
The release of nickel from nickel–titanium (NiTi) is strongly
reduced by a sub-micrometer thin layer of calcium phosphate
deposited by rf-magnetron sputtering

R. A. Surmenev • M. A. Ryabtseva •

E. V. Shesterikov • V. F. Pichugin •

T. Peitsch • M. Epple

Received: 25 August 2008 / Accepted: 4 January 2010 / Published online: 30 January 2010

� Springer Science+Business Media, LLC 2010

Abstract Thin calcium phosphate coatings were depos-

ited on NiTi substrates (plates) by rf-magnetron sputtering.

The release of nickel upon immersion in water or in saline

solution (0.9% NaCl in water) was measured by atomic

absorption spectroscopy (AAS) for 42 days. The coating

was analyzed before and after immersion by X-ray powder

diffraction (XRD), scanning electron microscopy (SEM)

and energy-dispersive X-ray spectroscopy (EDX). After an

initial burst during the first 7 days that was observed for all

samples, the rate of nickel release decreased 0.4–

0.5 ng cm-2 d-1 for a 0.5 lm-thick calcium phosphate

coating (deposited at 290 W). This was much less than the

release from uncoated NiTi (3.4–4.4 ng cm-2 d-1). Nota-

bly, the nickel release rate was not significantly different in

pure water and in aqueous saline solution.

1 Introduction

Nickel–titanium (NiTi) finds application in clinical medi-

cine due its special mechanical properties, i.e. the shape-

memory effect and the superelasticity [1]. Typical examples

are orthodontic wires [2], stents [3], porous intervertebral

disks [4], and clamps for foot surgery [5, 6]. However,

it is known that nickel ions are potentially allergenic,

carcinogenic, teratogenic, and genotoxic [7, 8] and concerns

have been raised regarding a release of nickel from NiTi

implants [4, 9–11]. Although the amount of released nickel

from NiTi is typically of the order of some tens of

ng cm-2 d-1 only (see Ref. [12] for a literature survey), the

issue of nickel release is still under discussion in the case of

biomedical materials [4, 11]. The reported amount of

released nickel is far lower than the standard dietary intake

of Ni (150–900 lg per day [13]), but for a biomedical

application, an enrichment of locally released nickel in the

vicinity of an implant may still be decisive.

In any case, it would be beneficial for nickel-containing

biomaterials to constrain nickel to the bulk of the metal

and thereby to prevent its leaching into the surrounding

tissue [11]. Experiments on the release of nickel were

carried out by many authors, e.g. on nickel-containing

stainless steel [14, 15], NiTi [10–12, 16, 17], Cu18Ni20Zn

[18], 83Cu2Ni10Zn5Sn, 62.5Cu23Ni12Zn2.5Sn, and

32Cu66Ni2Fe [19]. Many studies on the release of nickel

from NiTi are discussed in Refs. [4, 11, 12]. The rate of

nickel release strongly depends on the experimental con-

ditions, the immersion media and also on the surface

treatment of the NiTi phase. Shabalovskaya et al. have

recently discussed the delicate interplay between a NiTi

surface treatment and the possible release of nickel, and

made a strong point that the nature of the surface of the

material under investigation must be clearly studied in

order to interpret the release of nickel [11]. Bansiddhi et al.

have recently reviewed the release of nickel from porous

NiTi implants [4].

Different treatments for NiTi were developed to decrease

the release of nickel from nickel-containing alloys, e.g.

mechanical and electrochemical treatments, chemical etch-

ing, heat treatments, conventional and laser and electron

beam irradiation [11], plasma immersion ion implantation
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(PIII) both in oxygen or nitrogen atmosphere to create a thin

oxide or nitride layer that increases the corrosion resistance

of the surface [4, 12, 16, 17, 20], carbon plasma immersion

ion implantation [21], and immersion into Hank’s buffer

(HBS) to form a calcium phosphate layer [22]. Calcium

phosphate is beneficial for materials in hard tissue contact

because it is highly biocompatible [23].

There is little information in the literature about exper-

iments on the release of nickel from NiTi coated with

calcium phosphate. To enhance the bioactivity and also to

decrease the nickel release, Jiang and Rong prepared

crystalline hydroxyapatite (Ca5(PO4)3OH) layers on porous

NiTi by chemical treatment (32.5% HNO3 solution fol-

lowed by boiling in 1.2 M NaOH solution) and subsequent

immersion into simulated body fluid (SBF) for five days

[24]. The resulting hydroxyapatite layer uniformly covered

the porous NiTi, both on the surfaces and within the pores.

