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1 
Introduction 

Equiatomic nickel-ti tanium (NiTi) or Ni tinol possess a unique combination of 
properties, including superelasti city and shape memory, which are very attractive 

for biomedical applications. NiTi has been used in orthopedic and orthodontic 
implants for several decades and has contributed to significant improvements in 
these fields [1,21 . Th is alloy is rapidly becoming the material of choice for self
expand ing stents, graft support systems, filters, baskets and various other devices 
for minimally invasive interventional procedures (Fig. I) [1,31. While the superior 

perfor mance of NiTi over conventional engineering materials for impla nts is well 

documented [1, 4, 5 J, the high nickel content of the alloy (55 weight % Ni) and its 
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possible influence on biocompatibility conti nues to be an issue of concern. This 

concern is further complicated by the cOIlOic ting literature on corrosion resi· 
stance. 

Human tissue contains approximately 0.1 ppm of nickel, which is essent ial in 

nutrition for biological functionality of the human body (6,71. The potential for 
higher nickel concentration release from implant material may generate harmful 

allergic, toxic or carcinogenic reactions 17-91. Besides NiTi and 316L stainless 

steel, another h igh nickel conta ining alloy, MP3SN (35 weight % Ni), exhibits good 
biocompatibility and is used for implants in orthodontics, orthopedics and car

diovascular applications (IO-I2J. FUrlhermore, the atomic bonding forces bet

ween Ni and Ti in intermetallic NiTi are considerably higher than in a Ti alloy 

with a small amount of Ni 1t31, and will not produce the same reactions as pure 
metals. Thus, it is important to recognize the synergistic effect of alloying 

elements when evaluat ing the biocompatibility of any alloy. 

The lim itation in the use of NiTi for medical implants is due to literature refe

rences that report moderate corrosion resistance and cell culture compatibili ty. 

However, a careful study of these references reveal that NiTi material processing 

history and surface conditions are generally not well documented. It is now well 

knowll that NiTi requires controlled processing to achieve optimal mechanical and 

thermal properties. Optimization of the thermo-mechanical processing provides 

good fatigue life and general mechanical properties to meet the stringent structu

ral requirements of medical implants. Similarly, surface processing is required in 

order to promote optimal corrosion resistance and biocompatibility of the mate

rial. In fact, ASTM F86 [141 standard recommends an appropriate chemical treat

ment of metallic implants to ensure passive surface cond ition. The treatments 

recommended for stainless steel alloys consist of a ni tric acid passivation or elec
tropolishing to modify the surface oxide characteristics, increase their corrosion 

resistance and therefore improve their biocompatibility. NiTi is a passive alloy like 

ti tanium and stainless steel and a stable surface oxide protects the base material 

from general corrosion. The surface is predominantly composed of titanium oxide 

and thus its passivity may be further enhanced by modifying the thickness, topo

graphy and chemical composition of the surface by selective treatments (1 5- 171. 

The purpose of th is chapter is to focus on the bio-corrosion properties of NiTi, and 

their effect on biocompatibility and to highlight the importance of documenting 
material processing history and surface fini sh for such evaluat ions. 

2 
Active Corrosion Testing 

Our understanding of corrosion behavior of a new mater ial is based on empirical 
comparisons with materials that we know already to perform well in the body for 

a particular application. Thus, any corrosion test is in reality a simple in vitro 

comparison of limited elect rochemical properties of a new material to one that is 
already in cl inical use. 

The active corrosion behavior of NiTi was evaluated in comparison to 316L 

stainless steel discs passivated and s terilized according to ASTM F86 standard 
practices for metall ic implants. Potentiodynamic polarizat ion testing was con-
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ducted per ASTM GS [18J in de-aerated Hank's physiological solution at 37'C. 
Tafel extrapolation and Stern-Geary currents were used to calculate the corro

sion current density (I,orr ) in ampere/cml at the corrosion potential (Ecorr)' The 

breakdown potential (Ebd ) was determined from the y-axis co-ordinate corre
sponding to the intersection of a line fit extrapolation of the passive and 

transpassive regions. The protection potential (Epro,) was the y-axis co-ordinate 

of the point where the reverse polarizations scan crossed over the forward scan. 

