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Surface characterization and immersion tests of TiNi alloy coated with Ta
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Abstract

The surface chemical composition and chemical state of Ti–50.6 at.% Ni alloy samples coated with tantalum by an arc ion plating

method were investigated by X-ray photoelectron spectroscopy (XPS). The results of XPS survey and high resolution spectra show that a

thin oxide film with Ta2O5 in the outmost layer and tantalum suboxides in the inner layer are formed on the tantalum coating as a result of

natural passivation of Ta in the atmosphere. The Ni ion release with time from uncoated and coated samples immersed in 0.9%NaCl

solution was also investigated by atomic absorption spectrometry (AAS). Compared to the coated samples, the uncoated samples show a

higher release rate that decreases slightly with time. The degree of dissolution for the coated sample is reduced from 0.28 to 0.74 Ag/cm2

after 49 days, implying the coating has a beneficial effect on the inhabitation of Ni ion release from the TiNi substrate. The atomic force

microscope (AFM) images and section analysis show that the root mean square (RMS) roughness increases from 10.349 to 65.587 nm,

and the maximum roughness (Rmax) increases from 36.027 to 278.22 nm, confirming that immersion in the NaCl solution results in

roughening of the coating surface.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction method among all these techniques for TiNi alloy. Radi-
The application of TiNi alloys in the medical field has

been explored in the past 10 years due to their unique shape

memory effect, superelasticity as well as excellent biocom-

patibility [1–4]. With the miniature of the instruments for

minimal access surgery, interventional radiology and flexi-

ble endoscopy, such as cardiovascular stents, it is desirable

that the materials are more radiopaque, as the TiNi stent is

inserted usually through a sheath under endoscopic or X-ray

guidance and deploys automatically to expand the stricture

vessel by shape memory effect or supereclasticity. The

improvement of the radiopacity of stents can simplify the

less-invasive surgical procedures and the follow-up detec-

tion of the implanting devices [5].

There are a variety of methods to improve radiopacity,

such as filling [6], coating [7], banding and addition of

contrast agents [8,9]. And coating is a simple and feasible
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opaque coatings eliminate the need for electroplated,

crimped, or swaged metal bands that can be abrasive,

loosen, crack, or fall off.

Although gold plating of nitinol components to im-

prove the radiopacity has been achieved by means of

electroplating techniques, problems still exist like risk of

galvanic corrosion, biocompatibility and hydrogen embrit-

tlement which need to be considered and overcome [7].

Tantalum possesses excellent corrosion resistance, chemi-

cal stability, high radiopacity and histocompatibility [10–

12]. It has been used as a biomedical material in ortho-

pedics since the 1940s and stents made of tantalum

possess excellent radiopacity compared to other material

stents [13,14]. The lowest corrosion currents were ob-

served when coupling nitinol with tantalum, which indi-

cates that coating TiNi with tantalum can be considerably

safe. For coating applications, a good bonding strength

between coating and substrate is required in order to

ensure the lifetime service in the implanting environment.

Multi-arc ion plating technique, with the feature of high

packing density and good adhesion, can meet to this

requirement [15].
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In a previous report, Ti–50.6 at.% Ni alloy samples

were coated with tantalum by multi-arc ion plating

method in order to improve their radiopacity. The corro-

sion property of TiNi shape memory alloys coated with

tantalum and the coating microstructure has been inves-

tigated [16]. It is the surface of the biomaterials that

makes contact with the living tissue and body fluid when

the biomaterial is placed in the body [17,18]. Therefore,

the surface characteristics are closely related to the

corrosion behaviour and biocompatibility of the implant-

ing materials. The investigation of Ni ion release from

TiNi alloys into the body fluids is significant because the

Ni ion may work as a biological hindrance and cause

allergy, cytoxicity, and so on [19,20]. The aim of the

present study is to investigate the surface characteristics

of TiNi coated with Ta and amount of Ni ions released

from TiNi alloys in simulated body fluid.
Fig. 1. Typical XPS survey spectra of of TiNi alloys coated with Ta after

argon sputtering for (a) 3 min and (b) 5 min.
2. Experimental

2.1. Substrate preparation

The experimental alloy has a composition of Ti–50.6

at.% Ni, and all samples were cut into 10� 10� 2 mm

from the as-received cold rolled TiNi alloy sheet. For

all samples one 10� 10 mm surface was polished

down to 1600 grit specification, mirror polished with

1 Am diamond paste and then cleaned ultrasonically in

acetone.

2.2. Deposition

The arc ion plating target was pure tantalum (99.99%).

