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Abstract 

Porous NiTi alloys are a promising material for bone replacement, due to their 

mechanical properties and porous structure. The use of these alloys to fabricate medical 

devices has been slow down by the scientific community due to the high content of Ni. 

Solid NiTi alloys have been used for several decades in medical applications in particular 

for the fabrication of cardiovascular and dental devices. Recent studies showed visible 

signs of corrosion on cardiovascular implants at an early stage of implantation (5 

months), this fact can be regarded as the beginning of material failure. Therefore the 

understanding and evaluation of the corrosion resistance of these alloys is needed. The 

purpose of this study is to investigate the electrochemical behaviour of porous NiTi 

alloys provided by different sources. In order to achieve this goal, a systematic 

characterization of the physical and chemical properties by different techniques and new 

approaches were conducted. The martensite-austenite phase transition was determined by 

the use of the Differential scanning Calorimetry (DSC). The morphological 

characteristics (porosity and roughness) were measured with the Scanning Electron 

Microscopy (SEM). The surface chemical composition of the samples was identified by 

the use of X-ray Photoelectron Spectroscopy (XPS) and Auger Electron Spectroscopy 

(AES). 

The corrosion was evaluated by the used of the Voltammetry (Potentiodynamic mode) 

and the In-situ Fourier Transformed Infrared Reflectance Spectroscopy coupled to the 

voltammetry technique (Spectroelectrochemistry). In fact this is the first time that the 

spectroelectrochemistry technique is used to investigate the electrochemical behaviour of 

NiTi alloys. This in situ method allows the determination of the resulting chemical 

reactions due to the interaction between the material and its environment. The use of 

solid NiTi alloy as reference allowed us to compare and better understand the corrosion 

resistance of the porous samples. 
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In the case of porous material the biomechanical compatibility is closely related to the 

porosity distribution of the sample. To describe appropriately the influence of this 

parameter on the properties of NiTi, four types of materials provided by different sources 

were analyzed. The samples were produced by Self-propagating High-temperature 

Synthesis (SHS) procedure. A heat treatment was applied in order to release internal 

stress created during forming processes, one series of specimens from each type was 

submitted to an annealing process during 30 min at 550°C in an air atmosphere. Its 

influence on the properties of the materials was also evaluated. 

Our first results showed that despite the fact that all the materials present different pore 

size, all the samples exhibited an open and interconnected porosity that promotes a good 

fixation and bone ingrowth within their structure. The thermal analysis showed that the 

temperature of the inception of the martensite-austenite phase transition occurs at 60°C, 

which is greater than the body temperature by 20°C. The microscopic analysis for the 

samples revealed that the heat treatment did not generate any morphological changes. 

The XPS study indicated that the surface oxidation occurs after the heat treatment. This 

oxide layer has a different thickness for the materials in the range of 310 - 3990 A. 

The evaluation of the corrosion resistance of the four porous NiTi alloys showed a 

correlation between the chemical composition, pore size and the electrochemical 

behaviour. In particular it was found that the corrosion resistance is related to the surface 

chemical composition of the electrodes rather than to their surface morphology. First we 

observed that the impact of the annealing process varies with the type of sample. The 

non-treated samples showed higher breakdown potentials and also bigger pores. The 

materials with a pore size in the range of 80-120um showed different behaviours, one 

material (B) showed no visible effect while the other two (A and C) exhibited a decrease 

of the breakdown potential value. The material with the smallest pore size 35-50um 

showed an important improvement after the heat treatment. Therefore, we can conclude, 
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that the surface treatment used in our investigations led to an improvement of the 

corrosion resistance for small pores whereas a decrease was observed for bigger pores. 

On the other hand the lower corrosion rates observed on treated samples are an indication 

of the high corrosion resistance compare to those non-treated. In this case we observed 

that the one material (B) exhibited the highest corrosion rate presented a difference in the 

chemical composition as shown by XPS analysis. Moreover, the absence of intermediate 

titanium oxides (Ti + and Ti +) was observed. As these oxides were identified in the 

other materials (A, C and D) we conclude that the presence of intermediate titanium 

oxides on surface chemical composition of the samples results on better corrosion rates 

and improved corrosion resistance. 

The Spectroelectrochemistry evaluation showed that solid electropolished sample and 

solid mechanopolished samples exhibited a better corrosion resistance than porous 

mechanopolished samples. However the solid mechanopolished sample exhibits a higher 

corrosion rate almost as high as the one showed by the porous sample. On the other hand 

a higher breakdown potential was measured porous samples compared to previous 

studies. However this sample shows a higher susceptibility for pitting and crevice 

corrosion. This can be explained by the porous structure of the sample. The FTIR results 

showed the interactions between the solution and the samples. It can be observed that 

each sample exhibit a particular behaviour. The porous sample as well as the solid 

samples showed Ti-OH interactions. Moreover both solid samples exhibited another peak 

corresponding to the OTi(OH)CCH interaction, which is explained by the chemical 

composition of the electrolyte, in this case the Hank's solution that has a certain amount 

of glucose. However an inversion of the peak is observed in both samples, this direction 

change can be attributed to the surface treatment. The electropolished sample showed a 

more stable behaviour mean while the mechanopolished sample exhibited a change 

during the reverse scan. 
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Resume 

Les alliages poreux de NiTi sont des materiaux tres prometteurs pour le replacement de 

1'os, a cause de leurs proprietes mecaniques et leur structure poreuse. Toutefois le 

pourcentage eleve de Ni contenu dans l'alliage inquiete encore la communaute 

scientifique et freine considerablement 1'introduction de ce biomateriau. Les alliages de 

NiTi solides sont deja utilises pour la fabrication des implants medicaux particulierement 

pour des applications cardiovasculaires et dentaires. Cependant, des etudes recentes ont 

montre apres l'implantation l'apparition de corrosion sur les dispositifs cardiovasculaires 

plutot que prevu. En consequence une evaluation et une comprehension approfondies de 

la resistance a la corrosion de ces alliages sont necessaires. Ainsi 1'objectif de cette etude 

est de caracteriser les alliages de NiTi poreux a travers une etude de leur resistance a la 

corrosion en utilisant de nouvelles approches. La voltammetrie ou polarisation, la 

Spectroscopie Photoelectronique par rayons-X (XPS), la Spectroscopic Auger (AES), la 

Calorimetrie Differentielle (DSC), la Microscopie Electronique a Balayage (SEM) et la 

Spectroscopie Infrarouge a Transformee de Fourrier FTIR in situ sont autant de 

techniques qui sont utilisees pour atteindre notre objectif. 

La corrosion de ces materiaux a ete realisee par la Voltammetrie simple en mode 

potentiodynamique puis in situ en la couplant avec la Spectroscopie Infrarouge de 

Reflexion a Transformee de Fourier (Spectroelectrochimie). D'ailleurs, c'est la premiere 

fois que cette methode est utilisee pour caracteriser ces alliages. Elle permet de 

determiner les especes issues de l'interaction entre le materiau et son environnement en 

fonction du potentiel. 

Dans le cas de materiaux poreux, la biocompatibilite mecanique est etroitement reliee a 

sa porosite. Pour bien decrire l'influence de ce parametre sur les proprietes des alliages 

NiTi, quatre types de materiaux fournis par differents laboratoires ont ete analyses. Les 

echantillons ont ete fabriques avec la methode de synthese par combustion (SHS), suivi 
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d'un traitement thermique a 550°C pendant 30 min dans l'air pour supprimer les 

contraintes internes provenant du procede de fabrication et pour optimiser leur 

comportement mecanique et leur biocompatibilite. 

Les resultats ont montre que malgre une taille de pore differente, tous les echantillons 

presentent, des pores ouvertes et interconnected qui favorisent une meilleure fixation 

biologique et la croissance de l'os dans le reseau des canaux. Les analyses thermiques ont 

indique que la temperature du debut de la transition de phase martensite-austenite, se 

produit a 60°C, laquelle est 20°C plus elevee que la temperature du corps humain. Aussi, 

le traitement thermique applique n'a pas genere des changements au niveau de la porosite 

des echantillons. L'analyse XPS des quatre types de materiaux indique que la surface 

subit une oxydation lors du traitement thermique. La couche d'oxyde presente 

differentes epaisseurs pour les materiaux dans une plage de 310 - 3990 A. 

L'etude de la corrosion de ces quatre types d'echantillons a permis de faire une 

correlation entre leur comportement electrochimique, leur composition chimique et la 

taille de leurs pores. Plus particulierement, nous avons montre que la resistance a la 

corrosion est reliee a la composition chimique des electrodes plutot qu'a la morphologie 

de leur surface. Dans un premier temps nous avons observe que l'influence du traitement 

thermique sur la resistance a la corrosion varie en fonction de la morphologie de 

l'echantillon. Les potentiels de ruptures mesures etaient plus eleves pour les echantillons 

non traites ayant une grande taille de pores. Les materiaux ayant une taille de pores dans 

une plage de 80-120um ont montre differents comportements : sur un materiau (B) il n'a 

pas eu d'effet, tandis que dans les deux autres (A et C) une diminution de la valeur du 

potentiel de rupture a ete constatee. Une amelioration importante a ete observee sur le 

materiau (D) ayant la plus petite taille de pores (35-50um). 