Overlaid polarization plots of NiTi and 316L stainless steel are presented in 
Figure 2. The E,orr values for NiTi were more active compared to 316L stainless 

steel. The I"" values were in the nA/cm' range for both NiTi and 316L stainless 
steel. The Ebd values for NiTi were almost three times greater than 316L stainless 
steel. The NiTi samples exhibited instantaneous repassivation (no hysteresis) on 
scan reversal at the vertex potential compared to the significant hysteresis exhibi
ted by the 316L stainless steel. The approximately 150 mV region between the Epro. 

and Ebd of the 316L stainless steel makes it more susceptible to propagation of 
existing surface damage than NiTi. It should be noted that these results are valid 
only for conditions where no surface damage is involved. Similar results were 

presented by Venugopalan et al. [19 J in their testing on small diameter NiTi and 
316L stainless steel stents. Nevertheless, most minimally invasive devices may be 

susceptible to scratch damage due to the nature of their deployment. Thus, it is 
imperative that the corrosion behavior of scratched NiTi be fully characterized 
and understood. 
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Ftg.2. Potentiodynamic polarization curves for NiTi and 316L stainless steel in de-aerated Hank's 
physiological solution at 37°C 
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fig. 3. Current density profiles after scratch tests at specific potentiostatic hold s in de-aerated Hank's 

physiological solution at 37°C: a 0 mY, b 200 mY. c 400 mV and d 600 mV.AlI potentials are expressed 
with reference to a standard calomel electrode 

NiTi and 316L stainless steel samples were subject to step polarization experi
ments in de-aerated Hank's physiological solution at 37°C [20). The samples 
underwent physical scratch damage using a diamond stylus as opposed to the 
potentiostatic surface rupture method described in ASTM F746 [21). The samples 
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were scratched before the potentiostatic holds (P-Hold) at 0 m V, 200 m V, 400 m V 
and 600 mV with reference to a saturated calomel electrode (SCE) and the 
current density profiles were monitored. A decreasing current density trend indi

cated that the material was able to repassivate the surface damage while an 
increasing current density trend indicated that the sample was not able to repas
sivate the damage at that P-hold_ Current density >500 nA/cm' was used as a 
threshold to define total loss of ability to repassivate scratch damage. 
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Representat ive overlaid current density plots at each potentiostatic hold are 
presented in Figure J. The NiTi discs and the 316L stainless steel samples exhi
bited decreasing current densities and hence complete repassivation after scratch 
damage at the 0 mV potentiostatic hold. At the 200 mV potentiostatic hold, the 
NiTi samples exhibited decreasing current densities compared to the increasing 
current densities exhibited by the 316L stainless steel samples, indicating the 316L 

stainless steels alloy's inability to achieve total repassivation. However, the 316L 
stainless steel current densities did not exceed 500 nAlcm', a threshold value for 
total lack of repassivation ability. At 400 mV and 600 mV potentiostati c holds, 
the current densities for NiTi and the 316L stainless steel samples exceeded 
500 nAlcm' . It should be noted that the 316L stainless steel samples exhibited a 
faster current density transient to the 500 nA/cm' current density benchmark 
value. In conclusion, the region of repassivation capability after scratch damage 
for the NiTi was approximately 200 mV potential range greater than the 316L 

stainless steel. 

3 
Passive Corrosion Behavior 

Passive dissolution studies in simulated physiological environments allow us to 
track a corrosion process through its initiation and propagation and to discrim i
nate between the two. The effect of the environment on the device can be ascer
tained by visual inspect ion or scanning electron microscopy of the device re
moved from the environment at predetermined time segments of the study. The 

effect of the device on the environment can be determined by analyzing the 
media for ionic by-products using inductively coupled plasma OCP) or atomic 

absorption spectroscopy (AAS). 
NiTi, MP35N, 316L stainless steel alloy, and commercially pure nickel were 

obtained in the form of discs (surface area approximately 4.5 cm') and polished 
to 1200 grit surface finish. The alloys were passivated based on ASTM FS6 stan
dard and all samples were ste rilized under UV light. The samples were placed in 
tissue culture plates and the plates were filled with 4 mL of Hank's physiological 
solution using aseptic procedure. The samples were then placed in a water
jacketed incubator with humidity, temperature and multiplex gas control. The 
tests were conducted under a mixed-gas environment (20.9% °,,5.0% CO" and 
air) at 37cC. The samples were removed I, 6, 12, 24. 48, 72, 96 and 120 h, and 7, 14 
and 21 days after placing in the incubator. Three samples of each group were 
removed per time period. The media was extracted, made up to 4 ml to norma
lize concentration effects resulting from evaporation, and analyzed using AAS to 

determine the ionic content of Ni. 
A semi-log plot fo rmat was used to overlay the results (Fig. 4) as they span ned 

over mult iple orders of magnitude. The 316L SS and NiTi alloy exhibited the least 
(tens of ppb) Ni ion release into the media. The MP35N exhibited an order of 
magnitude increase (hundreds of ppb) in Ni ion release into the media compared 
to the NiTi and 316L SS alloys. The negative control, commercially pure nickel, 
exhibited the highest amounl (thousands of ppb) of Ni ion release into the media 
(as expected). 
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Fig. 4. Ni-ion concentrations rdeased by Ni , MP35N, 316L stainless steel, and NiTi in Hank's physio· 
logical solution at various time periods of removal during di$solUlion $tudy. The dissolution study 
was condu"ed in mixed-gas atmosphere at 37°C 

