
Introduction
Nitinol (NiTi) is a very attractive material for minimally-invasive therapy since it possesses uniquemechanical properties (superelasticity and shape-memory) and good biocompatibility [1]. In the lasttwo decades, NiTi technology has contributed tosignificant improvements in orthopaedics andorthodontics [2,3]. Its use is now overcoming thelimits in designing smaller, more efficient minimally-invasive tools and devices [4].Although several studies have demonstrated thegood corrosion resistance and biocompatibility ofNiTi, the high nickel content of the alloy (55 weight %

Ni) and its possible dissolution by corrosion stillremains a concern [5–9]. Tissues in the human bodycontain water, dissolved oxygen, proteins and variousions, such as chloride and hydroxide, and theypresent an aggressive environment to metals or alloysused for implantation [10,11]. Thus, every base-metal/alloy implanted in the body will corrode — theonly question is to what extent? Corrosion resistance of a metallic implant is thusan important aspect of its biocompatibility [12]. Inaddition to the release of ions in the physiologicalenvironment, the corrosion process will also result inthe deterioration of dimensional parameters of the
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Summary
Nitinol is a very attractive material for manufacturing minimally-invasive therapy devices and toolsbecause of its unique superelasticity and shape-memory properties. While several studies have shownit to possess good biocompatibility, its high nickel content and possible dissolution during corrosionstill remain a concern. However, passivation and electropolishing can significantly decrease nickeldissolution from Nitinol by forming a corrosion-resistant titanium oxide surface layer. In general, passivated andelectropolished Nitinol exhibits equivalent, if not better, static corrosion behaviour and ability to resist andrepassivate (repair) surface damage when compared with 316L stainless steel (SS). Combining Nitinol with SS,titanium and tantalum does not significantly affect its corrosion behaviour. However, combining Nitinol with gold,platinum and platinum–iridium alloy can result in an order of magnitude increase in corrosion rate. Nickel releasefrom Nitinol decreases from well below dietary levels to nearly non-detectable levels in the first few daysfollowing immersion in a physiological medium. Finally, in vivo studies indicate minimal corrosion of Nitinol duringimplantation, with released nickel concentration in surrounding tissues or organs being equivalent to thatreleased by 316L SS.
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corroding body [13]. While large orthopaedic implants,such as total hips and knees very rarely losemechanical integrity purely due to corrosion fatigue,small and complex-geometry minimally-invasivedevices can be susceptible to failure due tomechanically-assisted corrosion. Thus, when choos-ing a material for manufacturing minimally-invasivedevices, evaluation and optimisation of the corrosionproperties should be performed on samplesrepresentative of the actual device surface finish or,preferably, the device itself.NiTi corrosion behaviour can be significantlyimproved after specific surface treatments such aselectropolishing [14]. Not surprisingly, similar surfacetreatments are prescribed by the American Societyfor Testing and Material (ASTM) to optimise thecorrosion properties of stainless steel (SS) andother biomaterials (F86 standard) [15].Electropolishing of NiTi homogenises the thickness,topography and chemical composition of thesurface layer by forming predominantly titaniumoxide — a significant factor in improving corrosionresistance [16,17].Most minimally-invasive devices are susceptibleto surface damage during their manipulation. Suchdamage can disrupt the surface layer and leadto significantly increased corrosion. Thus, theability of the device to repair surface damage hasto be ascertained, in addition to determining thedevice’s static corrosion behaviour. Finally, galvaniccorrosion may occur when dissimilar metals arecoupled to NiTi. Indeed, different material devicescould be placed in close proximity, or a devicemay even be made from more than one materialto take advantage of their specific properties. Anexample of the latter case is the use of noble metalmarkers on SS or Nitinol devices, to improveradiopacity.Based on these considerations, the objectives ofthis paper are to: 