Par consequent, nous avons conclu que l'application du traitement de surface a un effet 

positif sur les echantillons ayant une petite taille de pores. Aussi il est observe un taux de 
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corrosion plus faible pour les echantillons traites. Ce qui indique que leur resistance a la 

corrosion est plus eleve. En effet le materiau B qui exhibait le taux de corrosion plus 

eleve presentait l'absence de certaines especes d'oxydes de titane II (Ti2+) ou III (Ti3+). 

Ayant pu identifier ces especes dans les autres echantillons (A, C et D), nous en 

deduisons que la presence des especes intermediaries d'oxyde de titane dans l'echantillon 

entraine des meilleurs taux de corrosion ainsi que 1'amelioration de sa resistance a la 

corrosion. L'etude par spectroelectrochimie a montre que les echantillons solides 

possedent une meilleure resistance a la corrosion que l'echantillon poreux. Cependant, 

l'echantillon solide poli mecaniquement presente un taux de corrosion aussi eleve que 

celui du poreux. Nous avons observe que les potentiels de rupture mesures pour ce 

dernier sont superieurs a ceux qui sont mentionnes dans la litterature. Par contre, sa 

predisposition a la corrosion par piquration et crevasse reste elevee. Ceci peut etre 

explique par la structure poreuse de l'echantillon. Les resultats de l'etude infrarouge ont 

aussi montre que chaque type d'echantillon interagit d'une facon particuliere. Des 

interactions Ti-OH ont ete observees sur l'echantillon poreux. II en est de meme pour les 

autres echantillons solides. Sur ces derniers, un pic correspondant a l'interaction 

OTi(OH)CCH a ete observe. Ceci se justifie par le fait que la solution de Hank's qui est 

notre electrolyte contient du glucose. Cependant une inversion du pic est observee avec 

les echantillons solides. Ce changement pourrait etre du au traitement de surface. 

L'echantillon poli par electrochimie presente un comportement plus stable tandis que 

l'echantillon mecaniquement poli montre un changement de comportement pendant la 

variation negative de potentiel. 

En conclusion, les resultats ont montre que la composition chimique en plus de la taille 

de pore, a un role important sur la resistance a la corrosion, autrement dit sur la 

biocompatibilite. La resistance a la corrosion d'un alliage poreux de NiTi a ete etudiee 

puis comparee a celle des alliages solides. II a ete observe que les alliages du NiTi poreux 

presente une predisposition a la corrosion par piquration et crevasse elevee. 
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Condense en frangais 

1. Introduction 

Des alliages Nickel-Titane ayant une structure interne poreuse ont ete deja utilises depuis 

approximativement une decennie dans la chirurgie maxillo-faciale [33] et dans d'autres 

procedures orthopediques [5, 34-36] sur des milliers de patients en Russie [6-7] et en 

Chine [5,8]. Cependant, l'interet de l'utilisation de ces materiaux augmente toujours dans 

plusieurs secteurs du domaine biomedical, comme par exemple le developpement 

d'implant a memoire de forme de conception speciale. Dans ce contexte, de nouvelles 

connaissances sont necessaires pour comprendre le rapport entre les proprietes 

fondamentales des materiaux et la reponse du dispositif biomedical utilise. Les facteurs 

cles identifies dans l'utilisation de ces alliages comme des materiaux pour implants, sont 

leur propriete capillaire et la compatibilite biomecanique (i. e. module elastique et 

capacite d'amortissement proches de celui de l'os). Le comportement capillaire depend 

fortement de la structure interne du materiau. En effet, la force capillaire controle le 

transport du liquide a travers les canaux des pores connectes et la mouillabilite du 

materiau, a cause de l'influence exercee sur la vitesse et la hauteur maximale atteinte par 

le liquide dans les capillaires [37-38]. La combinaison optimale de ces deux 

caracteristiques favorise la penetration de la moelle osseuse et des cellules dans la 

structure interne de l'implant. Cela offre une meilleure fixation biologique 

(osteointegration) de l'implant NiTi poreux dans differents types de tissu. 

Une porosite interconnectee est essentielle pour assurer la croissance de l'os dans le 

reseau des canaux pres de la surface entretenant la vascularisation, la viabilite a long 

terme, et la possibilite d'une fixation desirable. II a ete trouve que la taille de pore 

optimale se situe dans la gamme de 100-400 um [39]. 
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La porosite affecte aussi le comportement mecanique du materiau [40]. Une bonne 

correspondance entre le module d'elasticite de Young de l'os (20 GPa) et celui de 

l'implant est necessaire. Les alliages de NiTi ont montre des valeurs plus proches de 

celles de l'os dans la phase martensite (28-41 GPa). Une structure interne caracterisee par 

une porosite de 50 %, diminue cette plage de valeur ; des valeurs du module d'elasticite 

entre 14-20 GPa permettent la possibilite d'une croissance osseuse significative. 

Les alliages de NiTi poreux peuvent etre produits par divers precedes de metallurgie des 

poudres. Nous avons choisi la synthese par combustion solide (Self-propagating High-

temperature Synthesis (SHS)) ou frittage reactif qui permet de controler le gradient de 

porosite, ajuster la taille des pores connectes et de creer une morphologie semblable a 

celle de l'os. Les echantillons ont ete fournis par nos collaborateurs, Prof. Moore 

(Colorado School of Mines), Prof. Victor E. Gjunter (Institute of Medical Materials and 

Shape Memory Implants), Prof. B. Silberstein (Institute of Medical Materials and Shape 

Memory Implants), Dr. Tae-Hyun Nam (Division of Materials Science and Engineering) 

lis ont ete fabriques dans leur laboratoires en utilisant des reacteurs de synthese. 

La biocompatibilite de NiTi poreux a ete demontree comparable a celle de l'acier 

inoxydable, du chrome, du cobalt et du titane. Shabalovskaya et al, ont effectue une 

etude in vitro et ont conclu que le NiTi poreux ou solide, est aussi bien accepte par des 

tissus humains que le Titane pur [49]. Base sur des etudes in vitro et in vivo, Rhalmi et 

al., sont parvenus aux memes resultats et ils ont observe une croissance de l'os dans les 

pores de l'implant trois semaines apres son implantation [50]. Toutefois le pourcentage 

eleve de Ni inquiete encore la communaute scientifique et freine considerablement 

l'introduction de ce biomateriau. Comme la liberation des ions Ni est reliee a la 

resistance a la corrosion cette these vise a elucider le comportement en corrosion de ces 

alliages. 
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L'objectif de cette etude est de caracteriser des alliages de NiTi poreux et de fournir une 

meilleure comprehension a la resistance a la corrosion de ces alliages par l'utilisation de 

nouvelles approches. La couche d'oxyde sera consideree comme le facteur le plus 

important. Dans un premier temps une caracterisation systematique d'alliage de NiTi 

poreux pour determiner les proprietes physiques et les caracteristiques de surface sera 

realisee. Pour decrire convenablement l'influence des caracteristiques de ces NiTi sur les 

proprietes a memoire de forme, quatre types de materiaux fournis par differentes 

laboratoires prepares par la methode de synthese par combustion (SHS) seront analyses. 

Pour optimiser le comportement mecanique et la biocompatibilite du materiau et pour 

supprimer les contraintes internes provenant du procede de fabrication nous avons utilise 

des traitements thermiques (550°C pendant 30 min dans l'air). L'analyse thermique 

montrera les changements produits sur la temperature de transformation de l'echantillon 

par le traitement thermique. 

Une etude du comportement electrochimique a ete realisee sur les differents echantillons. 

L'influence du traitement thermique sur la resistance a la corrosion et la composition 

chimique sera analysee. Notre hypothese est que la composition chimique de la surface 

ainsi que la porosite jouent un role important sur le comportement electrochimique des 

alliages NiTi poreux etudies. Une caracterisation a ete realisee in situ en utilisant la 

technique de Spectroscopie Infrarouge de Reflexion a Transformee de Fourier. Cette 

caracterisation devrait nous conduire a une meilleure comprehension des interactions 

entre la surface de l'electrode et le milieu utilise. Trois echantillons differents ont ete 

etudies : un echantillon poreux poli mecaniquement, un echantillon solide poli 

mecaniquement et un echantillon solide poli electrochimiquement. Les echantillons 

ayant subi un traitement de polissage electrochimique sont bien connus par leur 

resistance elevee a la corrosion. La comparaison permettra done une meilleure 

comprehension du comportement electrochimique des alliages de NiTi. 
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2. Procedure Experimental 

2.1 Materiaux 

Les differents echantillons poreux ont ete nommes A, B, C et D en fonction du 

fournisseur. Les specimens cylindriques, avec une epaisseur de 5 millimetres et un 

diametre de 10 millimetres ont ete coupes a partir de tiges poreuses avec une scie a 

diamant pour eviter de modifier leur structure interne. lis ont ete nettoyes pendant 10 

minutes par ultrason en utilisant de l'acetone et par la suite du methanol grace a un 

appareil Branson, le Modele 2510. 