4 
Effect of Surface Layer on Corrosion Resistance 

Several studies have demonstrated that passivated NiTi surface layers consist pre

dominantly of a titanium oxide layer (TiO.) (15-Il, 22) similar to that found on Ti 

alloys 1231. This is in agreement with theoretical thermodynamics, which specify 

that the free energy of formation of TiO, is favored over other nickel or other 

titanium oxides [22J. This oxide layer serves two purposes: 

I. Increases the stability of the surface layers by protecting the bulk material 

from corrosion 

2. Creates a physical and chemical barrier against Ni oxidation by modifying the 

oxidation pathways of Ni [241 

The stability of the surface layer on NiTi and its ability to protect the material 

from corrosion have been investigated in several studies by electrochemical 

experiments. 

Early studies performed by Kimura and Sohmura (251 showed that passivation 

promotes the growth of an oxide layer on NiTi and resulted in its improved cor

rosion resistance in 1% saline solution at 37°C. More recently, Trepanier et al. {161 

investigated the effects of electropol ish ing and heat treatments of NiTi stents on 

their corrosion resistance in Hank's physiological solution at 3t'C. These results 

indicated a significant improvement in the corrosion resistance of NiTi stents 
that was att ributed to the forma tion of a thin and very uniform Ti-based oxide 
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layer. The authors concluded that uniformity rather than thickness of the oxide 
was mos t important to the improved corrosion resistance for this kind of devices. 
Furthermore, as was shown by Kimura and Sohmura [25J, a thin oxide layer is 
preferable to maintain the integrity of the surface layer to sustain the large de
formation induced by the shape memory effect. 

A comparative study of the corrosion resistance of passivated Ti-6AI-4V, 316L 
stainless steel and NiTi was performed in Hank's physiological solution by Wever 
et al. [15]. Their results show that while Ti-6AI-4V was the most corrosion 
resistant, NiTi samples were more resistant to chemical breakdown of their pas
sive film than 316L sta inless steel samples. Ou r results are in agreement with 
Wever et al. regarding the corrosion behavior of NiTi in compar ison to stainless 
steel. These results highlight the importance of a well-controlled and optimal 
surface preparation process to achieve good and reproducible corrosion 
resistance fo r both materials. Furthermore, ou r scratch test investigations 
demonstrated that both NiTi and stainless steel exhibit a decreased resistance to 
pitting once their surface is severely damaged. Nevertheless, in the event of a 
similar surface damage, NiTi is still cha racterized by a higher resistance to 

localized corrosion compared to stainless steel. 

5 
Nickel Release and Biocompatibility 

Since nickel release during the bio-degradation of NiTi is an important con
cern for its use as an implant, several studies have been undertaken to measure 
this value. For example, Barret et al. [261 and Bishara et al. [271 investigated 

nickel release from NiTi arch wires (processed by the manufacturer) in saliva. 
During an in vitro dissolution study, they found that NiTi and stainless steel 
appliances released a similar total amount of Ni around 18 ppm after a 28 days 
dissolution study. In a second study, orthodontic patients with NiTi applian
ces had Ni-concentration in their blood measured for a period of 5 months. 
Results show no sig nificant increase in the nickel blood level throughout this 
study. 

A comparative in vitro cell culture study was undertaken by Ryhanen et al. 
[281 in which they measured Ni released from NiTi and 316L stainless steel in a 
fibroblast and osteoblast cell culture media. In both media, Ni levels were higher 
in the NiTi group the first day and decreased rapidly as a function of time to 
achieve similar levels as 316L after 8 days. It is important to note that even though 
Ni release was higher in the NiTi group, it did not reach toxic values and cell 
proliferat ion or cell growth near the implant surface was not affected. Further
more, NiTi was only mechanically polished without additional passivation treat
ments, whereas the stainless steel was electropolished according to the guidelines 
of the manufacturer. Ryhanen et al. [281 hypothesized a furthe r decrease in Ni 
release if additional passivation treatments, such as electropolishing, are per
fo rmed on NiTi. Wever et al. [IS ) conducted a similar compa rative study with 
passivated NiTi and 316L stainless steel in Hank's solution. Ni release from NiTi 
was maximum the fi rst day (14.5 x 10-7 Vg/cm:ls) and reached undetectable levels 
similar to 316L stai nless steel after 10 days. 
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More recently, lia et al. published their results on Ni release from NiTi and 
stainless steel orthodontic appl iances IZ9J. Their study showed that NiTi released 
more Ni (maximum of 4.1 ppb) than stainless steel arch wires in a period of 
Z4 hours. Furthermore, in agreement with several st udies, they have shown that a 
threshold value of 30 ppm is needed to trigger a cytotoxic response during in 
vitro experiments. Our results on electropolished NiTi and 316L show that this Ni 
release threshold is fa r from bei ng reached, even after ZI days of immersion in 
Hank's physiological solution. 