The release of nickel was even lower than in untreated

dense NiTi (up to 50 days). The total amount of nickel

released from a porous NiTi alloy with hydroxyapatite

coating was 7.2 lg after 1200 h immersion in (SBF). In

comparison, about 100 lg were released from an untreated

NiTi sample [24]. There were also some attempts to coat

NiTi with calcium phosphate by the dipping it into super-

saturated calcium phosphate solution (SCS) [25–27].

However, it was shown later that the etching necessary for

surface activation leads to an increased release of nickel

from the surface layer [11].

A physically-deposited thin biocompatible coating

which also acts as barrier for nickel ions should be well

suited to decrease the nickel release rate, and it would also

improve the surface properties in contact with hard tissue

like bone. Such a coating must meet some requirements

which are dictated by its subsequent clinical use, i.e.

thickness, chemical composition and adhesion strength.

Rf-magnetron sputtering allows the deposition of thin,

dense and pore-free calcium phosphate coatings with high

adhesion strength to different metallic substrates such as

Ti6Al4V [28, 29], NiTi [30] and titanium [30]. It does not

require a chemical treatment for activation of the NiTi

surface which is necessary for coating by immersion into

supersaturated calcium phosphate solutions. In comparison

to standard methods to passivate the surface of NiTi by

oxidation or nitridation, it leads to a more bioactive coating

of calcium phosphate which will be advantageous in bone

contact. It was recently shown that a thin calcium phos-

phate coating can be prepared by rf-magnetron sputtering

using a hydroxyapatite target, and that its adhesion strength

is very high for a thickness below 1.6 lm [30].

Here a proof-of-concept for this coating procedure is

reported, i.e. on the time-resolved measurement of the

nickel release from calcium phosphate-coated NiTi sur-

faces in both pure water and 0.9% aqueous NaCl solution.

2 Materials and methods

Nickel titanium alloy (NiTi) (superelastic, ‘‘medical grade’’)

obtained from Memory Metalle GmbH, Germany, with

Ap = 21.5�C (preceded by an endothermal peak at 0.2�C)

and Mp = 16.4�C was used as substrate. A NiTi plate

(200 9 200 9 0.2 mm3 = width 9 length 9 thickness) was

cut into pieces of 10 9 10 9 0.2 mm3 by shear pressing

(a cold metal-cutting method). Thus, the samples were not

subjected to heat during the cutting and the surface properties

were probably not affected. The surface area of each sample

was 2.08 cm2. Before the deposition procedure, all samples

were cleaned by boiling in carbon tetrachloride (CCl4), fol-

lowed by drying in gaseous nitrogen/isopropyl alcohol and

washing in distilled water. The surface roughness corre-

sponded to class 8 (Ra = 0.56 ± 0.03 lm).

A commercially available installation 08PKHO-100T-

005 for plasma etching with a custom-made rf-magnetron

source (5.28 MHz) was used to deposit the calcium phos-

phate coatings. Thin calcium phosphate coatings with up to

0.6 lm thickness were deposited at a pressure of 0.1 Pa in

either oxygen or argon atmosphere for 2 h. The whole

surface of the samples was covered with calcium phosphate

by 2 deposition runs, i.e. one side was coated and then the

sample was turned and the other side was coated. By this

procedure, the edges of the sample were partially covered

with calcium phosphate. The sample surface temperature

during deposition was measured with a chromel-copel

thermocouple.

For scanning electron microscopy, an ESEM Quanta

400 FEG instrument from FEI, equipped with energy-dis-

persive X-ray analysis (EDX; EDS analysis system Gen-

esis 4000, SUTW-Si(Li) detector), operating in high

vacuum, was used. The samples were sputtered with gold/

palladium before the SEM study. The EDX spectra were

collected for 60 s with a dead time of 30%, the distance

between the samples and the source of electrons was set to

10 mm, and the energy of the analyzing electron beam was

10 keV. Thickness and roughness of the coating were

determined with a mechanical profilometer Talysurf 5

(Tyler-Hobson, England). The coating thickness was

determined by shielding a part of each sample from the

deposition process, thereby preventing the coating forma-

tion on this part of the sample. The thickness of the

coatings was then calculated by measuring the profile of

the resulting edge and determination of the step height.

The profilometer vertical resolution was 10 nm and the

horizontal resolution was 2 lm (given by the radius of the

scanning needle). In addition, the coating thickness was

measured by embedding the sample, cutting and grinding

and direct observation in the SEM. X-ray powder dif-

fraction (XRD) was carried out with a Shimadzu XRD-

6000 diffractometer operating with Cu Ka radiation
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(k = 1.5406 Å) at 40 kV and 30 mA in Bragg–Brentano

mode. As references, synthetic hydroxyapatite (#9-0432)

and nickel titanium (cubic austenite phase) (#18-0899)

from the ICDD database were used.