The purity of Ar gas used was 99.99%. The base

pressure of the vacuum chamber before operation of the

system was about 6.67� 10� 3 Pa. Prior to the deposi-

tion, the surface of the substrates were further cleaned by

Ar ion bombardment at a bias of 1100 eV for 10 min.

And the temperature of the substrates were gradually

raised up to 300 jC. Subsequently, deposition of Ta

began at a desired substrate negative bias voltage of

300 V with an arc current of 75 A and deposition

pressure at 1.5–2.0 Pa. The resulting Ta coating has

the thickness about 3 Am.

2.3. Characterization of the deposited films

Surfaces of the air-exposed coating samples were

characterized using a ESCA PHI500 spectrometer with

a Mg Ka X-ray source. The ion sputter profiling was

performed with a 1 keV Ar+ ion beam over a 5 mm� 5

mm area at an angle of 50j with respect to the surface of

the coating. The sputtering rate about 4.2 Å/min was

determined by means of reference samples exposed to the

Ar+ ion beam. A Digital Instruments Nano-Scope III
atomic force microscope (AFM) was used for surface

observations of samples.

2.4. Immersion tests

The release of nickel was determined by measuring

the nickel ion content in the 0.9%NaCl solution after 1,

7, 14, and 49 days, respectively. All samples were

entirely immersed in sealed 0.9% sodium chloride solu-

tion and maintained at 37F 0.5 jC. The nickel ion

release was measured by a graphite-furnace atomic ab-

sorption spectrometry (GFAAS) (AA6501F, Shimadzu,

Japan). Samples immersed for 7 days were rinsed thor-

oughly in distilled water and dried in a cold air stream

before the final examination by AFM.
3. Results and discussion

3.1. Surface chemical composition of the Ta coatings

Fig. 1(a) is the XPS survey spectrum of the surface of

the TiNi sample coated with tantalum after 3 min argon

sputtering. Four major tantalum peaks observed in the

spectra at 24.1, 230.6, 240.3 and 459.1 eV positions are

corresponding to Ta4f, Ta4d3, Ta4d5 and Ta4p1/2, respec-

tively. O signals are also detected at the surface. This

result indicates that a thin tantalum oxide film is formed

on the outmost surface of the Ta coating as a result of
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natural passivation of Ta in atmosphere, as expected. The

survey spectrum of Ta coating after 10 min sputtering is

showed in Fig. 1(b). It can be seen that only Ta peaks

appear at different binding energies which correspond to

Ta4f, Ta 5p, Ta4d5/2, Ta4d3/2, Ta4p1/2, etc. These results

show that pure tantalum layer exists below the tantalum

oxide layer.

3.2. Surface chemical state of Ta coating

Fig. 2 shows the Ta 4f and O 1s XPS high resolution

spectra of tantalum coating for different sputtering time,
Fig. 2. Ta 4f and O 1s XPS spectra of tantalum coating sputtered
indicating the in-depth chemical structure of the coatings.

Fig. 2(a) illustrates the Ta 4f and O 1s photoelectron

spectra at the surface of a coated sample. For the Ta 4f

spectra, the two peaks are located at 28.2 and 26.3 eV,

respectively, with energy separation of 1.9 eV and an area

ratio of 1.3–1.4 for Ta 4f7/2 compared to Ta 4f5/2. The

Ta 4f7/2 line position at 26.3 eV is a typical of Ta

chemical state in Ta2O5. The shape of the doublet shows

no evidence for the presence of non-stoichiometric oxide.

This is also confirmed by the spectra of O 1s with the

line position at 530.7 eV. These results indicate that the

film at the outmost surface of the coating is fully
with argon for (a) 1 min; (b) 3 min; (c) 5 min; (d) 10 min.



Fig. 3. Ni ion release with time from uncoated and coated samples

immersed in 0.9%NaCl solution.
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oxidized stoichiometric Ta2O5. As the sputtering process

proceeds, the Ta 4f doublet changes its typical form to a

broad peak. The position of the main peaks corresponds

to the energies lower than that of Ta–O doublet arose

from Ta2O5 and higher than that of the metallic Ta 4f

doublet (Fig. 2(b)), indicating that tantalum suboxides

exist in the coated surface. As based on the literature
Fig. 4. AFM image and cross section map of TiNi coated with Ta befo
[21], tantalum can be oxidized according to the following

reaction:

4Taþ 5O2 ! 2Ta2O5

Taþ O2 ! TaO2

2Taþ O2 ! 2TaO

2Taþ xO2 ! 2TaOx ðx < 1Þ

It can be conjectured that a passive tantalum oxide layer

composed of Ta2O5, TaO2, TaO and TaOx (x< 1) can be

formed on the sub-surface of the tantalum coating when

the samples are exposed to air.