Des echantillons solides de NiTi ont ete aussi fournis par Dr. Ming Wu de la compagnie 

Memry. Les echantillons ont suivi deux differents types de traitement de surface: le 

polissage mecanique et l'electropolissage. Ces traitements ont ete realises par le 

fournisseur. 

2.2 Methodes 

Les techniques experimentales utilisees ont mene a une caracterisation de : la temperature 

de transformation, la morphologie, la surface de nos alliages. De plus, une etude 

electrochimique a ete realisee pour evaluer la resistance a la corrosion. Une serie de 

specimens de chaque echantillon a ete soumis a un traitement thermique pendant 30 

minutes a 550°C dans l'air [77]. Le nettoyage a ete effectue apres le traitement. 
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3. Resultats 

3.1 Proprietes physiques et caracteristiques de surface 

Le materiau A, presents une taille de pore de 80-120 |im tel que revele par observation en 

Microscopie Electronique a Balayage (SEM). Dans le cas du materiau B, nous avons 

observe une distribution homogene des pores, avec une taille de 100 um pour les pores 

isoles. Les observations sur le materiau C montrent une taille de pores de 100 um. La 

porosite du materiau D est differente par rapport aux trois autres types d'echantillons. Les 

pores presentent un diametre de 35-50 um. Aucun changement de la porosite n'a ete 

observe apres le traitement thermique. La taille des pores moyens (100-120 um) revele 

une structure interne favorable aux phenomenes capillaires [39]. Tous les materiaux 

presentent une structure connectee qui augmente la croissance de l'os ainsi qu'une bonne 

fixation de l'implant. 

Les resultats des analyses thermiques (DSC) effectuees sur les differents materiaux ont 

revele un profil de courbe ne changeant pas entre 0 et 50°C, done nous concluons que les 

echantillons se trouvent dans la phase martensite a la temperature du corps. Aucune 

difference significative dans le comportement thermal n'a ete observee avant et apres le 

traitement thermique, sauf pour le materiau A ou un nouveau pic est apparu ce qui 

pourrait correspondre a la phase R, semblablement apparu suite au traitement thermique 

etant donne qu'il s'agit d'une alliage equiatomique. II reste a confirmer l'apparition de la 

phase R par la microscopie a transmission et la diffraction des rayons X. 

L'analyse XPS indique que la surface subit une oxydation apres le traitement thermique 

pour tous les quatre types de materiau. La surface des echantillons est principalement 

composee d'oxyde de Titane et d'oxyde de Nickel en quantite moins elevee. Les resultats 

de l'analyse AES, permettent de calculer l'epaisseur ainsi que la composition chimique de 
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la couche d'oxyde. Les resultats ont montre que le traitement thermique a augmente la 

couche d'oxyde. 

3.2 Caracterisation electrochimique 

Les resultats de la caracterisation electrochimique montrent que l'echantillon A non traite 

montre un potentiel de rupture plus eleve que celui de l'echantillon traite. En ce qui 

concerne le materiau B, les deux echantillons (traites et non traites) suivent le meme 

comportement, la difference entre les valeurs du potentiel de rupture etant negligeable. 

L'echantillon traite C a une valeur plus faible. Le materiau C suit a peu pres le meme 

comportement que le materiau A. Cependant les valeurs du potentiel de corrosion sont 

semblables pour les echantillons traites et non-traites. Contrairement au materiau 

precedent, l'echantillon D traite montre un potentiel de rupture plus eleve par rapport au 

materiel non-traite. 

Les analyses microscopiques montrent que tous les echantillons presentent des 

changements dans leur porosite apres les tests de corrosion. De fait, les bords des pores 

sont plus affectes. II est meme possible d'observer que la corrosion se fait en surface mais 

aussi en profondeur. 

3.3 Spectroscopie Infrarouge de Reflexion in situ a Transformee de 

Fourier 

L'etude par spectroelectrochimie a montre que les echantillons solides possedent une 

meilleure resistance a la corrosion que l'echantillon poreux. Cependant, l'echantillon 

solide poli mecaniquement presente un taux de corrosion aussi eleve que celui du poreux. 
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Nous avons observe que les potentiels de rupture mesures pour ce dernier sont superieurs 

a ceux qui sont mentionnes dans la litterature. Par contre, sa predisposition a la corrosion 

par piquration et crevasse reste elevee. Ceci peut etre explique par la structure poreuse de 

l'echantillon. Les resultats de 1'etude infrarouge ont aussi montre que chaque type 

d'echantillon interagit d'une facon particuliere. Des interactions Ti-OH ont ete observees 

sur l'echantillon poreux. II en est de meme pour les autres echantillons solides. Sur ces 

derniers, un pic correspondant a l'interaction OTi(OH)CCH a ete observe. Ceci se justifie 

par le fait que la solution de Hank's qui est notre electrolyte contient du glucose. 

Cependant une inversion du pic est observee avec les echantillons solides. Ce 

changement pourrait etre du au traitement de surface. L'echantillon poli par electrochimie 

presente un comportement plus stable tandis que l'echantillon mecaniquement poli 

montre un changement de comportement pendant la variation negative de potentiel. 

4. Discussion 

Dans un premier temps la caracterisation physico-chimique des differents materiaux a 

montre que la taille des pores moyens (100-120 urn) revele une structure interne 

favorable aux phenomenes capillaires [39]. Tous les materiaux etudies presentent une 

structure connectee qui augmente la croissance de l'os et la bonne fixation de l'implant. 

Les echantillons se trouvent dans la phase martensite a la temperature du corps humain. 

Le traitement thermique n'a pas eu d'influence sur les transformations de phase des 

echantillons excepte pour un materiau oii 1'apparition de la phase R a ete observee. Les 

etudes de XPS effectuees avant le traitement thermique revelent la presence d'ions de Ni. 

Apres le traitement thermique la surface subit une oxydation dans tous les cas des 

materiaux, tel que confirme par la disparition des traces d'ions de Ni. 
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Les etudes electrochimiques ont montre que le traitement thermique diminue la resistance 

a la corrosion des materiaux A et C. Des valeurs negatives pour le potentiel de rupture 

ont ete observees pour le materiau B et l'echantillon D non traite, ce qui montre que la 

rupture de la couche protectrice d'oxyde se produit rapidement. Le traitement thermique 

a ameliore la resistance a la corrosion seulement pour le materiau D. Ceci peut etre 

explique par la petite taille des pores qui produisent une surface lisse. 

Les materiaux A, B et C ont une porosite elevee, mais les echantillons non traites A et C 

montrent les valeurs de potentiel de rupture les plus eleves. Ceci nous amene a penser que 

la taille de pores n'est pas le seul facteur ayant une influence sur la resistance a la 

corrosion. La composition chimique pourrait etre un autre facteur important sur la 

corrosion des echantillons. Le traitement a un effet positif sur le taux de corrosion, qui 

est plus faible pour les echantillons traites. Les taux de corrosion diminuent dans l'ordre 

suivant: B>A>C>D pour les echantillons traites et non traites. Le ratio du taux de 

corrosion des echantillons non traites sur les electrodes traites augmente dans l'ordre: 

D<A<C<B. Ceci indique que le traitement thermique dans l'air a eu un effet plus 

important sur l'echantillon B. Ce comportement doit etre etroitement relie a la surface de 

l'echantillon. 

Les analyses XPS ont montre que les concentrations d'oxygene augmentent pour les 

echantillons traites. Les faibles taux de corrosion observes pour les echantillons traites 

sont une indication de sa resistance a la corrosion elevee par rapport a ceux non-traites. 

Ceci s'explique par la presence des especes d'oxydes de titane intermediate. La presence 

d'autres elements : Na, CI, Ca (< 2 %) est justifiee selon la composition chimique de la 

solution de Hank's. Les analyses AES ont montre la formation d'une couche de 

repassivation. Etant donne la nature poreuse de l'echantillon, on ne peut pas conclure si la 

couche est homogene car elle peut presenter des defauts au bord des pores. 
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La resistance a la corrosion d'un alliage poreux de NiTi a ete etudiee puis comparee a 

celle des alliages solides. Nos resultats ont montre que les echantillons solides possedent 

une meilleure resistance a la corrosion. De plus le plus petit taux de corrosion a ete 

mesure pour l'echantillon poli par electrochimie. II est rapporte dans la litterature que ce 

type d'echantillon exhibe une bonne biocompatibilite et resistance a la corrosion [2-3, 24, 

97]. II a ete observe que l'echantillon poreux presente une predisposition a la corrosion 

par piquration et crevasse elevee. Cependant, l'echantillon solide mecaniquement poli 

presente un taux de corrosion aussi eleve que celui du poreux. Les resultats obtenus par 

FTIR ont montre des interactions Ti-OH pour tous les echantillons. De plus une autre 

interaction a ete observee sur les echantillons solides. Ceci peut etre explique par la 

differente nature de chaque surface cree par le traitement de surface applique. 