Nickel release experiments were carried out both in pure

water (Pure-lab Ultra Instrument from ELGA) and in 0.9%

NaCl saline solution. Ultrapure NaCl was obtained from

Merck (Suprapur�; max. 0.01 ppm Ni in solid NaCl

according to the manufacturer; no detectable nickel by

AAS in 0.9% aqueous solution). The concentration of

nickel in all media before the experiments was below the

instrumental detection limit (0.2 ppb). The samples were

completely immersed either into water or into 0.9 wt%

NaCl solution for 42 days at 37�C (60 ml in both cases).

The sample volume was 0.02 cm3, i.e. the volume ratio of

water to NiTi was 3000:1. The solution was not stirred.

After selected time intervals (2 d, 7 d, 14 d, 28 d, 35 d,

and 42 d), 1 ml of the solution was removed and used to

determine the nickel concentration. This volume was not

replaced to avoid contamination. The amount of released

nickel per sample surface (accumulated mass of released

nickel, lg cm-2) was computed as

mNi ¼ Vp � CNi=Ssurf : ð1Þ

with Vp the total solution volume (starting with 60 ml, then

59 ml, 58 ml, etc.), CNi the concentration of nickel in ppb

(lg l-1), Ssurf the sample surface area (2.08 cm2) and mNi

the cumulated nickel release rate (lg cm-2). Each release

experiment was carried out with four identical samples, and

the results were averaged after the experiment.

The nickel release was measured by atomic absorption

spectroscopy (AAS). An AA Spectrometer M Series with a

GF 95 graphite furnace autosampler was used (detection

limit: 0.2 ppb). For each sample, two determinations of the

released nickel at the same time interval were carried out.

3 Results and discussion

The deposition parameters used are summarized in

Table 1.

In Fig. 1, typical X-ray diffraction patterns of calcium

phosphate coatings deposited at 30 and 290 W are shown.

Due to the thin coatings, the underlying NiTi substrate also

gives diffraction peaks in both cases. The calcium phos-

phate coating deposited at 30 W was X-ray amorphous

whereas the coating deposited at 290 W consisted of

nanocrystalline hydroxyapatite. This difference may be

explained by the higher substrate temperature at 290 W

which induced the crystallization process, facilitated by

higher adatom mobility on the surface. At low rf-power it is

not possible for an adatom arriving at the substrate surface

to gain enough energy to diffuse on the surface and to

induce crystallization, therefore all ions and atoms are stuck

on the surface and form an amorphous coating. A significant

difference between argon and oxygen atmospheres for both

powers was not observed. The hydroxyapatite peaks (211),

(112), (300), and (002) were indexed for the coatings

deposited at an rf-power of 290 W at 31.7�, 32.1�, 32.9� and

25.9�, respectively. With the program Powder Cell 2.4

(PCDWIN), a full-profile analysis program that takes into

account the angle-dependent peak diffraction broadening,

the size of the average coherent-scattering regions (CSR)

Table 1 Deposition parameters

for the calcium phosphate

coatings by rf-magnetron

sputtering

rf-power (W) Working

atmosphere

Sample surface

temperature (�C)

Coating

thickness (lm)

290 Ar 300 0.6 ± 0.1

290 O2 300 0.5 ± 0.1

30 Ar 130 0.1 ± 0.02

30 O2 130 0.1 ± 0.02
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Fig. 1 X-ray diffraction patterns of calcium phosphate coatings

deposited at 30 and 290 W in argon atmosphere. The coating

deposited at 290 W is much more crystalline than that deposited at

30 W. The vertical lines show the computed peak positions for

hydroxyapatite
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was computed to 50 ± 10 nm and the averaged internal

elastic stress to Dd/d = (7 ± 1) � 10-3. The stress within

the coating probably results from the deposition process.

In the Fig. 2, the cumulated values for the nickel release

during 42 days immersion are shown, and the numerical

data are summarized in Table 2. There was an initial burst

for all samples during the first 7 days. This was probably

due a release of nickel from the surface layer of each

sample before passivation occurred by formation of TiO2

[11]. After that initial period, the rate of nickel release

decreased to 0.4–0.5 ng cm-2 d-1 for samples coated at

290 W. No influence of the working atmosphere (Ar or O2)

was found. The slightly lower release of nickel in NaCl

solution as compared to pure water is not considered to be

statistically significant. In contrast, there was an almost

constant ongoing release for both uncoated NiTi and NiTi

coated at 30 W. These values were 7–10 times higher

compared to NiTi samples coated at 290 W. A microscopic

investigation of the coating that was deposited at 30 W

showed that it had either completely dissolved or was

completely delaminated after 42 days of exposure (Fig. 3).

