
Effect of ceramic conversion treatments on the surface damage
and nickel ion release of NiTi alloys under fretting corrosion
conditions

H. Dong Æ X. Ju Æ H. Yang Æ L. Qian Æ Z. Zhou

Received: 12 May 2006 / Accepted: 10 January 2007 / Published online: 1 August 2007

� Springer Science+Business Media, LLC 2007

Abstract Recent researches have demonstrated that sur-

face modification can improve the fretting wear resistance

of NiTi alloys in air or enhance their aqueous corrosion

resistance without fretting. However, little is known about

the behaviour of surface engineered NiTi under fretting

corrosion conditions. This is important for such body im-

plants as orthodontic arch wires and orthopedic bone fix-

ation devices because they need to withstand the combined

attack of corrosion from body fluid and mechanical fret-

ting. In this study, a NiTi alloy was ceramic conversion

(CC) treated at 400 and 650 �C. The effect of the surface

treatment on the fretting corrosion behaviour of NiTi alloy

was investigated using fretting corrosion tests in the

Ringer’s solution. The experimental results have shown

that the CC treatment can convert the surface of NiTi into a

TiO2 layer, which can effectively improve the fretting

corrosion resistance of NiTi alloy and significantly reduce

Ni ion release into the Ringer’s solution. Detailed SEM

observations revealed that the untreated samples were

severely damaged by adhesion and delamination; the high

temperature (HT) (650 �C/1 h) treated samples were

damaged mainly by spallation and adhesion; and the low

temperature (LT) (400 �C/50 h) treated samples were

characterised by mild abrasion. Mild oxidation and corro-

sion were also observed for all three types of samples

tested under fretting corrosion conditions.

Introduction

NiTi shape memory alloys (SMAs) are attractive for

medical implant applications due to their unique combi-

nation of superelasticity and shape memory effect, constant

actuated force, low modulus, kink resistance, MRI (mag-

netic resonance imaging) compatibility and assumed bio-

compatibility [1, 2]. As a result, NiTi SMAs are finding an

expanding number of applications, including constant

corrective force orthodontic wires; devices for fracture

fixation; anchoring of prostheses; treatment of scoliosis;

osteosynthesis staples; aneurysm clips; intrauterine con-

traceptive devices; artificial heart valves; self-expandable

arterial and esophageal stents; extravessel correctors and

artificial muscles [3].

Notwithstanding the fact that as bulk materials NiTi

SMAs are in general biocompatible due to the formation of

a thin native surface oxide layer, dissolution and release of

Ni ions would cause allergic, toxic and carcinogenic effects

[4, 5]. For example, in vivo studies show a slower osteo-

genic process, inferior bone contact and lower synthesis of

mineralization mediating proteins with NiTi SMAs com-

pared with conventional titanium alloys [6]. Clearly, the

biocompatibility of NiTi implants is closely related to the

surface oxide films formed in the host environment and

their resistance to such surface degradation as corrosion,

wear or both. However, this layer is too thin (2–20 nm) to

withstand the relative movement between implants and

hard tissues. This is of concern particularly for such

applications as bone stables, bone joints and arch wires,

where small amplitude movement between bone and the

implant would cause fretting corrosion. This is further

complicated by the fact that NiTi repassivates much slower

than Ti and Co–Cr alloys [4]. Therefore, fretting corrosion

appears to be one of the major problems of the material in
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these bio-tribological applications. Shear micro-move-

ments may start just after surgery and so fretting corrosion

could be suffered due to the activity of the patient [7, 8].

Surface engineering has been proved to be a key tech-

nology in addressing the above problem, and a state-of-the-

art overview has been given by Hassel recently [9]. Al-

though surface coatings such as TiN [10], hydroxyapatite

[11] and diamond-like carbon [12] can, to some extent,

improve the biocompatibility of NiTi SMAs, low bonding

strength and deformation capacity are major concerns over

these hard surface coatings. Therefore, it seems that surface

modification could be a more promising surface engineer-

ing approach, and a series of surface modification tech-

niques have been developed to form a biocompatible

titanium oxide layer on the surface of NiTi SMAs based on

mechanical polishing, electropolishing, anodizing, chemi-

cal passivation and thermal oxidation in air, water steams

and boiling solutions [13–21]. All these treatments can

form a surface oxide layer, which can reduce the corrosion

and Ni ion release of NiTi alloys under corrosion condi-

tions.