De par leurs proprietes, les alliages du NiTi poreux demeurent un materiau prometteur 

pour le remplacement osseux. D'autres materiaux poreux comme le Titane et le Tantale 

n'offrent pas les memes avantages. Le Titane est un materiau biocompatible, mais ces 

proprietes mecaniques sont plus elevees que celles de l'os, sa porosite est limitee a 

quelques couches et ne possede pas les proprietes de memoire de forme ni la 

superelasticite. De plus, les alliages du NiTi poreux ont une capacite d'amortissement qui 

est recherchee pour certaines applications telles que le remplacement des disques 

vertebraux. Ces materiaux montrent aussi une capillarite qui ameliore la croissance de 

l'os a l'interieur de l'implant. Ce qui ne se retrouve pas chez les autres materiaux comme 

le Titane et le Tantale. 

5. CONCLUSION 

Pour tous les materiaux, la taille des pores interconnectes de 100-120 urn, revele une 

structure interne favorable aux phenomenes capillaires [12]. Les materiaux etudies 

presentent une structure connectee qui augments la croissance de l'os et favorise la bonne 
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fixation de l'implant. Le profil des thermogrammes n'ayant pas change entre 0 et 50°C ; 

nous en concluons que tous les echantillons se trouvent dans la phase martensite a la 

temperature du corps humain. La surface a subi une oxydation apres le traitement 

thermique (dans l'air a 550°C pendant 30 mins.) pour les quatre types de materiaux ce qui 

prouve que le traitement thermique a augmente la couche d'oxyde a la surface. 

La caracterisation electrochimique a montre que la resistance a la corrosion des alliages 

de NiTi poreux est plus faible que celle des alliages NiTi solides. Le traitement thermique 

applique pour cette etude conduit a une amelioration de la resistance a la corrosion pour 

des echantillons ayant une taille de pores petits, mais une reduction est observee pour une 

taille de pores plus grande. La presence d'especes d'oxydes de titane intermediaire 

produit des meilleurs taux de corrosion. La surface des echantillons ne presente pas 

d'ions de Ni dans sa composition chimique. En conclusion, le traitement a montre que la 

composition chimique en plus de la taille de pore, a un role important sur la resistance a 

la corrosion, autrement dit sur la biocompatibilite. 

La resistance a la corrosion d'un alliage poreux de NiTi a ete etudiee puis comparee a 

celle des alliages solides. II a ete observe que les alliages du NiTi poreux presente une 

predisposition a la corrosion par piquration et crevasse elevee. Cependant, l'echantillon 

solide mecaniquement poli presente un taux de corrosion aussi eleve que celui du poreux. 

Bien que les resultats obtenus par FTIR aient montre des interactions pour chaque 

echantillon, aucune interaction particuliere avec l'electrolyte (Solution de Hank's) n'a ete 

observee aux potentiels critiques. 
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CHAPTER I. Introduction 

Several metals have been used over the years in medical applications. Each material was 

chosen due to a particular reason for a specific application. However, through 

development of new materials, a special material has been proposed, an equiatomic 

Nickel-Titanium alloy (NiTi). This new alloy presents a few unique features, such as 

shape memory effect, superelasticity, damping capacity and good biocompatibility. It was 

first discovered by Buehler et al, [1] in the 1960's at a naval facility. The applications for 

this alloy have been numerous, for example in orthopedics (staples), dentistry (dental 

wires) and cardiovascular surgery (stents). Obviously, as with all biomaterials, its 

biocompatibility and corrosion resistance have had to be evaluated. During the last 

decades, the results of these evaluations have been published; however these studies do 

not offer conclusive results. Although it has been pointed out that the TiC>2 at the 

material's surface offers a good biocompatibility for these alloys [2], its corrosion 

resistance remains controversial. The surface of these alloys has an important role and it 

is not yet well understood. A small variation on the chemical composition, a surface 

treatment, and even a sterilization procedure can change its behavior [3]. More attention 

needs to be paid to in vivo results, some of the medical devices have been used in humans 

for a few decades, and stents are the most common internal device nowadays [4]. 

In the quest to improve the fixation of biomaterials to bone, a porous NiTi alloy has been 

proposed. The porous interconnected structure allows bone ingrowth. Its mechanical 

properties seemed to better match those of the bone, therefore bone resorption is avoided. 

This is important because the quality of the surrounding tissues has an influence on the 

implant performance. Porous implants, however present a larger area that can be 

subjected to corrosion. Therefore the concern of an increment of a possible ion nickel 

released is increased. The biocompatibility of these alloys have been studied and found to 

be acceptable. They have even been used in Russia and China in thousands of patients [5-

8]. The authors reported favorable results. However, despite the use of these alloys, there 
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is still a lack of information on these alloys. The corrosion resistance has been evaluated 

in a few studies [9-11]. More information is needed to understand the influence of the 

porous structure on its electrochemical behavior. 

1.1 Structure of the project 

The purpose of this study is to characterize the porous NiTi alloys and to provide a better 

understanding of the corrosion resistance of these alloys using new approaches. The most 

important consideration will be the study of the oxide layer. The chapters fifth and the 

annex A described the physical and chemical characterization of four different types of 

porous NiTi alloys prepared by Self-propagating High-Temperature Synthesis (SHS) 

technique. The influence of an annealing treatment, used to release stresses caused during 

processing, is studied. The thermal evaluation will determine any changes on the 

transformation temperatures of the sample. In chapter 6th the electrochemical evaluation 

of the different porous NiTi alloys is presented. The influence on the corrosion resistance 

of the heat treatment on the surface chemical composition is analyzed. We believe that 

the surface chemical composition as well as its porosity may play an important role on 

the electrochemical behaviour of the studied porous NiTi alloy. The chapter 7th is 

dedicated to the Fourier Transformed Infrared Reflectance Spectroscopy in situ. This 

evaluation was carried out in order to better understand the interaction between the 

electrode surface and its environment. Three different samples were studied a 

mechanopolished porous sample, a solid mechanopolished sample and an electropolished 

sample. The solid samples are used as references. The electropolished samples are well 

known for their good corrosion resistance. Therefore the comparison will permit a better 

understanding of their electrochemical behaviour. 
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CHAPTER II. Literature review 

2.1 Shape Memory Alloys (SMA) 

NiTi shape memory alloy has two different temperature-dependent crystal structures 

(phases) called martensite (lower temperature) and austenite (higher temperature or 

parent phase) [1]. The phase transformation can be induced by changing the temperature, 

when martensite NiTi is heated, it transforms into austenite. The temperature at which 

this phenomenon starts is called austenite start temperature (As) and the temperature at 

which is completed is called austenite finish temperature (Af). On the other hand, when 

austenite NiTi is cooled, it changes onto martensite. The temperature at which this 

phenomenon starts is called martensite start temperature (Ms) and the temperature at 

which martensite is again completely reverted is called martensite finish temperature 

(Mf). 

Each phase presents different properties and the phase transformation temperatures 

strongly depend on the chemical composition of the alloy. The material at its martensite 

form can be easily deform because is soft and ductile. At its super-elastic form (a stress-

induce martensite) is highly elastic. The austenite form is strong and hard. NiTi alloys 

present all these properties, depending on the desired application the temperature at 

which is used will be chosen. Shape memory alloys are characterize by interesting 

features: the shape memory effect, superelasticity and damping capacity. 

2. 1.1 Shape Memory Effect 

The shape memory effect (SME) is the ability of a material to remember a 

preprogrammed structure. The material is deformed at the martensite phase at a lower 

temperature, and will recover its initial shape upon heating to a higher temperature, at the 
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austenite phase. (Figure 2.1) This is called the one way shape memory effect. It is 

important to mention that the deformation can be completely recover as long as it does 

not over pass the strain limit of 8%. The two-way memory effect refers to the 

memorization of two shapes. This can be obtained after a thermo-mechanical treatment, 

called training [12]. 

Austenite 

Cool / \Heat 

c ^ ^ ? c j ? c a Deformation ^ 

Martensite 
fTwinned) Martensite 

(Deformed) 

Figure 2.1 Schematic representation of the shape memory effect. [13] 

2.1.2 Superelasticity 

This particular property, in contrast to the shape memory effect, does not require 

temperature changes. So it refers to the ability to return to its original shape upon 

unloading after a reversible deformation (up to 8%) under isothermal conditions [12, 14]. 

The transformation occurs when the stresses are released. 

2. 1. 3 Damping Capacity 

Shape memory alloys also present a high damping capacity in the martensitic state. These 

alloys show in the cold shape condition a strong amplitude-dependent internal friction. 