n discuss in vitro static corrosion behaviour andrepassivation ability of passivated NiTi incomparison with 316L SS;
n discuss the in vitro galvanic corrosion behaviour ofpassivated NiTi in combination with otherbiomaterials;
n review prior research on nickel dissolution in vitro,and in vivo corrosion of NiTi.
In vitro corrosion resistance ofNiTi
Potentiodynamic polarisation testing was conductedon electropolished NiTi and 316L SS  discs todetermine their individual corrosion behaviour understatic conditions in Hank’s solution [18]. A genericschematic of the experimental configuration used forcorrosion testing is shown in Figure 1. After an hour ofequilibration, polarisation data was generated byconducting a forward scan from 100 mV more activethan the corrosion potential (Ecorr) to a thresholdanodic current density of 10 mA cm22. The scandirection was reversed until the protection potentialwas achieved, or the potential was 0 mV withreference to the Ecorr. Tafel extrapolation, andStern–Geary currents were used to calculate thecorrosion current density (Icorr) in A cm22 at the(ParCalc® Routine, Technical Notes/Software Manual,EG&G, Princeton Applied Research). The corrosionrate in mm/year (CR) was calculated based onequivalent weight and density values included in theexperimental set-up for the M352 software. Thebreakdown potential (Ebd) was determined from the yaxis co-ordinate corresponding to the intersection of aline-fit extrapolation of the passive and transpassiveregions.The Ecorr is an indicator of the stability of surfaceconditions. Thus, less variability in Ecorr values fromdifferent samples is indicative of more consistentsurface processing. The Icorr and calculated CR are
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Figure 1. Generic schematic of experimental configuration used for corrosion testing.



relative measures of corrosion and illustrate how muchof a material will be lost during the corrosion process.Hence, the higher the Icorr and calculated CR, the morethe material lost. The Ebd is a measure of the regionover which a surface layer is stable and corrosionresistant. Thus, a higher or more positive value of Ebdwould indicate a larger region of corrosion resistance.The calculated Ecorr, Icorr, CR and Ebd values areshown in Table 1. Representative potentiodynamicpolarisation plots for NiTi and SS are presentedin overlaid format in Figure 2. The Ecorr for NiTi wasmore active than for SS. The Icorr was very consistentand in the nA cm22 range for both NiTi and SS. TheCR values also exhibited no significant differencebetween SS and NiTi. The Ebd for NiTi was almostthree times greater than SS. Prior research byTrépanier et al. [14] and Rondelli [19] on comparativecorrosion behaviour of surface-modified NiTi alsopresented similar corrosion rates and breakdownpotentials. NiTi exhibited instantaneous repassivationon the reverse scan, while SS exhibited a significanthysteresis. Hence, the SS was more susceptible topropagation of existing surface damage than NiTi.In order to determine their repassivation ability, NiTiand SS discs immersed in Hank’s media werescratched using a diamond stylus across the wholeexposed diameter 5 min before 0, 200, 400 and 600mV potentiostatic holds [18]. The current flow duringeach 15 min potentiostatic hold was monitored andnormalised to sample surface area to obtain currentdensity measurements. An asymptotically decreasingcurrent-density trend indicated that the material wasable to repassivate the scratch damage at thatpotentiostatic hold. An increasing current densitytrend indicated that the sample was not able torepassivate scratch damage at that potentiostatichold. Current density >500 A cm22 was used at athreshold value to define total loss of ability of thematerial to repassivate [20].Representative current-density curves at 0, 200,400 and 600 mV potentiostatic holds arepresented in overlaid format in Figures 3a–3d. NiTiand SS exhibited asymptotically decreasing current

densities and repassivation after scratch damage atthe 0 mV potentiostatic hold. NiTi exhibitedasymptotically-decreasing current densities andrepassivation at the 200 mV potentiostatic hold.While the SS exhibited increasing current densities,it still did not exceed the 500 A cm22 currentdensity threshold value. This behaviour wasindicative of a relatively less-stable passivebehaviour by SS compared with NiTi at the 200mV potentiostatic hold. At the 400 and 600 mVpotentiostatic holds, both NiTi and SS exhibitedincreasing current densities that exceeded the 500A cm22 threshold value; indicative of totalbreakdown of passive layer. It should be noted thatSS exhibited a faster current density transient pastthe 500 A cm22 threshold value and a couple oforders of magnitude higher corrosion rate than NiTi(Figures 3c and 3d). Thus, the region ofrepassivation capability after scratch damage forNiTi was, at worst, equivalent to and, at best,~200 mV potential range greater than SS.
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Sample Ecorr Icorr CR Ebdname mV versus SCE nA cm22 1025 mm/year mV versus SCE
NiTi 2457 (59)a 9 (5)a 7.85 (4.38)a 888 (20)aSS 2265 (33)b 9 (1)a 8.89 (0.55)a 213 (50)b
Values are represented in arithmetic mean (standard deviation) format. Superscript letters represent groupings at a 95% confidence level.

Table 1. Potentiodynamic polarisation test results for NiTi and SS discs in de-aerated (N2 purge) Hank’s balanced saltsolution
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Figure 2. Representative cyclic polarisation curves for NiTiand SS in de-aerated Hanks solution at 37°C. Note theequivalent corrosion rate and the larger passive or corrosionresistant region exhibited by NiTi.



