X-ray diffraction (XRD) measurements were conducted using a Shimadzu X-ray diffractometer with a 

wavelength of 1.54056 Å to detect phases present in the specimens. The surface morphology of the samples 

was assessed through field emission scanning electron microscopy (FESEM, Hitachi S-4160 scanning 

electron microscope) under the magnification range of 10,000x to 50,000x. An energy-dispersive X-ray 

spectrometer (EDXS) unit integrated with the FESEM was operated to determine the elemental 

composition of the TiO2 coating layer. The release of nickel ions was quantified by measuring the nickel 
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ion content in artificial saliva (AS) solutions. All the specimens were immersed statically in separate 

containers filled with 100 ml of AS solutions for 14 days. Nickel ion concentration was determined using 

graphite-furnace atomic absorption spectrometry (GFAAS) (AA6501F, Shimadzu, Japan). 

                   

Results 

Microstructural characterization 

The NiTi alloy specimens underwent reinforcement with an initial TiO2 and Ta2O5 layer to enhance their 

biocompatibility. Various DC sputtering powers (50, 180, 200, and 240 W) were applied to deposit the TiO2 

and Ta2O5 coating layer. The thickness of the TiO2 thin films was precisely determined using an optical 

interferometer method. The thicknesses of the TiO2 and Ta2O5 thin films were 105.3, 108, 135.2, and 120.4 

nm.  

Figures (1 to 5) illustrate the FESEM images of the TiO2 and Ta2O5 thin coating layers deposited on the 

NiTi specimens at various sputtering powers. Specifically, Figures 1 and 2 show the NiTi specimens 

sputtered with TiO2 at 50 W and 100 W, respectively, while Figures 3 and 4 display the NiTi specimens 

sputtered with Ta2O5 at 150 W and 180 W, respectively. Figure 5 demonstrates the uniform, homogeneous 

distribution of Ta2O5 nanoparticles on the NiTi specimen sputtered at the optimal 200 W. This particular 

specimen, compared to those sputtered at lower powers, exhibits the highest quality film with a more 

uniform and homogeneous coating, indicating that a sputtering power of 200 W is most effective for 

Ta2O5 deposition, though it results in the lowest growth rate compared to TiO2 and TiN coatings on other 

specimens. 

 

 
Figure 1: FESEM image for TiO2 nanoparticles coating layer deposited with sputtering power of 50 

W 

 

 
Figure 2: FESEM image for TiO2 nanoparticles coating layer deposited with sputtering power of 180 

W 
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Figure 3: FESEM image for TiO2 nanoparticles coating layer deposited with sputtering power of 200 

W 

 

 
 

Figure 4: FESEM image for TiO2 nanoparticles coating layer deposited with sputtering power of 240 

W 

 

 
Figure 5: FESEM image for Ta2O5 nanoparticles coating layer deposited with sputtering power of 

200 W 

 

 

              Biocompatibility measurements 

 

Optical microscopy and XRD analyses were conducted on the uncoated NiTi alloy substrate and the 

TiO2/NiTi and Ta2O5/NiTi structure to assess their potential biocompatibility. The first biocompatibility 

assessment involved immersing the specimens in simulated body fluid (SBF), similar to AS, for 1 month. 

The optical microscope images of the coated TiO2/NiTi and Ta2O5 /NiTi structure and the uncoated NiTi 

alloy substrate after this immersion period are presented in Figures (6a-e) and Figure (6f), respectively. 

Figures 7 and 8 show the XRD patterns for all specimens, namely, uncoated NiTi and coated with TiO2 

and Ta2O5 layers, immersed in AS for 1 month.  
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Figure 6: Optical microscopy images for all  specimens after biocompatibility test: a: base (uncoated 

NiTi), NiTi coated with b: TiO2 (50 W), c: TiO2 (180 W), d: TiO2 (200 W), e: TiO2 (240 W), and f: Ta2O5 (200 

W) 
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Figure 7: XRD patterns after the biocompatibility testing of NiTi Alloys. Comparison of uncoated 

and TiO2-coated specimens at varied sputtering powers (50, 180, 200, and 240 W) 
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Figure 8: XRD patterns after the biocompatibility assessment of NiTi alloy specimens coated with 

Ta2O5 layer 

              Release of Ni ion 

Experiment was conducted to address Ni ion release by using sputter-coated TiO2 and Ta2O5 films onto 

NiTi substrate. Nickel ions leached from the substrates during the electrochemical tests were determined 

to assess the effectiveness of the sputter-coated surface to impede out-diffusion. The solutions taken from 

each specimen after the corrosion test were analyzed for Ni concentrations using atomic absorption 

spectroscopy (AAS). Static immersion experiments were carried out on sputter-coated TiO2 and Ta2O5 

films on NiTi substrates in AS solutions. The Ni ions were released during corrosion in the physiological 

environment.  