Samples after argon sputtered for 5 min (Fig. 2(c)) and

10 min (Fig. 2(d)) show a purely metallic feature in the Ta 4f

photoelectron spectrum. The 4f7/2 peak is located at a

binding energy of 21.9 eV, with the 4f5/2 peak located at

23.76 eV, consistent with metallic Ta spectra [22], which

indicates that the pure tantalum coating has been reached.

According to the sputtering rate, about 12 nm thin tantalum

oxide layer is formed on the surface of the 3 Am thickness

tantalum coating.

The change of the peaks with sputtering time shows as

follows: with increasing sputtering time, composition of the

coating evolves from Ta2O5 to the suboxide of tantalum,
re (a) and after (b) immersion in 0.9%NaCl solution for 21 days.



Table 1

Roughness parameters determined from AFM images

Sample RMS (nm) Rmax (nm)

a 10.349 36.027

b 65.587 278.22
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then to the metallic tantalum, which demonstrate that the

formation of relative thin oxidations layers presented on the

Ta coatings.

3.3. Immersion test

Metallic implants are known to release metal ions into

the body. Release of Ni ions in all metallic implants takes

place during the corrosion process in the physiological

environment. The variation curves of the amount of Ni ion

release with time for uncoated and coated samples im-

mersed in 0.9%NaCl solution are shown in Fig. 3. Com-

pared to the coated sample, the uncoated TiNi samples

show a higher release amount 0.74 versus 0.28 Ag/cm2 at

49 days, although both the uncoated and coated specimens

have the same tendency that the Ni release rate decreases

with the immersion time. Clearly, coating has a beneficial

effect on the inhibition of Ni ion release, as a dense and

adhesive coating can provide a certain form of physical

barrier against dissolution. For the coated samples, the

adhesive and dense tantalum coating with the thickness of

about 3 Am acts as a barrier against the outward diffusion

of Ni ions from the TiNi substrate. In addition, a thin

tantalum oxide film formed at the outer surface with a few

nanometer is also an effective barrier against the diffusion

of Ni ions diffusion into the NaCl solution. The distance

for the Ni ions released from the TiNi alloys is extended

significantly, which leads to lower Ni release rate of coated

samples compared to the uncoated TiNi alloys. And

furthermore, as the film grows thicker, there is a less

likelihood for the film to have pinholes interconnecting

with one another from the top surface to the bottom

surface adjacent to the underlying metal that needs pro-

tection. As a result, the corroding medium and Ni ions

would encounter more resistance during its penetration or

diffusion through the film to the metal substrate.

According to the 49 days immersion tests for coated and

uncoated samples, the average release amount of Ni ions

per day is less than those obtained for the 1 day immersion

test, this is closely related to the surface condition. For the

uncoated and coated TiNi alloy samples, the protective

oxide film mainly contains TiO2 and Ta2O5, respectively.

The growing TiO2 and Ta2O5 could act as a barrier against

the outward diffusion of metal ions from the bulk alloy.

3.4. AFM study of the surface morphology

Fig. 4 shows the AFM image and section analysis of the

coated TiNi alloys before and after immersion in 0.9%
NaCl solution. The surface of the sample before immersion

is relatively smooth compared to that of the sample after

immersion. The roughness parameters (see Table 1) were

determined from AFM Nano-Scope III software. Both the

root mean square (RMS) and the maximum roughness

(Rmax) increase after immersion showing rough surface

feature. This may be attributed to the fact that when the

coating surface is in contact with NaCl solution, hydroxides

or chlorides salts lead to the surface roughening.
4. Conclusions

(1) The surface chemical composition and chemical state of

Ti–50.6 at.% Ni alloy samples coated with tantalum by

an arc ion plating method were investigated by X-ray

photoelectron spectroscopy (XPS). The results of XPS

survey and high resolution spectra show that a thin

oxide film with Ta2O5 in the outmost layer and tantalum

suboxides in the inner layer is formed inside tantalum

coating on TiNi substrate.

(2) The amount of Ni ion release increases with immersion

period and the average ion release per day decreases

with immersion period for both coated and uncoated

TiNi alloy samples. Compared to the coated sample, the

uncoated samples show a higher Ni ion release rate

which reduced slightly with time, suggesting the coating

has a beneficial effect on the inhibition of Ni ion

release.

(3) The root mean square (RMS) and the maximum

roughness (Rmax) of the coated samples before and

after immersion were determined by AFM. The results

show that RMS and Rmax increase after immersion

showing rough surface feature.
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