For impact loads, the specific damping capacity can be as high as 90% [12]. In the hot 

file:///Heat
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shape energy is dissipated during superelastic loading and unloading. This property has 

been used in the space-craft and also for earth quake damping and isolation purposes. 

2. 2 Corrosion 

2. 2. 1 General 

The corrosion of a material can be defined as a fast degradation of a material that could 

produce its destruction; under the attack of the environment due to a chemical or 

electrochemical process. This phenomenon occurs as a result of the surface interactions at 

the interface between a material and its surroundings. It can affect metals, polymers and 

ceramics. 

There are different types of corrosion such as [15]: 

a) Uniform attack: the most common type, it is characterize by a large material lost 

b) Galvanic corrosion: produce when two different metals are in contact in the 

presence of a electrolyte (conductive solution). 

c) Grain Boundary attack: occurs at the grain boundaries, basically in regions with 

different behavior. 

d) Crevice corrosion: locally aggravated in the cracks, etc. basically in close spaces 

of small dimensions. 

e) Fatigue-corrosion: combination of two effects, in which the corrosion is increase 

under repeated stress. 

f) Pitting corrosion: cavities appear at the surface that eventually might cause the 

perforation of the material. 
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In the physiological environment there are some conditions than can accelerate the 

corrosion process. This is an aggressive medium because of the high oxygen content, 

proteins, chloride ions, etc. 

The surface of the implant plays an important role on its corrosion resistance. In fact, it 

most acts as a barrier protection at the metal/tissue interface. Their properties such as 

roughness, chemical composition, an even its mechanical properties are important. 

2. 3 Solid Nickel-Titanium 

2.3.1 Corrosion resistance 

Solid NiTi alloys are characterize for a good corrosion resistance. Its surface presents a 

titanium oxide layer very protective and stable in a biological environment at a pH«7. 

The nickel-ion release is a concern; therefore many studies have been carried out to 

investigate the corrosion resistance of these alloys. 

Ryhanen reported that most of the knowledge on NiTi alloys was obtained from dental 

wires at the time [14]. Compared to others materials such as Co-Cr-Mo, 316L and Ti-

6A1-4V, NiTi alloys seemed to have a similar corrosion resistance. However in some 

cases the Nickel ion release was up to three times higher than for stainless steel for 

simulating fluids. Although there was a concern regarding the ion release the corrosion 

resistance seemed to be acceptable. The studies performed in dogs and sheep were more 

encouraging, no presence of trace metals from NiTi was found in the distant organs. 

As we mention before the body is an aggressive corrosion environment, Shabalovskaya 

points out that some body fluids present a high acidity making them hostile for metallic 

implants [3]. In fact acidity can increase locally around an implant due to inflammatory 
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responses. The pH can also be altered by the design of the implant. In vitro evaluation is 

performed with the use of simulating fluids, such as artificial saliva, Hank's and Ringer 

Solution. These fluids are far for reality, many cells can be involved in the immunitary 

system, making them more or less aggressive to the implant, and should be taken under 

consideration. The surface of NiTi has been modified to improve its corrosion resistance 

however there are not standards on this matter. NiTi alloys can present a different 

behavior due to small changes in the chemical composition or surface in consequence its 

behavior lacks of predictability. Basically most of the corrosion tests are conducted under 

static conditions but in the body implants are subject to stress, loading, etc., therefore in a 

dynamic environment. Even in those some studies where a dynamic condition was 

incorporated, do not provide enough information to understand these alloys. 

In vivo studies show no signs of corrosion after long term implantation [14], There are 

however a few cases where some failures have appeared. In most cases the absence of 

visual changes does not mean that no degradation occurred. Ni ion released has been 

observed specially in blood and some times in remote organs. 

In order to improve the performance of these alloys a few solutions have been proposed, 

surface treatments, coatings, etc. 

2. 3.2 Surface Modification 

Surface modification of materials for medical applications presents the possibility of 

combining the ideal bulk properties with the desired surface properties [16]. In order to 

achieve this purpose, many authors have proposed surface treatments in order to improve 

the corrosion resistance of NiTi alloys [17-24]. Such as electropolishing, mechanical 

polishing, chemical etching and heat treatments among others. These treatments have as 

an objective to create a TiCh oxide layer on the surface of the sample. A brief description 

of some treatments is given: 
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A) Thermal Oxidation: When titanium is heated in air between 500 and 

800°C for 2 to 10 minutes, a protective thermal oxide of rutile (T1O2) is formed. 

It improves resistance to dilute reducing acids but long-term performance has not 

been fully demonstrated. On the other hand it does not improve resistance in 

highly alkaline or oxidizing aqueous media. Thermal oxide films may exhibit 

limitations at higher temperatures and in low-pH brine. Strain must be avoided for 

effective performance. 

B) High-temperature salt baths: Operate between 370 to 480°C. It 

produces rapid reaction for oxide film. In fact, the major advantage of high-

temperature oxidizing or reducing salt baths for titanium scale removal is their 

great speed in removing extremely tenacious scale. After treatment in salt baths 

(5 to 20 min for oxidizing salt baths and 1 to 5 min for reducing salt baths), the 

titanium alloy is generally rinsed or quenched in water, and immerse in acid 

solution for cleaning. 

Types of acid cleaning (may vary greatly with manufacturer): 

1. Sulfuric acid 10 to 40 vol% for 2 to 5 min at 50 to 60°C 

2. Solution of 35% nitric acid and 3.5% hydrofluoric acid for 1 min at 20°C. 

C) Aqueous caustic descaling baths: to remove light scale from titanium. 

Descaling require from 5 to 30 min. Examples of aqueous caustic solutions are: 

1. 40 to 50% sodium hydroxide (temperature near boiling point, i.e. 125°C) 

2. Solution of copper sulfate or sodium sulfate with sodium hydroxide (ex of 

comp.: 50% sodium hydroxide, 

3. 10% copper sulfate pentahydrate (CuS045H20) and 40% water) at 

temperature near 105°C. 



9 

D) Low-temperature baths: not as aggressive as high-temperature baths. 

They operate between 200 and 220°C. Cycling of the acid between salt and acid 

is common. Typical bath compositions: 

1. 30% sulfuric acid 

2. 30% nitric acid, 3% hydrofluoric acid. 

E) Acid passivation (include chemical passivation): 

Chemical or acid passivation is obtained by the use of one of the six chemical 

cleaning methods: 

1. Circulation: flow of the solution through the equipment (or the equipment 

through the solution). 

2. Fill and soak cleaning: involves filling the equipment with the solution and 

draining it after a set period of time. 

3. Cascade cleaning: only applied to column with trays. 

4. Foamed cleaning: uses a static foam generator that employs air or nitrogen 

to produce foamed solvent. 

5. Vapor phase organic cleaning: when the equipment is difficult to clean 

with liquid. 

6. Steam-injected cleaning: injection of a concentrated mixture of cleaning 

chemical into a steam fast-moving steam. 

Types of acid used for cleaning or passivation of titanium are: 

a) Hydrochloric acid: concentration from 5 to 15% and temperature from 50 

to 80°C. Its applicability for cleaning titanium alloys depends on the 

oxidizing contaminants present in the acid. Titanium alloys shall never be 

exposed to HC1 containing NH4HF2. 

b) Although titanium has limited resistance to HC1, it is, unlike other metals, 

passivated rather than corroded by the presence of dissolved oxygen, Fe3+ 
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and Cu + ions, nitrates, chromates, chlorine, and other oxidizing 

impurities. 

c) Nitric acid (HNO3): Even if this acid is rarely used because of handling 

difficulties, it is one of the acids commonly used for titanium alloys 

passivation. It is mainly used to remove iron contamination: for mild 

contamination, a use of a mixture of 1% each of citric acid and HNO3 is 

recommended, but for persistent contamination, strong HNO3 solutions 

must be used. 

d) Citric acid: Is used at 3% and 65°C to clean iron oxide deposits from 

titanium 

Note that small chlorine with small amounts of moisture can passivate titanium. 

In dry chlorine, at temperatures as low as 18°C, titanium will ignite. 

These surface treatments have been applied to samples of solid NiTi, wires, stents, etc. 

Several studies have been conducted in order to verify its performance. A few are cited 

below. 

Shabalovskaya et al. studied the surface and corrosion for NiTi alloys with different 

surface treatments [22]. They performed XPS and an electrochemical evaluation on 

mechanically polished to mirror, chemically etched and boiled-in-water, H202-treated 

and electropolished (trifflic acid and methanol) NiTi wires from different sources. 