In vitro galvanic corrosionbehaviour of NiTi
Disc samples of NiTi, platinum (Pt), platinum–iridiumalloy (PtIr), gold–palladium alloy (AuPd), SS, tantalum(Ta) and Grade II titanium (Ti) were mechanicallypolished to 800 grit surface finish using SiC paper.The base-metal alloys were then subjected topassivation treatments based on ASTM F86 protocolsfor surface preparation of metallic implants. Cyclicpolarisation curves obtained for SS and Pt, PtIr, AuPd,Ta and Ti were overlaid with an averaged NiTi curvefor mixed-potential theory analysis [21]. Theintersection of the cathodic portion of one curve andthe anodic portion of the other curve was determinedgraphically (Figure 4). The y axis intercept was thepredicted coupled corrosion potential (Ecouple-pre) andthe x axis intercept was the predicted coupled

corrosion current density (Icouple-pre) for thatcombination [22].The current-flow (Icouple-mes) that resulted whenthe six other materials were galvanically or directlycoupled to NiTi alloy (cathode to anode ratio of1:1) was measured using the potentiostat modifiedto perform as a zero-resistance ammeter(Technical Notes EG&G, Oak Ridge, TN, 1991).Preliminary testing had determined that thecurrent-density measurements levelled outasymptotically after 6 h, therefore the directcoupling tests were conducted for periods of12 h. The current density values at t = 12 hrepresent the asymptotic steady state value of thecurrent flow after an extended period of galvaniccoupling. This value may be the most relevantbenchmark with reference to a galvanic corrosionscenario for implanted bimetallic devices [21].
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Figure 3. Representative scratch-testing data curves for NiTi and SS in de-aerated Hanks solution at 37°C.Current-density profiles are presented for (a) 0 mV potentiostatic hold, (b) 200 mV potentiostatic hold, (c) 400mV potentiostatic hold, and (d) 600 mV potentiostatic hold.
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The Ecouple-pre is indicative of the potential atwhich a device or a tool made by combining twodifferent materials would rest. If this potential is withinthe region of corrosion resistance, or lower than theEbd for the individual materials — more specificallythe less corrosion-resistant material or anode in thecombination, the material combination will not forcethe anode to corrode at an accelerated rate. TheIcouple-pre and Icouple-mes are the predicted andmeasured corrosion current density when twomaterials are combined, respectively. Thus, a highercoupled corrosion current density compared withindividual static-corrosion current density (Icorr) of theanode would indicate that it would corrode at anaccelerated rate. The precision of corrosionmeasurements is a log decade, or an order ofmagnitude [23]. Thus, only Icouple-mes values an order

of magnitude greater than the Icorr can be considereda practically significant increase. Increasing thesurface area of the cathode will make thecombination more susceptible to galvanic corrosionphenomena.Consolidated results from mixed-potential theoryprediction and the direct coupling experiments arepresented in Table 2. Mixed-potential theorycalculations predicted that the galvanic coupling of NiTito:
n Pt and PtIr will result in Ecouple-pre potentials in themiddle of the passive region of the NiTi.
n AuPd and SS will result in Ecouple-pre potentials inthe beginning of the passive region of the NiTi.
n Ta will result in Ecouple-pre potentials similar to thecorrosion potential of the NiTi. 
The Icouple-pre for NiTi coupled to Pt, PtIr and AuPdwas greater than when coupled to Ta. The Tafelregions of NiTi and Ti were too close to each otherto conduct tangential extrapolation using mixed-potential theory. The proximity of NiTi and Ti Tafelregions may be indicative of negligible galvanicinfluence on coupling. The predicted increase in theNiTi corrosion rate when coupled to SS was notconclusive, due to significant standard deviation inthe calculated results.During direct coupling experiments, the largestIcouple-mes were obtained for the noble alloys (Pt, PtIr,AuPd) galvanically coupled to NiTi. The smallestIcouple-mes values were obtained for SS, Ti and Tagalvanically coupled to NiTi. Also, the Icouple-mesvalues for the (Pt, PtIr, AuPd)/NiTi combinations werean order of magnitude greater than the values for the(SS, Ti, Ta)/NiTi combinations. Good rank orderagreement was obtained between the predicted
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Direct coupling Cathode Mixed potential theory prediction experimentsAnode Ecouple–pre Icouple–pre Icouple–mes at t 5 12 hmV versus SCE nA cm22 nA cm22

Pt–NiTi 126 (22)a 277 (9) 836 (74)aPtIr–NiTi 40 (27)b 256 (3) 780 (302)aAuPd–NiTi 2137 (3)c 285 (2) 608 (34)aSS–NiTi 2218 (76)d 176 (111) 35 (5)bTa–NiTi 2406 (27)e 9 (6) 12 (17)bTi–NiTi *                     * 22 (17)b
Values are presented in arithmetic mean (standard deviation) format. Superscript letters represent groupings at a 95% confidence level. *Predictions could not be made due to proximity of Tafel regions.