Table 1 illustrates the variations in the amount of Ni ions released for uncoated and coated NiTi specimens 

immersed in AS solution. All specimens were statically immersed in 100 ml of AS solutions in separate 

containers for 14 days. The chemical compositions of AS solutions are provided in the previous 

experimental part. Immersion experiments were performed at 37 ± 0.5 °C in an electronically controlled 

water bath to simulate the body temperature. As shown in Table 1, following an immersion period of 14 

days in AS, the Ni ion released from the TiO2-coated NiTi was about half of that from the uncoated NiTi. 

The Ni ion released from the Ta2O5-coated specimens was lower than that from the uncoated samples. 

Table 1: Concentration of released Ni ions in the AS solutions of TiO2 and Ta2O5 coatings layer 

deposited onto NiTi substrates at different sputtering powers 

Ni concentrations 

(ppb) 

Coating layer thickness 

(nm) 

Sputtering Power 

(W) 

Coating 

materials 

66.6   
Base (un-coated 

NiTi) 

38.8 100 50 TiO2/NiTi 

44.4 112 180 TiO2/NiTi 

50 135 200 TiO2/NiTi 

61.6 120 240 TiO2/NiTi 

55.5 119 200 Ta2O5/NiTi 
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Discussion 

 Optical interferometry was used to determine the thickness of TiO2 thin films. At sputtering power 

levels of 50, 180, 200, and 240 W, the thicknesses of the TiO2 thin films were observed to be 105.3, 108, 

135.2, and 120.4 nm, respectively. An increase in thin film thickness with escalating sputtering power can 

be linked to the surge in the concentration of charged particles. Increasing the DC sputtering power 

provides more reactants with increased energy, potentially resulting in a denser layer. Lower sputtering 

powers tend to have a diminished deposition rate due to the less energized argon interacting with target 

species and the subsequent reduction in the number of atoms ejected from the target material. However, 

as the sputtering power increases, the yield of the TiO2 film coating significantly increases. The film's 

growth rate accelerates with the increase in sputtering power, peaking at 200 W, but this growth does not 

follow a straightforward route. A decrease in the film growth rate at a sputtering power of 240 W might 

be attributed to re-sputtering due to high-energy sputtered flux (23). 

For XRD measurements, the TiO2 coating layer deposited at higher sputtering power exhibited an 

intensified (101) peak in comparison with those generated at lower sputtering power (24). The magnitude 

of this peak in the X-ray diffraction pattern serves as a direct metric for film crystallinity. The augmented 

peak intensity at elevated sputtering power could be due to the increased surface mobility of adatoms 

with more substantial energy, coupled with the increase in argon sputtering power (25). This combination 

is crucial to obtain a highly crystalline coating layer. A higher power ensures that atoms have more 

available energy to facilitate diffusion and optimal settling within the crystal lattice. Chan and Teo (26) 

provided evidence that larger crystallite sizes, up to 1 µm, can be accurately measured using the Scherrer 

equation under certain conditions, such as using diffraction peaks at higher 2θ angles. However, as the 

sputtering power increased to the range of 200–240W, the peak not only intensified but also broadened. 

This finding might suggest alterations in the phase or crystalline structure due to changing deposition 

parameters. Crystallinity was determined using the full width at half maximum (FWHM) intensity of the 

(101) peak by applying the Scherrer equation (27). A narrower FWHM suggests better crystallinity, as 

indicated by Panjan et al (28). Among the specimens, the TiO2 film deposited at a sputtering power of 240 

W exhibited the most distinct (101) peak intensity and the narrowest FWHM compared with the films 

coated within 50–200 W (29). The data suggest a direct correlation between the crystallinity of the film 

coatings and the operational sputtering power (30). This relationship could be linked to the increased 

density of surface atoms, which, under elevated power, are swiftly released and spread across the 

substrate. However, at excessively high sputtering power, the rapid growth rate might lead to the 

dispersion of previously deposited particles across the substrate's surface (31). The subsequent particles 

overlaying these could compromise the crystalline structure of the TiO2 film coating (32). 

The TiO2 film coatings produced within the sputtering power range of 50–240 W showed the most distinct 

peak intensity and the narrowest FWHM compared with other TiO2 films (33). The TiO2 film deposited at 

240 W possessed superior crystalline quality. This observation can be traced back to the sputtering yields 

associated with TiO2 and Ta2O5 (34). 

This study also evaluated the particle size corresponding to each sputtering power. The particle size was 

maximal at a sputtering power of 200 W, declining as the sputtering power elevated (35). Typically, the 

particle size of thin film coatings is directly correlated with crystallinity (36). Given the reduction in particle 

size with the rise in sputtering power, it was expected that the crystallinity of the films would decrease as 

the sputtering power augmented (37). To corroborate this hypothesis, the crystallinity of the TiO2 film 

coating was examined using XRD. 