Surface analysis showed the presence of some contaminants prior to treatment due to 

wire processing. Chemical etching removes the defect surface material and results in the 

formation of a uniformly amorphous surface. The electropolished surfaces presented a 

high level of organic contamination. The measured low corrosion potentials of raw 

materials confirmed the need for surface improvement. Chemically etched samples 

showed the highest corrosion resistance, greater to that one of stainless steel and Co-Cr 

alloys. They concluded that the final decision for an appropriate set of surface-treatment 

procedures depends on the biological response that range surface on a different scale. 
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The study perform by Su and Raman, confirmed that the surface quality is very important 

[25]. They point out based on their observations that the as received samples presented 

different surface defects, such as: cracks, inclusions, lap defects, and a heavy and non

uniform layer oxide, giving as a result a poor quality surface. A passivation process was 

carried out to obtain a better surface. However the details are not given. The samples 

were tested in a Ringer's solution. The electrochemical behaviour of the samples 

indicated the possibility of crevice corrosion. They reported that an amorphous oxide 

layer on the surface seemed to better protect the sample against corrosion. The chemical 

composition of this layer was not studied, more information is needed to compare this 

results. 

A more complete study involving surface analysis was performed on NiTi plates with 

different surface treatments (mechanical polishing, electropolishing, chemical and plasma 

etching) [26]. The surface roughness has an effect on the corrosion resistance of the 

samples; smoothest surfaces exhibit higher corrosion susceptibility. This result was not 

expected and was observed on mechanical and electropolished samples. Although the 

oxide layers had similar thickness its chemical composition was different. 

Electropolished samples presented an enriched Ti layer, meanwhile mechanically 

polished presented Ni as the principal element. They conclude that rougher surfaces 

produced by chemical or gas plasma etching showed a higher corrosion resistance. They 

point out that a passive surface to corrosive environments and Ti enriched to prevent Ni 

ion release is desired in all medical applications. 

On the contrary, another study demonstrated that smoother surfaces obtained by 

electropolishing exhibit higher corrosion resistance over porous an irregular layers [24]. 

This study was performed in stents, a cardiovascular device. All the samples follow the 

same treatment prior to other treatment, in fact all the samples were mechanically 

polished, follow by chemical polishing and finally electropolished. After this treatment 

some samples were heat treated and some chemically passivated. According to their 
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results oxide layer thickness has a direct influence on the corrosion resistance rather than 

surface uniformity. They observed a better corrosion resistance on electropolished and 

chemically polished samples, they presented a thinner oxide layer. They conclude that 

electropolishing increases the corrosion resistance of NiTi alloys. Although they reported 

that they are not able to establish a relation between the oxide layer composition and its 

corrosion resistance. 

Another treatment was proposed an oxidation treatment on a low-oxygen pressure 

atmosphere [27]. This treatment showed a surface with a very low Ni surface 

concentration and a thick oxide layer. There is no influence on the shape memory 

properties of the alloy. Even though the corrosion evaluation was not performed, an ion 

release evaluation was performed. According to the results the treatment decreases the 

release of Ni compared to untreated samples. 

The effects of the sterilization process on NiTi alloys needs to be study. As we mention 

before any changes on the surface chemical composition can have an influence on its 

behaviour. The sterilization process could modify the surface. A study was carried out to 

evaluate the effect of this process. The samples were NiTi discs mechanically polished 

and electropolished, they were sterilized by ethylene oxide, steam autoclaved, and 

sterilized with peracetic acid and by hydrogen peroxide plasma. Stainless steel and 

Ti6A14V discs were used as control materials [2]. The results showed that electropolished 

samples presented higher and more reproducible breakdown potentials. The sterilization 

process seemed to have weakening the oxide surface layer, producing localized corrosion 

on some samples. The chemical composition and topography of the samples seemed to be 

modified by the sterilization process. However the authors believed, based on their 

observations, that electropolishing might reduce the effects of sterilization process on 

both surface characteristics and its electrochemical behaviour. 
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The evaluation of surface treatments is controversial. However it is clear that the surface 

is very important and plays an important role on the performance of the alloy. The fact 

that not all the authors detailed described the applied treatments difficult the comparison. 

More studies are needed to determine the influence of chemical composition, surface 

roughness, the design of the material on the surface resistance to corrosion. 

2. 3. 3 Biocompatibility 

The biocompatibility of a material is the response of the body or human tissues. This 

reaction is closely related to its corrosion resistance and surfaces characteristics. The 

study of the biocompatibility of NiTi alloys is very important in order to enlarge its 

medical applications. 

NiTi is one of the most innovative concepts to have appeared in the field of metallic 

biomaterials in recent years but its biocompatibility remains controversial [28]. Due to 

the high content of nickel the biocompatibility of NiTi has been studied. The cytotoxicity 

and genotoxicity was evaluated to measure the short-term biological safety of NiTi alloy 

[29]. The results showed that the response to NiTi was similar to AISI316 LMV stainless 

steel, it will be useful to point out that no cytotoxic, allergic or genotoxic activity was 

observed. The promising behavior of NiTi alloys might be due to a minimal ion release. 

The fact that some of the studies are controversial and contradictories could be related to 

the possibility of different alloy composition or surface preparation. As they conclude 

that NiTi has a good short-term biological response, they underline that this result was 

observed under the chosen test conditions. They agreed to other authors on the potential 

for these alloys in clinical applications. 

Similar results were obtained in a study performed to evaluate the in vitro and in vivo 

biocompatibility of NiTi alloy [30]. As we mention before surface treatments are used to 
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improve the corrosion resistance and biocompatibility, this study aimed to evaluate 

different treatments. On the contrary to a previous study were electropolished samples 

were found to exhibit the higher corrosion resistance, in this study they provoked a slight 

decrease of cell proliferation. In fact passivated, air aged and heat treated samples seemed 

to have a similar behavior and double the number of fibroblast cells with reference to the 

control. The in vivo tests were performed in rabbit paramuscular muscle. They showed a 

good response to the treated samples. A low value of the fibrocellular capsule indicated 

that the resulted surface after the treatments was relatively inert. As there are no 

significant differences on the results between the treatments, they conclude that heat 

treatment or nitric acid passivation is not necessary after electropolishing. 

Electropolishing was used in all samples prior to other treatment. 

Ryhanen studied the biocompatibility of NiTi for orthopedics applications. He and his 

team evaluated the response to osteoblasts and fibroblast [14]. They found that the NiTi 

alloys posses a good in vitro biocompatibility, there were no presence of toxic effects or 

decrease in cell proliferation. The inflammatory response of muscular tissue to NiTi was 

similar to that of stainless steel and Ti6A14V. The bone and soft tissue histology findings 

showed good acceptance in a 26 week follow up. In a 60 weeks implantation period, NiTi 

intramedullary rod presented slight marks of surface corrosion, in fact fewer that those 

ones on the stainless steel rod. Its conclusion is that Nitinol appears to have an excellent 

potential for clinical used due to its good biocompatibility. 

On the contrary, another study reveals that NiTi showed a slower osteogenesis process, 

no close contact between the implant and bone was observed [28]. This study was 

performed in rabbits and the control materials were titanium, austenitic-ferretic stainless 

steel and stainless steel 316L. The study aimed for qualitative observations; however the 

results are explained by a cytotoxic effect. It has already point out that chemical 

composition and surface conditions, and even the experiment conditions (culture cells, 
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implant shape, site implantation, etc.) have an influence in the results. Therefore NiTi 

results could be contradictory. 

The haemocompatibility of NiTi with surface modification was evaluated. The surface 

characteristics chemical composition and roughness were identified [31]. This study 

provides more information on the influence of these parameters on the biocompatibility 

of NiTi. The control samples were pure titanium and 316L stainless steel, the nickel 

titanium samples were mechanically polished follow by electropolishing, shot-peening or 

annealing. The cytotoxicity test showed no toxic effects and no difference between the 

studied samples. According to the authors surface chemistry has a more significant 

influence on the platelet behavior. The Ni content seemed to be a determinant 

characteristic. More information will be needed to understand the biological response to 

NiTi. 

Good results were also obtained on a thrombogenicity study in an ex vivo porcine model 

[32]. The presence of thrombus within the stent struts is a major concern in the coronary 

stenting. In order to evaluate this phenomenon Nitinol stents were cut to the same 

geometry of stainless steel Palmaz® for comparison purposes. The results showed a 

fewer presence of thrombus on the Nitinol stent. The rich titanium oxide surface might 

have an influence on these results. However no surface characterization was carried out. 

It was also pointed out that the ex vivo porcine model does not reproduce the coagulation 

process. But it is used in the evaluation of cardiovascular devices. 

A recent study on 48 explanted endovascular grafts showing controversial results has 

raised some important questions [4]. The time of implantation was 30 ± 14 months (range 

5-50 months). The devices were examined and pits with a size in the range of 10-25 u,m 

in diameter were observed in all the specimens. Other types of damages were observed: 

map-shape craters, large surface deficiencies and fractures on the wire. The fact that 

corrosion signs were observed as soon as 5 months of implantation was unexpected. This 
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might be the beginning of material failure. Complete fractures were present in seven 

devices. The authors underlined that the titanium oxide layer must resist cracking in the 

pulsatile oscillation. The in vivo conditions are more complex that we expect and static 

tests do not allow obtaining all the necessary information. More information is needed to 

prove the consistency of long-term stent metals. The authors also recommend to pay 

attention to other materials such as Elgiloy and stainless steel. 