Table 2. Mixed-potential theory predictions and direct coupling results
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Figure 4. Schematic illustrating mixed-potential theoryanalysis.



results from mixed-potential theory calculations andthe results from direct coupling experiments. Theincreased coupled current density measurementsobtained in this study were not of sufficientmagnitude to break down the passivated NiTisurface layer due to galvanic action alone. Platt et al.galvanically coupled SS to NiTi [24]. Their results didnot indicate a statistically-significant increase incurrent density due to galvanic coupling at a 1:1cathode to anode ratio. However, they observedlocalised crevice corrosion phenomena occurring inthe SS specimens, while the NiTi specimensremained cathodic or protected. Thus, it is notpossible to specifically isolate the galvanic corrosioneffects from the crevice corrosion effects for directcomparison with our study.Platt et al. also observed an increase in galvanicactivity when they reduced the surface area of theanode by 75%.
In vitro and in vivo corrosion ofNiTi
Since nickel release during the corrosion of NiTi is animportant concern for its use as an implant material,several studies have measured this value. Barrett etal. [25] and Bishara et al. [26] investigated nickelrelease from NiTi archwires (processed by themanufacturer) in saliva in vitro and reported that NiTicomponents released an average of 13.05 g day21.This value is significantly below the estimated averagedietary intake of 200–300 g day21 [25]. In a secondstudy, orthodontic patients with NiTi appliances hadNi concentration in their blood measured over aperiod of 5 months [25]. Results showed nosignificant increase in the nickel blood levelthroughout this study.A comparative in vitro cell culture study byRyhänen et al. measured Ni released from NiTi and316L SS in a fibroblast and osteoblast cell culturemedia [7]. Ni levels were higher in the NiTi group thefirst day and decreased rapidly as a function of time toachieve similar levels as 316L SS after 8 days in bothmedia. Even though Ni release was higher in the NiTigroup, cell proliferation or cell growth near the samplesurface was not affected. Also, the NiTi had been onlymechanically polished, while the SS had beenelectropolished according to the guidelines of themanufacturer.  Ryhänen et al. anticipate a decrease inNi release if further passivation treatments, such aselectropolishing, were performed on the NiTi. Weveret al. conducted a similar comparative study withpassivated NiTi and SS in Hank’s solution [8]. Theyalso found that Ni release from NiTi was maximum the

first day (14.5 x 1027 g/cm22 sec21) and reachedundetectable levels similar to SS after 10 days.Castleman et al. published the first in vivobiocompatibility data on NiTi. They implanted NiTibone plates in the femurs of beagles for up to 17months [27]. Retrieved plates exhibited no evidenceof either localised or general corrosion. In addition,neutron activation analyses showed no metalliccontamination of the surrounding tissues and organsfor the NiTi sample group. A recent study by Ryhänenet al. investigated implant surface corrosion andsystemic trace metal release when NiTi and SSintramedullary rods were implanted in rats for up to 60weeks [9]. Retrieval analyses exhibited no evidence oflocalised corrosion on the NiTi implants, whileapparent pits were observed on the SS controlimplants. Also, Ni content analysis of explantedorgans did not indicate significant differencesbetween NiTi and SS sample groups.
Conclusions
Passivated Nitinol exhibited increased resistance toprimary breakdown of the passive layer and anincreased resistance to propagation of existingsurface damage compared with 316L SS understatic conditions. Passivated Nitinol also exhibitedequivalent, if not better ability to repassivate surfacedamage compared with 316L SS. The galvaniccoupling to noble metals or alloys increased thecorrosion rate of the Nitinol by two orders ofmagnitude, while coupling to the base-metal alloysresulted in a corrosion rate in the same order ofmagnitude as static uncoupled values. The increasedcurrent density measurements obtained during directcoupling experiments were not of sufficientmagnitude to break down the passivated Nitinolsurface layer. Ni release from Nitinol has been shownto be well below dietary levels and decreases rapidlyto nearly non-detectable levels in the first few daysfollowing Nitinol immersion in a physiologicalmedium. Finally, in vivo studies indicate minimalcorrosion of Nitinol during implantation, with releasednickel concentration in surrounding tissues or organsbeing equivalent to that released by 316L SS. Thus,carefully passivated Nitinol is a very attractivematerial for manufacturing minimally-invasive devicesand tools.
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