In addition to corrosion attack, some body implants

also suffer from mechanical interaction with the hard

tissues. However, except for thermal oxidation in air, the

oxide layers formed on NiTi alloys by most of these

treatments are too thin to withstand such mechanical at-

tack. An advanced ceramic conversion technique based on

thermal oxidation has recently been developed to effec-

tively improve the tribological properties of such tita-

nium-based alloys as Ti-6Al-4V [22] and Ti–Al

intermetallics [23].

It should be pointed out that some body implants (such

as arch wires and bone plates) suffer from combined attack

of corrosion of body fluid and mechanical fretting. To date

all in vitro studies on surface engineered NiTi have been

conducted either under aqueous corrosion or dry wear

conditions. For example, Tan et al. found that oxygen ion

implantation can enhance the fretting wear resistance of

NiTi alloy under dry conditions [24]; on the other hand,

Huang et al. [25] investigated the electrochemical corro-

sion and Ni ion release of thermal oxidation treated NiTi

alloys without mechanical interaction.

Clearly, it is a timely task to study the behaviour of

surface engineered NiTi alloys under corrosion and fretting

conditions from both a scientific and a clinical point-of-

view. To this end, the present study was directed at

investigating the fretting corrosion behaviour of untreated

and ceramic conversion treated NiTi samples using a

fretting wear tester in the Ringer’s solution. The fretting

wear and the nickel ion release were quantitatively mea-

sured, and the fretting damage was investigated using

SEM/EDX. Based on the experimental results, the fretting

corrosion mechanism involved was discussed.

Materials and methods

Materials and surface treatment

The material used was a NiTi shape memory alloy with a

nominal composition of 44.32 wt% Ti and 55.68 wt% Ni,

which was provided in annealed bar form (16 mm diame-

ter) by Memory-Metalle GmbH, Germany. Platelet samples

20 · 10 · 4 mm were cut from this bar using electrical

discharge machining. Prior to surface treatment, samples

were wet ground with SiC papers down to 1,200 grit and

ultrasonically cleaned in acetone and dried with hot air. A

series of ceramic conversion (CC) treatments were con-

ducted through thermal oxidation in air at temperatures

between 400 and 1,000 �C for 0.5–100 h. Judging from the

deformation ability, surface nickel concentration and the

effect on the transformation temperatures (which will be

reported separately) [26], two optimal CC treatments,

400 �C/50 h(LT) and 650̊ C/1 h(HT), were selected for

further detailed fretting corrosion investigation.

General characterisation

Phase identification was carried out with an X-ray dif-

fractometer (X’Pert, Philips, Netherland) using Cu-Ka
radiation (wavelength 0.1542 nm). Surface treated samples

were cross-sectioned normal to the surface, mounted in

bakelite and wet ground with emery papers from 240 down

to 1,200 grit. After polishing, the samples were etched in a

solution consisting of 40%HF, 70% HNO3 and H2O in the

ratio of 1:3:6. The cross-sectional microstructures of the

treated specimens were examined using a field emission

SEM (JSM-7000F, JEOL, Japan). The bonding of the

surface ceramic layer to the substrate and the load bearing

capacity of the ceramic conversion treated samples were

studied by scratch tests using a friction monitored scratch

tester (ST 3001, Teer Coatings, UK).

Fretting corrosion tests

In order to simulate the service conditions of some SMA

implants under fretting and corrosion conditions, fretting

corrosion tests were carried out on a horizontal servo-

hydraulic fretting test machine (DS20, PLINT, France) as

described elsewhere [27]. 1Cr13 (AISI 420) martensitic

stainless steel balls (40 mm diameter) with a surface

roughness of 0.1 lm (Ra) were used to fret against flat NiTi

plate samples since they are corrosion resistant and nomi-

nally contain no nickel. During the tests, the plate was

stationary and the 1Cr13 ball reciprocates horizontally. The

normal load (Fn) used was 100 N and the fretting fre-

quency was selected as 5 Hz. The displacement amplitude

was kept constant: D = 100 lm. The number of fretting
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cycles chosen was 10,000, 20,000 and 50,000. All tests

were performed in a 150 ml Ringer’s solution (1.1250 wt%

NaCl, 0.0525 wt% KCl, 0.0315 wt% CaCl2, 0.0250 wt%

NaHCO3 and balance water) at room temperature and at

each condition the fretting tests were repeated at least

twice.