The study of the biocompatibility of NiTi alloys is controversial and some studies show 

contradictory results. It will be important to have information to fully understand the role 

of the surface condition and properties on its corrosion resistance and biocompatibility. In 

vitro and in vivo implantations can give an idea about the behavior of the alloy but they 

cannot mimic human conditions, some parameters are left on the side and its influence 

seemed to be important. 

Nickel Titanium alloys represent a new generation of interesting materials, its mechanical 

properties as well as unique properties made them a good candidate to replace other 

materials. Until its biocompatibility and corrosion resistance will be understood its 

medical applications will be restrain to short-term implantations. 

2. 3. 4 Medical applications 

NiTi shape memory alloy has been used in several medical applications such as: dental, 

cardiovascular, and orthopedics, an extensive list of the medical devices has been made 

by Van Humbeeck et al. [12]. A brief review will be presented to give an idea of the 

endless possibilities for shape memory alloys on biomedical applications. 

The most common dental applications are orthodontic archwires, in fact these are the first 

medical application. NiTi superelastic properties are an advantage for this application. 

Other dental devices are dental root implants, adjustable telescopic head gears, tension 
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and compression springs, heavy suture expanders and adjustable orthodontic brackets, 

just to mention a few. 

Cardiovascular devices are also fabricated with NiTi alloys. Self expandable 

intravascular scaffolding generally called stents have demonstrated great advantages over 

stainless steel. 

There are also some orthopedic applications for solid NiTi alloys, for example, miniature 

bone anchors, cerclage wires, intramedullary fixation nails with self-expanding memory 

metal, ostheosynthesis bone staples, tools for the removal of broken bone screws, 

superelastic rods for gradual correction of scoliosis and external fixators with a high 

grade of adjustability. 

The information above is just to show how solid shape memory alloys are used in the 

fabrication and development of medical devices, its shape memory effect and superelastic 

properties made them superior to other materials. Their biocompatibility and corrosion 

resistance have been evaluated and even if they are controversial, most of the studies 

show good results. Therefore more applications might be explored. 

2. 4 Porous Nickel-Titanium 

2. 4. 1 General 

NiTi alloys with a porous internal structure have already been used for approximately a 

decade, in maxillofacial surgeries [33] and other orthopedic procedures [5, 34-36] 

involving thousands of patients in Russia [6-7] and China [5, 8]. However, the interest for 
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these materials is still increasing in many areas of the biomedical field, such as, in the 

development of shape memory implant of special design. Therefore, further knowledge is 

needed concerning the relationship between, on one hand, the phase constituent and the 

factors determining the internal structure of the material, and on the other, the 

fundamental material properties and the response of the biomedical device used. 

The key factors identified to play a determinant role, for the use of these alloys as 

materials for implants, are their capillary property and biomechanical compatibility (low 

elastic modulus, damping capacity). The capillarity behavior strongly depends on the 

internal structure of the material. In fact, the capillary force controls the transport of fluid 

through interconnected pore channels and the material wetability influences the velocity 

and height of rise fluid in capillaries [37-38]. The optimal combination of both features 

encourages the bone marrow penetration within the internal structure of the implant. This 

results in a good attachment between any contacting tissue and the porous NiTi implant. 

An interconnected porosity is very important because the bone will grow within the 

interconnected pore channels near the surface maintaining its vascularity as well as long-

term viability and providing a desirable firm fixation. It has been found that the optimal 

pore size is in the range of 100-400 \im. [39]. Besides their opened porous structure 

allows bone tissue ingrowth into the body of the implant and thus provides the desirable 

firm fixation. 

The porosity affects also the mechanical behavior of the material [40]. A good matching 

between the elastic modulus of the bone (20 GPa) and that one of the implant is needed. 

The closer values have been shown by NiTi alloys in the martensite phase (28-41 GPa). 

Moreover, if the material has an internal structure of 50% porosity, it exhibits a lower 

modulus (14-20 GPa), which allows the possibility of significant bone ingrowth at this 

matching value. 
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2. 4. 2 Fabrication Methods 

Porous NiTi can be produced by various manufacturing processes. We can mention, for 

instance, Powder Metallurgy and Self-propagating High-temperature Synthesis (SHS) 

[40-41]. Powder metallurgy process NiTi alloys consist in the compactation and sintering 

of Titanium and Nickel powders [42]. The investigation of their properties and behaviors, 

including crystal structure, phase composition, mechanical properties and shape memory 

parameters, started to be carried out in the late 1970's [40]. From these studies, it has 

been reported that the properties of the sintered alloys are extremely sensitive to the 

sintering conditions. The SHS method, also called ignition synthesis, is based on the 

utilization of the exothermic heat formation upon interaction of various elements. There 

are two kinds of SHS: layer burning and heat explosion. In the former, heat is initially 

released due to localized exothermic reaction in some regions. It is then absorbed by the 

neighboring layers of powder, causing reactions and thereby shifting the reaction zone. In 

this case, a chemical reaction takes places only in a thin-layer wave of burning but not in 

the whole volume at the same time. In the latter, the increase of the temperature in the 

whole volume of the reacting system leads to a self-ignition that is similar to an 

explosion. In the reacting zones the maximum temperature values reached in both 

techniques are similar. These temperatures can be lower, equal, or even a little higher 

than the melting point of NiTi [40]. Both methods can be used efficiently to control the 

porosity range and thus providing appropriately sized and interconnected pores, in order 

to create similar bone morphology. 

Various parameters are involved in the production of porous samples with SHS method, 

Chenglin et al. established that preheating temperature of the green compact is a key 

parameter that define the shape and distribution of the bores [43]. They found that a 

preheating temperature lower than 250°C will result in uniform distributed stripes. At a 

temperature between 250-400°C the pores are spherical and homogeneously distributed. 

Above 400°C, the pores are spherical but distributing heterogeneously. They measured 
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the compressive strength at a 70% porosity to be up to lOOMPa and the recovery 

percentage of 92%. Although pore distribution is important, they do not mention being 

able to control the porosity of the final product. 

2. 4. 3 Mechanical properties 

In order to have a good implant their mechanical properties most match those ones of the 

bone, this is called mechanical biocompatibility. It is very important because most of the 

materials that are used nowadays do not respect this issue; the biggest consequence is the 

possibility of bone resorption around the implant. The bone needs a mechanical charge to 

renew itself, when a material that has a higher elastic modulus is used to replace bone the 

mechanical charges will go through the implant, avoiding the natural regeneration 

process of the bone. In the last few decades more research has been done to study this 

particular matter. The mechanical properties of porous alloys have been investigated and 

evaluated in order to reach this important mechanical match. 

The mechanical properties of porous NiTi alloys produce by sintering or SHS depend on 

different parameters, such as porosity and sintering temperature. In fact Shabalovskaya et 

al. carried out a study to compare the mechanical properties of porous samples produce 

by both methods [44]. They observed that the superelasticity and shape memory 

properties where present and depend on the sintering conditions. Other properties such as 

yield strength and recoverable strain seemed to be controlled by the porosity. For 

example, on solid samples of NiTi it is possible to apply up to an 8% deformation and as 

mention before by heating at the right temperature it will recover its shape. It is necessary 

to be careful not to exceed the 8% limit otherwise irreversible dislocations can appear. 

Deformations applied to porous samples are not uniform and regions with a 10% 

deformation can be found, therefore the percent of recoverable strain can not be greater 

than 70%. They observed that an increase in the porosity from 20-60% increases the 

volume recovery. The authors point out that porous NiTi alloys are very sensitive to any 
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changes in composition or thermo-mechanical treatment. In fact in order to obtain the 

optimal characteristics in any application a control of these parameters has to be 

achieved. 

In another study performed by Martynova et al. a new feature is integrated, something 

they called volume memory effect [45]. The mechanical properties of porous NiTi alloys 

were investigated; the results show that the reversible deformation material exceeds the 

one of non porous alloys. This is a contradiction to the study of Shabalovskaya. In fact 

they associated the heterogeneity of the sample to this behavior. They explained that the 

deformation goes together with macroscopic volume changes; in consequence the shape 

recovery in the matrix provides the initial volume body; which they called volume 

memory effect. Regarding the porosity they observed that the recovery degree is 

proportional to the porosity, so for lower porosities lower recovery degree. The same 

effect was measured under compression loading; the maximum value was obtained for 

higher porosities. A 100% recovery was observed after a few loading-unloading cycles, 

the higher the porosity the more cycles were needed, however the reversible deformation 

value decrease considerably. They conclude that the functional capacities of porous 

alloys expands the SME alloys due to a wider range of permissible macroscopic 

deformations and also because powder metallurgy methods are useful when 

manufacturing complex parts. 