After a month of immersion in synthetic simulated body fluid (SBF) for biocompatibility tests, optical 

microscope images of the uncoated and coated NiTi specimens immersed in SBF were analyzed (38). A 

hydroxyapatite layer grew on the surfaces of all specimens, indicative of biocompatibility from the 

simulated body fluid, thereby affirming the biocompatibility of the coating layer (39). The optical 

microscope test displayed the presence of agglomerated hydroxyapatite after immersion (40). From the 
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microscopy images, significant agglomeration of hydroxyapatite in specimens coated with Ta2O5 (200 W) 

and TiO2(240 W) was evident, aligning with XRD findings (41). Lesser agglomeration was observed in 

specimens coated with TiO2 (200 W) and TiO2 (180 W), while the least agglomeration was seen in 

specimens coated with TiO2 (50 W) and uncoated base material (42). The XRD test indicated the presence of 

a hydroxyapatite peak in all patterns (43). As shown, the representative XRD pattern for the NiTi alloy 

uncoated base specimen exhibited a hydroxyapatite peak at 2θ= 31.78, corresponding to the standard XRD 

pdf card ICDD 09-0432 for hydroxyapatite (44). This peak, derived from the biomimetic formation of 

hydroxyapatite from SBF, signifies biocompatibility and osseointegration (45). The TiO2 peaks appeared at 

2θ = 25.28, 25.29, 25.23, and 25.24, coinciding with the standard XRD pdf card ICDD 21-1272 for anatase 

titanium oxide (46). The comparison of the XRD patterns for all coated NiTi specimens with the uncoated 

one showed a noticeable increase in hydroxyapatite peak intensity and TiO2 anatase peak (47). 

              Conclusion  

  In this study, magnetron sputtering was used to apply TiO2 and Ta2O5 coatings onto nickel-titanium 

surfaces for potential use in orthodontic archwires. These coatings improved the biological safety and 

physical properties of NiTi. The biocompatibility was confirmed through biomimetic synthesis from 

synthetic simulated body fluid (SBF). The TiO2 coating remarkably enhanced hydroxyapatite formation, 

while the Ta2O5-coated specimens demonstrated strong corrosion resistance in acidic saliva. Collectively, 

these coatings on NiTi offer promising advancements for orthodontic materials, combining durability, 

biocompatibility, and reduced cytotoxic risks. 
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 (المختبر في دراسة) الأسنان  تقويم في تيتانيوم النيكل أسلاك تغليف  على النانوية التانتالوم وجسيمات النانوية التيتانيوم جسيمات  تقييم
 عبير باسم محمود ,أكرم فيصل الحويزي , محمد خماس خلف , عباس رفيق زاهر 

 المستخلص:
وبنتاوم   2TiO( باستخدام مادتي تغليف متميزتين: ثاني أكسيد التيتانيوم )NiTiالتيتانيوم )-النيكلالخلفية: هذه الدراسة تتناول تحسين خصائص سطح أسلاك تقويم الأسنان من  

باستخدام تقنية    NiTiنانومتر على أسطح سبائك    31.93نانومتر إلى   21.90النانوية بسماكات تتراوح بين   2TiO(. بالنسبة للأولى، تم ترسيب جسيمات  5O2Taبنتاوكسايد )

( من توحيدية وشكل التغليف.  FESEM( بشروط طاقة متغيرة. تحقق تشتت الأشعة السينية والمجهر الإلكتروني ذو الإشعة الميدانية )DCالرش الاستجابي بالتيار المستمر )
، خاصةً عند طاقة رش  2TiOغطاة بـ  ( نمو طبقة هيدروكسيابات ملحوظة على الأسلاك المSBFأظهرت اختبارات الانغمار في سائل الجسم المشبع بالمحاليل الاصطناعية )

  31.93واط مقارنة بتلك بسمك    50نانومتر عند طاقة رش    21.90بسمك    2TiOواط. يجدر بالذكر أنه تم ملاحظة انخفاض إطلاق أيونات النيكل مع جسيمات    240قدرها  

( DCباستخدام تقنية الرش المغناطيسي المستجيب بالتيار المستمر )  NiTiعلى أسطح    Ta2O5واط. أما بالنسبة للثانية، تم ترسيب أفلام رقيقة من    240نانومتر عند طاقة رش  

واط. أظهرت التحليلات الهيكلية والمورفولوجية، بما في ذلك تشتت الأشعة السينية، ومجهر القوة   50درجة مئوية مع طاقة ترسيب قدرها  100عند درجة حرارة تقريبية تبلغ 
(  SBFة )( وسائل الجسم المشبعAS( توحيدية ونعومة التغليف. أثبتت تقييمات التوافق مع اللعاب الاصطناعي المخلوط )SEM(، ومجهر المسح الإلكتروني )AFMالذرية )

في الختام، تظهر تغليفات   أظهرت سلوكاً كهروكيميائياً متفوقاً، ومقاومة تآكل معززة، وإطلاق أقل لأيونات النيكل، مقارنة بالعينات غير المغطاة.  Ta2O5أن السبائك المغطاة بـ  

2TiO  5وO2Ta     على أسلاك تقويم الأسنانNiTi   ليس فقط تعزيز توافقها مع الجسم ولكن أيضًا تقديم طريقة واعدة لتطبيقات التكنولوجيا الحيوية المتقدمة، مؤكدة على إمكانية

 . NiTiهذه التغليفات في تحسين سلوك الخلايا وأداء أجهزة تقويم الأسنان القائمة على 
 
 
 

 

 

http://dx.doi.org/10.1080/10667857.2019.1576821
http://dx.doi.org/10.1116/1.574160