Post-test analysis

After the fretting corrosion tests, the nickel ion concen-

tration in the Ringer’s solution was determined by a

Spectra Atomic Absorption Spectrometer (VARIAN,

USA). The depth profiles of the fretting craters were

measured using a profilometer (Surfcorder SE 1700,

Metrology International, UK). The surface morphologies of

the fretting wear scars were examined using a field emis-

sion SEM (JSM-7000F, JEOL, Japan) equipped with an

energy-dispersive X-ray (EDX).

Statistic analysis

The amount of Ni ion release into the Ringer’s solution

during the fretting corrosion tests were statistically analy-

sed using t-Student tests. Differences are reported as

significant for p < 0.01. Data are presented in bar chart and

expressed as the mean ± standard deviation.

Results

Surface layer characteristics

The XRD spectra of untreated (UT) and 400 �C/50 h (LT)

and 650 �C/1 h (HT) treated NiTi samples are given in

Fig. 1, showing austenite (B2) in conjunction with small

amount of martensite (B19’) as the main constituent phases

in the as-received NiTi samples. It can be seen from Fig. 1

that both anatase and rutile TiO2 formed during 400 �C/

50 h treatment. In addition, the relative intensity of the

martensite was increased slightly although the B2 phase

still dominates. This implies that the treated surface layer is

very thin and so the X-ray can penetrate into the substrate.

The XRD spectrum for the 650 �C/1 h is quite different

from that for 400 �C/50 h treated samples. As can be seen

from Fig. 1, when treated at 650 �C, rutile became the

dominant form of TiO2, and Ni3Ti and Ni phases were also

formed during the treatments. The peaks from the substrate

can still be observed but with a significantly decreased

intensity, indicating that much thicker surface layers were

formed.

The cross-sectional microstructures of the LT and HT

samples are given in Figs. 2 and 3a, respectively. It can be

seen that after 400 �C/50 h treatment, a very thin (<1 lm)

layer was formed on the surface (Fig. 2). However, after

650 �C/1 h treatment, two distinct layers were produced on

the surface (Fig. 3a). An EDX line scanning across the

treated layer was conducted, and the results are shown in

Fig. 3b. It seems that the outer layer was rich in O and Ti

and lean in Ni while the inner layer was rich in Ni and lean

in Ti and O. Therefore, based on the XRD spectrum

(Fig. 1), EDX scan (Fig. 3b) and SEM microstructure

(Fig. 3a), it could be deduced that the surface modified

case of the HT samples consisted of a top TiO2 enriched

layer followed by an inner Ni3Ti enriched layer. This has

been further conformed by quantitative EDX dot analysis

results (Table 1).

Scratch behaviour

Scratch tests were carried out to assess the quality of the

modified layers and the interfacial bonding strength. The

Fig. 1 XRD spectra of NiTi samples (UT: untreated, LT: 400 �C/

50 h and HT: 650 �C/1 h). For clarity, the XRD profiles for LT, HT

and UT are shifted to higher intensities by 100, 900 and 1,700,

respectively

Fig. 2 The SEM cross-section structure of the 400 �C/50 h treated

sample
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friction force and its first derivative against the scratch load

for the LT and HT samples are shown in Figs. 4a, b

respectively. It can be seen that in general the friction force

increased with the applied load. Although the fluctuation of

the 1st derivative of friction force increased with the load

during the scratch process for the LT sample, no sudden

jump in the friction force was observed until a high load of

about 90 N was reached (Fig. 4a). This implies that dam-

age of the surface layer may have occurred but the inter-

facial bonding between the surface modified layer and the

substrate was not removed. This was further confirmed by

the SEM observations of the scratch track. No obvious

damage occurred in the majority of the track and near the

end of the scratch track the surface layer was removed and

the substrate was exposed. Typical conformal crack mor-

phologies appeared in the track, indicating that the modi-

fied layer has very good deformation compatibility and the

bonding of the surface layer to the substrate is very good

[28].