An additional parallel experiment showed that the coating

deposited at 30 W had completely vanished after 24 h

immersion into water or saline solution. This could be

either due to a high solubility of the amorphous coating or

due to a poor adhesion to the substrate. At present, it cannot

be distinguished between these two possibilities. Again, no

influence of the working atmosphere (Ar or O2) was found

for the coatings deposited at 30 W.

Figure 3 shows the surface morphology of the coating

and its elemental composition before and after the

immersion. The typical relief structure of the original NiTi

was not changed by the coating procedure (Fig. 3a), i.e. the

thin coating followed the surface morphology of underly-

ing NiTi substrate. EDX clearly shows the calcium phos-

phate layer (Fig. 3b). After 42 days of immersion in saline

solution (identical results were obtained for immersion in

water), the coating had partially delaminated (Fig. 3c), and

both calcium and phosphate were partially dissolved

(Fig. 3d). In contrast, the thin coatings deposited at 30 W
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400Fig. 2 Cumulated nickel

release measured for coatings

deposited at 290 and 30 W, both

in argon and in oxygen

atmosphere. The samples were

immersed either in water or in

aqueous saline solution. For

comparison, the nickel release

from uncoated NiTi samples

was also measured. Four

samples were measured for each

datapoint, and the standard

deviation is given as error bars

Table 2 The average nickel release rate calculated for water and saline solutions

Sample Average nickel release rate (ng cm-2 d-1)

Pure water Aqueous saline solution (0.9% NaCl)

Days 0–7 Days 7–42 Days 0–7 Days 7–42

CaP (290 W, O2 and Ar) 7.7 ± 0.1 0.4 ± 0.1 6.9 ± 0.1 0.5 ± 0.1

CaP (30 W, O2) 18.8 ± 1.3 3.6 ± 0.3 18.7 ± 0.9 2.4 ± 0.3

Uncoated NiTi 14.5 ± 1.7 4.4 ± 0.3 15.3 ± 1.7 3.4 ± 0.4

No difference was observed between sputtering in argon or oxygen. The average release rates were computed as [c(Ni, t1) - c(Ni, t0)]/(t1 - t0)
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had completely vanished after 42 days (Fig. 3e, f). Similar

results were obtained already after 24 h of immersion,

showing that this thin X-ray amorphous layer rapidly dis-

solves. This is in accordance to Refs. [31–33] where it was

shown that crystalline calcium phosphate coatings dissolve

slower than amorphous ones. The elemental composition of

the coatings was determined by EDX (Fig. 3b, d and f). For

the coatings deposited at 290 W, the Ca/P ratio decreased

from 1.67 to 1.75 (before immersion) to 1.56 to 1.65 (after

immersion). Note that the theoretical value for hydroxy-

apatite is 1.67. The decrease in the Ca/P ratio after

immersion (290 W sample) may be due to the fact that

amorphous calcium oxide (CaO) was also formed by the

sputtering process (as reported in Ref. [34]) and preferen-

tially dissolved during the immersion.

4 Conclusions

The release of nickel was considerable reduced by

rf-magnetron sputtering of calcium phosphate on NiTi. No

significant difference in the nickel release rate was found

between pure water and aqueous saline solution when a

power of 290 W was applied to deposit the coating

(a) 290 W before immersion    (b) Ca/P=1.67 to 1.75 

(c) 290 W after immersion    (d) Ca/P=1.56 to 1.65 
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Fig. 3 Scanning electron

micrographs and EDX–spectra

of the as-deposited coating

deposited at 290 W (a, b), of the

coating deposited at 290 W

after 42 days of immersion in

saline solution (c, d), and of the

coating deposited at 30 W after

42 days of exposure in saline

solution (e, f). The peak from

Au at 2.12 keV in Fig. 3f is due

to gold sputtering
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(thickness 0.6 lm). The average nickel release rate from

the samples with this calcium phosphate coating was

reduced by a factor of 7–10 in comparison to uncoated

ones. No influence of the solution composition (water or

0.9% NaCl) on the nickel release rate was found. A thin

amorphous coating that was deposited at 30 W was not

suitable to constrain the release of nickel because it quickly

disappeared from the surface of NiTi, either by dissolution

or by delamination. It is concluded that a thicker and more

crystalline coating is necessary to efficiently reduce the

nickel release rate. In Ref. [18] it was shown that a nickel

allergy can be triggered if the release of nickel exceeds a

threshold of 0.5 lg cm-2 week-1. Although the total

amount of released nickel is far below this value even for

pure NiTi, it is probably beneficial if the local concentra-

tion of nickel in the vicinity of surgical implants is

decreased by a thin calcium phosphate coating.
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