Biocompatibility of a material may be simply defined as its ability to be well 
accepted by the body. Since every material will generate a "foreign body reaction" 
when implanted in the body, the degree of biocompatibility is related to the 
extent of this reaction. In order to study this phenomenon, in vitro testing with 
cell cultures allows isolation of the reaction from each cell and physiological 
media, whereas, in vivo testing provides a more complete response involving the 
biological environment and immune system. Both types of tests have been 
undertaken to better understand the biological response to NiTi. 

A recent in vitro study revealed no significant differences between the cell 
growth behavior near the surfaces of different implant materials (mechanically 
polished Ti and NiTi, electropolished 316L stainless steel) [z8 J. A microscopy 
analyses also showed that the cells had grown very near to Ti and NiTi alloys 
while they were less close to the stainless steel samples. The authors concluded 
that NiTi showed very good biocompatibili ty and that it had an excellent poten. 
tial for clinical applications. Also, passivated NiTi showed no cytotoxic, allergic or 
genotoxic activity based on a MEM extract cytotoxicity test, a guinea. pig sensiti· 

zation test and genotoxicity testing, respect ively 130J. Similar results were ob· 
tained for the control group composed of passivated 316L stain less steel samples. 
In a different study that addressed only the genocompatibili ty of the material, 

NiTi exhibited a good biocompatibili ty behavior similar to Ti and 316 L stainless 
steel on cellular chromati n 131J. 

Cutright et at. [32 ) have studied the tissue response to subcutaneous im· 
plantation of NiTi wire sutures in rats for a period of 9 weeks. The infl ammatory 
response was minimal starting 3 days after implantation and the healing process 
initiated after l ~ Z weeks consisted of a fibrous capsule formation around the 
implant. This reaction was similar to the one generated by similar stainless steel 
wires. In addition, Castleman et al. [33J evaluated the biocompatibility of chemi· 
cally passivated NiTi by inserting plates into beagle femurs for periods ranging 
from 3 months to 17 months. The histological analysis of muscular tissue sur· 
rounding the implantation site showed no signifi cant difference between NiTi 
and Cr-Co plates. Neutron activation analyses near the NiTi implants have 
indicated th at there was no sign ificant presence of metallic Ni in the muscle. 
Based on their observations, they concluded that the material was safe to conduct 
further testing. 

More recently, Trepanier el al. [34) performed an in vivo study on passivated 
NiTi Slents. Implantation of the material in rabbit paravertebral muscles and 
study of the inflammatory reaction for periods ranging from 3 weeks to IZ weeks 
demonstrated good biological response to NiTi. Analysis of the fibrous capsule 
surroundi ng NiTi stents revealed a decrease in thickness with time. A compara· 
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tive 26-week follow-up study was conducted on rats to assess the effect of diffe

rent materials on soft tissues [35 J. In this study, short-term biocompatibility of 
polished NiTi was similar to polished Ti-6AI-4V and eiectropolished stainless 
steel when in contact with muscle and perineural tissue. These resuhs indicate 
prom ising soft tissue compatibility of NiTi. 

6 
Conclusions 

Based on the abundance of literature reports, passivated NiTi has improved 
corrosion resistance compared to stai nless steel. NiTi is protected from corrosion 

by a highly stable and biocompatible Ti-based oxide layer. This good corrosion 
behavior will prevent degradation of the material in the physiological environ
ment and therefore will promote biocompatibility. Ni release from NiTi has been 

shown to be minimal in every study. The Ni dissolution rapidly decreases from a 
maximum (well below cytotoxic levels) to nearly non-detectable levels few days 

following NiTi immersion in a physiological media. Corrosion resistance of NiTi 
can be further enhanced by diffe rent surface treatments such as electropolishing 

which promote a very uniform oxide layer. In vitro and in vivo studies show that 

NiTi exhibits good biocompatibility and does not promote toxic or genotoxic 

reactions when in contact with a physiological environment. Therefore, passi

vated or properly treated NiTi can be considered a biologically safe implant 

material with unique mechanical properties. 
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