In contrast, for the HT samples a sudden increase in

friction force was observed at a normal load of about 50 N

(Fig. 4b), followed by several larger sudden jumps ob-

served on the friction and 1st derivative curves. This means

that the surface oxide layer of the HT sample was damaged

at a much lower load as compared with that (90 N) for the

LT samples (Fig. 4a). SEM observations of the scratch

track revealed buckling and spalling in the track and

recovery spallation on the edges at an early stage under a

light load. Toward the end of the scratch, more and more

severe buckling and spallation occurred in the track and

along the edges, and finally the substrate was almost

completely exposed with the surface oxide layer being

entirely removed. Clearly, the surface oxide layer formed

on the HT samples is more brittle and the bonding strength

is much lower relative to that on the LT samples.

Fig. 3 (a) The SEM cross-section structure (b) EDX line scan across

the surface layer of the 650 �C/1 h treated sample

Table 1 EDX dot analysis results

O (at%) Ti (at%) Ni (at%) Possible phases

Outer layer 69.5 30.3 0.2 TiO2 +Ni

Inner layer 0 26.3 73.7 Ni3Ti

Substrate 0 49.1 50.9 NiTi

Fig. 4 The friction force and its first derivation against scratch load

for (a) 400 �C/50 h and (b) 650 �C/1 h treated samples
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The fretting kinetic behaviour

Figure 5 plots the real time evolution of the friction force

(Ft) as a function of the number of cycles (N) and fretting

displacement (d) of the untreated and ceramic conversion

treated NiTi samples against 1Cr13 steel ball in the Ring-

er’s solution up to 20,000 cycles. It can be seen that all the

friction force versus displacement (Ft–D) curves remain

open and finally stable in parallelogram shape, which is

characteristic of the gross slip regime. Experimental results

revealed that under the experimental conditions all the

untreated and surface treated samples were in gross slip

regime up to 50,000 cycles.

In addition to the frictional logs, the Ft–N curves also

provide important information on the fretting kinetics. The

evolution of the friction force against the number of cycles

up to 20,000 cycles is summarised in Fig. 6. At the

beginning, all the Ft–N curves showed an increase in Ft,

which can be explained as the removal of the contamina-

tion on the surface and the increase in contact area of

samples [29]. For untreated samples, after about 20 cycles

Ft reached a plateau and then reduced gradually before it

increased again at about 3,000 cycles (Fig. 6). Eventually,

Ft reached another plateau with some fluctuation during the

later stage from 10,000 to 50,000 cycles.

The Ft–N curves for both the LT and HT samples are

similar within the first 100 cycles. The Ft increased with

the fretting cycles but the value is much lower than that of

the untreated material, indicating the friction-reduction

function of the surface oxide layer formed by the CCT.

Then significant difference in Ft was observed between the

HT and LT samples: while the Ft for the LT sample started

to reduce with the cycles after peaking at about 100cycles,

the Ft for the HT samples still kept increasing further with

the cycles until it was peaked after about 3,000 cycles.

Large fluctuation in Ft for the HT samples was observed as

well in the period from 200 to 3,000 cycles. Compared with

the Ft for the LT sample, which retained relatively stable

right after about 3,000 cycles, the Ft for the HT did not

reach a relatively stable stage until about 7,000 cycles. The

untreated sample also maintained relatively stable after

about 7,000 cycles, and it showed a very similar stable Ft to

that for the HT sample. However, the LT samples dem-

onstrated the lowest and stablest friction force (Ft) among

all the three types of samples.

Fig. 5 The frictional logs

(Ft–d–N curves) of (a) untreated

and (b) 650 �C/1 h and

(c) 400 �C/50 h treated samples

against 1Cr13 steel ball up to

20,000 cycles

Fig.6 The Ft –N curves of the untreated and surface treated samples

(UT: untreated, LT: 400 �C/50 h and HT: 650 �C/1 h)
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Nickel release during fretting wear

Following the fretting corrosion tests, the nickel ion con-

centration in the Ringer’s solution was measured using an

atomic absorption spectrometer to monitor the release of

nickel ion into the solution. As shown in Fig. 7, the con-

centration of nickel ions in the Ringer’s solution for the

untreated NiTi samples increases slowly within the first

20,000 cycles and then increase quickly from 20,000 to

50,000 cycles.

In contrast, all the surface treatments can effectively

prevent the release of nickel ions from the NiTi fretting

surfaces (Fig. 7). The release of nickel ions from the tested

HT sample surface increased very slowly with the fretting

cycles. After 50,000 fretting cycles, the maximum release

of nickel ions was reduced from about 65 lg/l for the

untreated UT sample to about 10 lg/L for the HT sample,

representing a reduction of 85% in nickel ion release. Al-

though the initial release of nickel into the solution after

10,000 cycles is slightly lower for the HT sample than for

the LT sample, there is almost no appreciable increase in

nickel release from the LT samples up to 50,000 cycles.

Therefore, after 50,000 fretting cycles the LT samples

produced the lowest nickel concentration in the solution,

which is in good agreement with the fretting damage re-

sults given in the next section.

Fretting damage

The evolution of the fretting wear scars with the fretting

cycles is demonstrated in Fig. 8 and the corresponding

wear scar areas are plotted against the number of cycles in

Fig. 9a. In general, the surface area of wear scars in all

three types of samples increased with increasing the fret-

ting cycles. However, the area of the wear scar in the

untreated samples increased very quickly with the fretting

cycles. In contrast, the surface treated samples showed a

slower increase in wear scar areas. After 50,000 cycles, the

wear scar area was in the following order: LT < HT < UT.

The depth profiles of the fretting craters measured by a

profilometer provided supplementary information of the

fretting damage. The largest depth of the fretting craters is

depicted against the fretting cycles in Fig. 9b. It can be

seen that the maximum depth of the fretting craters was

maintained almost constant for the LT samples. On the

other hand, for both the UT and HT samples the maximum

depth of fretting craters first increased rapidly up to about

20,000 cycles and then reduced gradually with the fretting

cycles.

Judging by both the fretting scar area and fretting craters

depth, it thus follows that the LT sample showed the least

fretting damage among all the three types of samples tested

although no direct measurements were made of the wear

volume of the fretting craters. Slight improvement in

fretting damage resistance was observed for the HT sam-

ples as compared with the untreated (UT) samples.

Discussion

Fretting damage mechanisms

According to modern fretting theory [30], there may be

three fretting regimes: (1) partial slip regime, (2) gross slip

regime and (3) mixed regime. The frictional logs in Fig. 5

have indicated that under present test conditions fretting of

all the samples is in the gross slip regime since all the Ft–

D–N remained open and in parallelogram shape. Generally

severe fretting damages would occur in this regime.

Un-treated material

As shown in Fig. 10, parallel abrasive marks along the

fretting direction are distributed across the whole fretting

wear scars, and adhesive wear and plastic deformation

were observed in the centre of the fretting scar (Fig. 10a).

The corresponding backscattered electron image (BEI)

revealed black areas and cracks perpendicular to the fret-

ting direction (Fig. 10b). Abrasion, adhesion and micro-

cracking are the characteristic features of the gross slip

regime [8].

As can be seen in Fig. 6, the friction force (Ft) increased

steadily within the first 20 cycles. This could be due to the

removal of the natural contaminated layers, direct asperity

contact and thus adhesion occurred between the NiTi and

1Cr13 contact surfaces [31]. Because the fretting occurred

in the gross slip regime, the adhesion junctions were

sheared, torn away [32] and finally transferred onto the

Fig. 7 The nickel concentration in the Ringer’s solution used for the

three types of samples plotted as a function of fretting cycles (UT:

untreated, LT: 400 �C/50 h and HT: 650 �C/1 h)
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Fig. 8 The surface images

of the fretting wear scars as

a function of the fretting

cycles (UT: untreated, LT:

400 �C/50 h and HT:

650 �C/1 h)

Fig. 9 The area and large depth of the wear scars plotted against

the number of cycles (UT: untreated, LT: 400 �C/50 h and HT:

650 �C/1 h)

Fig. 10 SEM Fretting wear morphologies of the untreated NiTi

against 1GCr13 after 5 · 104 cycles: (a) secondary electron image

(SEI); (b) backscattering electron image (BEI)
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counterface. The coefficient of friction increases signifi-

cantly in this section owing to adhesion and plastic

deformation. At the same time, work hardening, embrit-

tlement and fracture of adhesion junctions led to the for-

mation of metallic wear debris [29]. More and more wear

debris were formed and oxidized or corroded during the

fretting process, thus resulting in three-body contact and

friction plateau in Fig. 6. As a result, hard oxidized wear

debris would cause abrasive wear as evidenced in Fig. 10.

The materials transfer and oxidation are confirmed by the

X-ray mapping of the fretting scar on NiTi.

In addition, micro-cracks perpendicular to the sliding

direction and localised spallation were also observed in the

fretting scar. This is probably because the superficial layer

of the wear surface was work hardened but embrittled by

the severe plastic deformation; this layer was then cracked

under the tangential friction force and delamination oc-

curred by the connection of the horizontal cracks beneath

the hardened layer. It should be indicated that corrosion by

Ringer’s solution is also occurred as evidenced by the Cl

and Ca peaks in the EDX spectrum and Ca mapping. This

is because when the naturally formed passivation oxide

layer was removed by the fretting action of the 1Cr13 ball,

corrosion would occur especially when the surface layer

was cracked.

The CCT treated material

Both the LT and HT samples showed very similar Ft–N

features within the first 100 cycles (Fig. 6), and within the

first tens of cycles the Ft is lower for the surface treated LT

and HT samples than for the untreated UT sample. It is

possible that before the serious adhesion occurs, the surface

TiO2 oxide layer can protect the substrate and reduce

friction because of its lubricious nature [22]. However,

whilst the Ft for the LT samples peaked after about 100

cycles and then reduced rapidly to a stable value, the Ft for

the HT samples peaked after a couple of thousand cycles

(Fig. 6). Clearly, different damage mechanisms operated in

these two different types of samples.

As has been shown in Fig. 8, fretting damage was ob-

served in the HT treated samples after 10,000 cycles and

the size of the wear scar increased with increasing fretting

cycles. Close examination also revealed that when fretted

by a 1Cr13 ball, the oxide layers formed on the HT samples

were removed and the substrate of the NiTi alloy was en-

tirely exposed. Around the rim of the fretting scar, spall-

ation of the surface oxide layer occurred. This implies that

the bonding between the surface oxide layer and the sub-

surface in the HT samples is poor, which is supported by

the scratch test results of the HT sample (Fig. 4b). The

oxide layers formed are brittle and the interfacial bonding

between the oxide layer and the substrate is quite weak

(Fig. 4b). Therefore, spallation of the low adherent oxide

layer occurred (Fig. 11b); once the surface oxide layer was

removed, direct contact and adhesion between the 1Cr13

ball and the HT sample surface may have occurred. This is

in line with the high friction force (Fig. 6) and the rough

central damaged areas (Fig. 11a). It thus follows that un-

like the untreated samples the fretting morphologies of the

HT samples are characterised by large area spallation of the

surface oxide layers and severe damage in the centre areas.

The LT sample possesses the best fretting wear perfor-

mance and totally different fretting mechanisms. As has

been shown in Fig. 8, after 20,000 fretting cycles, no se-

vere fretting damage observed except for several small

scratches. The LT sample surface was still covered by a

protective, low-friction oxide layer, and therefore low Ft is

expected (Fig. 6). This is in line with the excellent scratch

behaviour as shown in Fig. 4a. No adhesive wear was

found on either the LT sample surface (Fig. 8) or the

matching 1Cr13 ball surface. Therefore, mild abrasive

wear is the dominating damage mechanism in the LT

samples. Only after 50,000 cycles, some surface damages

were found in the central area of the LT sample surface

(Fig. 12). However, compared with the other samples

Fig. 11 SEM micrographs showing the fretting scars for the 650

�C/1 h treated NiTi sample after 50,000cycles: (a) SEI and (b) BEI
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tested under the same conditions, the LT sample still shows

the mildest fretting damage (Fig. 9). Therefore, the good

fretting corrosion resistance of the LT samples can be

attributed to the adherent and ductile surface oxide layer

formed during the low-temperature ceramic conversion

treatment.

The effect of surface treatment on Ni ion release

As an implantable material, the exposure of NiTi alloy can

have adverse effects on human health [33]. For instance,

nickel allergy in the form of contact dermatitis is the most

common and well-known reaction. The accumulation of

nickel in the body through chronic exposure can lead to

lung fibrosis, cardiovascular and kidney diseases [34].

Therefore, it is crucial to prevent the release of nickel ion

from NiTi body implants.

The experimental results (Fig. 7) have demonstrated

that the nickel ion release during the fretting corrosion of

NiTi against a 1Cr13 martensitic stainless steel ball in the

Ringer’s solution can be significantly reduced from 65 lg/

L for the untreated NiTi to about 10 lg/L for the optimally

surface engineered material. The reasons for this effec-

tively reduced release of nickel ions could be twofold.

First, as discussed in the preceding section, both surface

treatment can improve the resistance of NiTi to fretting

corrosion in terms of reduced surface area and the maxi-

mum depth of the fretting scars (Fig. 8). As a result, less

wear debris was formed during the fretting corrosion pro-

cess, and in turn less release of nickel ion into the Ringer’s

solution is expected. Second, the formation of surface TiO2

oxide layer can effectively push nickel into the subsurface.

Therefore, the wear debris formed from the surface treated

samples contained less nickel, which should have also

contributed to the reduced nickel ion concentration in the

Ringer’s solution. This is supported by the fact that al-

though the fretting wear is more severe for the HT sample

than for the LT sample (i.e., more wear debris formed), the

difference in nickel ion release between these two is not

statistically significant.

It was reported that the nickel would be toxic for people

when the released nickel concentration was higher than

9 ppm in body fluid [35]. In the present work, it has been

found that under current test condition after 50,000 cycles,

the maximum nickel ion concentration is only about 65 lg/

L (or 0.065 ppm) for untreated NiTi, which is well below

the critical value of 9 ppm. Seemingly, even the untreated

NiTi will not cause a real problem. However, it should be

indicated that 50,000 cycles of fretting test at a frequency

of 5 Hz only takes 2.8 h, which is a short-term test. It is

thus expected that the nickel ion release will increase with

the fretting cycles and/or with decreasing the frequency for

a given number of cycles. This is because nickel ion release

during fretting corrosion is related to the synergetic attack

of both mechanical fretting and chemical corrosion.

Therefore, for a given number of fretting cycles, the time

for corrosion in solution will increase with decreasing the

frequency. Therefore, it is suggested that in order to better

simulate the service conditions of NiTi body implants,

fretting corrosion may need to be conducted at a relatively

low frequency.

Conclusions

The fretting corrosion behaviour of the ceramic conversion

treated and untreated NiTi alloy has been evaluated under

gross slip fretting conditions in the simulated body fluid at

room temperature. The following conclusions can be drawn

from the present research.

1. The surface modified case on the 400 �C/50 h treated

NiTi alloy consists of a single TiO2 dominated layer

while the 650 �C/1 h treated one has a two-layer

structure: an outer TiO2 rich layer followed by an inner

Ni3Ti rich layer.

2. All ceramic conversion treated NiTi samples can sig-

nificantly reduce the nickel ion release into the simu-

lated body fluid during fretting corrosion tests, which

could be attributed to the formation of protective sur-

face oxide layers with low nickel content.

3. The fretting damage of the un-treated NiTi is domi-

nated by severe adhesion, cracking/delamination and

abrasion in conjunction with oxidation and corrosion.

Both ceramic conversion treatments can reduce the

fretting damage of NiTi alloy owing to the enhanced

adhesion and abrasion resistance of the surface oxide

layer.
Fig. 12 SEM morphology of the central region of the 400 �C/50 h

treated samples after 50,000 fretting cycles
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4. The fretting damage of the 650 �C/1 h treated samples

is mainly caused by surface spallation because of the

low bonding strength of the surface ceramic layers to

the substrate and subsequently adhesion and abrasion

5. The 400 �C/50 h treated NiTi alloy possesses the best

fretting corrosion properties among all three types of

samples tested. The adherent surface oxide layer can

effectively protect the surface from fretting damage,

which is dominated by mild abrasion and oxidation.
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