On the other hand Li et al. studied the compressive strength of porous NiTi alloys 

produced by combustion synthesis [46]. They used several samples with different 

porosities. The porosity was fhree-dimensionally interconnected; therefore good for bone 

ingrowth. The pore size ranged from 200-600 um, which met the demands for a 

cancellous bone replacement. They reported three main regions on the stress-strain curve: 

an apparent linear elastic phase, an increasing steeply stress yield phase then the 

maximum was reach and a fracture failure appears. Even thought the stress-strain curve 

for cancellous bone presents also three portions, it is obvious that the behavior is 
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completely different. However the compressive strength of the porous NiTi alloys was 

found in the same range as that one of the cancellous bone at the corresponding porosity. 

They found that by increasing the porosity the compressive strength and strain decrease. 

Secondary electron images allow the evaluation of the fracture morphology; they 

conclude that it was a ductile fracture. In another study, the same authors were able to 

evaluate the Young's modulus and recovery strain. They compare porous NiTi alloys to 

bulk NiTi and stainless steel. They observed that the porous samples presented a lower 

Young's modulus that match the value of cancellous bone and a higher recovery strain 

after loading. They conclude that porous NiTi with 60% porosity has a better mechanical-

compatibility than solid NiTi and stainless steel. 

As we can see porosity plays an important role in the mechanical properties of porous 

NiTi alloys. The porosity and pore size will be defined by the medical application. It 

seems that the fabrication methods are controlled successfully to produce the desired 

porosity. It is important to mention that interconnected porosity is required for a material 

that will replace bone. In fact this feature will facilitate bone ingrowth and good fixation 

of medical devices. 

2. 4.4 Corrosion resistance 

Once the mechanical properties have been met, it will be important to determine the 

corrosion resistance of porous NiTi alloys for medical applications. There is concern 

about the metal ion release, especially for Nickel ions. As we pointed out already solid 

NiTi exhibits a good corrosion resistance and biocompatibility. As we will find the same 

oxide layer on the surface of porous NiTi alloys we expect that its electrochemical 

behaviour will be similar. However there is a concern regarding its porosity which gives 

a non homogenous surface. We could think that the oxide layer will present some 
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morphologic defects but in terms of chemical composition we do not suspect any 

differences. 

Despite the interest that has been pointed to these alloys a few studies have been carried 

out regarding its corrosion resistance. In one such study, Abiko et al. studied the 

corrosion resistance of different samples, a polish plate, a porous specimen and a thin 

film [9]. Their objective was also to evaluate the biological response of MC3T3-E1 and 

human fibroblast. Surface analysis demonstrated the presence of a Ti02 layer without Ni 

oxides for the three specimens, although the thickness was different. They observed that 

even after polishing the plate presented some defects, therefore a non-uniform surface. 

The porous samples seemed to be actively corrosive in saline solution, a breakdown 

potential of 60 mV for porous NiTi was measured. In fact the thin film specimen 

presented the higher breakdown value and lower current density. This might be due to the 

fact that the oxide layer was uniform on this sample. Even though the results seemed to 

be better for this sample there is a contradiction with other studies, because thin films 

presented a thicker oxide layer. The results found for porous samples could be explained 

by the inhomogeneous surface structure. There is no mention on how the active surface 

of porous specimens was calculated. Becker and Bolton performed a study on three 

porous materials, stainless steel 316L, Ti-6A1-4V and Co-29Cr-6Mo [47]. They conclude 

that porous sintered 316L exhibited the worst anodic behaviour while Ti-6A1-4V 

exhibited the best behaviour. They identify pore geometry, especially pore size and 

compositional variations having a significant effect on corrosion behaviour. They also 

pointed out that all elements released from three materials can cause toxic reactions from 

surrounding body tissue. They recommended further studies in order to minimise the 

corrosion of such materials. 

Yong_Hua Li et al. conducted a study on porous NiTi alloys recently [10-11]. They 

compare a porous sample filled with resin and as received sample. They found that the 

porous sample exhibited passive characteristics; however its corrosion resistance was 
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lower than the one of solid NiTi. They concluded that pores have a significant effect on 

corrosion. In another study the same authors compare porous samples with different 

porosities. They conclude that the corrosion resistance of porous NiTi decreased with the 

increase of porosity, but it is still less resistant than solid NiTi. They indicated that this 

behavior could result from the interconnected and permeable porous structure of the 

samples. There is no mention on these articles about the measurement of the active 

surface area for the corrosion evaluation. 

Another factor that may reduce the corrosion rate in an alloy is related to its lower surface 

area due to higher portion of big sized pores [33]. Thus, alteration of the corrosion 

behavior of porous Nitinol by the manufacturing process is possible and merits further 

research. 

Further studies are necessary because porous materials present some difficulties in their 

electrochemical studies, such as the measurement of the active surface. There are some 

techniques that allow measuring the specific surface of porous materials such as 

Brunauer-Emmett-Teller (BET). However this technique does not provide accurate 

information regarding the activity of the surface during the corrosion process. 

2.4.5 Biocompatibility 

Good surface properties and biocompatibility are crucial to porous NiTi used in medical 

implants as possible nickel release from these alloys may cause deleterious effects in the 

human body [48]. The evaluation of the biocompatibility of porous NiTi has not been 

widely studied, there are some studies that point out that these alloys present an 

acceptable biocompatibility. For instance, Shabalovskaya et al. carried out an in vitro 

study and concluded that the porous as well as the solid phases of NiTi are well accepted 

by human tissues as nearly as pure Titanium is [49]. The nickel surface concentration 

seemed to be quite similar for solid and porous NiTi from the results of surface analysis. 
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Lymphosytes-T cells were chosen for this study, due to their important role on the 

immune system. The proliferation rate for the cell exposed to porous NiTi was found to 

be about 60-100% compare to that one of solid alloys. Ni specimens were used as control 

sample; the proliferation cell was very low as expected because of its toxicity. 

In the study by Abiko et al., mention before they pointed out that cell growth was 

difficult to evaluate due to cell growth in the interior of the pores [9]. They did not find a 

difference of the number cells present on the three specimens. However porous samples 

presented a reduce biocompatibility; probably due to its low corrosion resistance. 

Based on in vitro and in vivo experiments, Rhalmi et al. evaluated the muscle and bone 

reaction to porous NiTi [50]. A cell culture was performed prior to implantation. L-929 

fibroblasts were used. After 3 days incubation period, they manage to grow inside and 

around the porous specimens. No cytotoxic effect was observed. The porous implants 

seemed to be well attached to the soft tissue and they did not cause any adverse effects. A 

normal inflammatory reaction was observed. They observed bone ingrowth within the 

pores of the implants three weeks after implantation. In fact there was an increment of 

bone inside the pores in implants close to the cortex with increasing implantation time. 

So that at 3 month period the pores of the porous specimens were filled at about 80%. No 

adverse tissue reaction was observed at the bone implantation site. The authors conclude 

that they results indicate a good biocompatibility of porous NiTi alloys, and suggested 

further bone implantation studies most likely in vertebrae. 

Kang et al. also found that bone ingrowth in porous NiTi increases with implantation 

time [51]. They measured a 78.3 + 9.7 bone ingrowth after 6 weeks implantation, much 

faster than Rhalmi et al. results and higher compare to other porous materials. There was 

no presence of inflammation or foreign body reaction. Therefore they conclude that the 

biocompatibility of porous NiTi is excellent and it is an ideal bone substitute. 
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The bone ingrowth on bones has also been measured by other authors. Simske and 

Sachdeva, and Ayers et al. were able to demonstrate bone ingrowth into porous Nitinol in 

the crania of rabbits was evident as early as six weeks and that bone contact is made with 

the surrounding cranial hard tissue. [51-52] 

Porous NiTi alloys seemed to be accepted by the human body tissues. Their porosity and 

mechanical biocompatibility made them good candidates for bone substitution. We could 

mostly suggest orthopedic and dental applications. However there are still a few features 

that have not been fully investigated. We already mention the capillarity property, which 

was also, mention by authors of ref. 50 regarding the high tissue attachment and 

penetration. This property needs to be studied to be better understood in order to explain 

good fixation. Others porous materials have been studied but they do not present these 

faster results, so we could assume that the implant architecture might not be the only 

reason for good tissue ingrowth. 

2. 4.6 Medical Applications 

Porous NiTi have recently attracted attention in clinical surgery because they are a very 

interesting alternative to more brittle and less machinable conventional porous CA-based 

ceramics [54]. Ideally porous NiTi alloys are used for bone replacement, due to their 

porosity, mechanical properties. In fact in some countries like Russia and China, they 

have been used for several decades in orthopedics and maxillofacial applications; 

showing no significant detrimental effects of implanted devices [5-8]. 

In North America, solid NiTi alloys have been use in cardiovascular and dental 

applications, such as stents, filters [24, 55] and dental wires [56-57]. Their shape memory 

effect, superelasticity and biocompatibility have been a great advantage over other 

materials. There is still concern over nickel ion release and corrosion resistance. 
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Lately a Canadian company fabricated a disc spine replacement made with porous NiTi, 

produced by SHS method, the company called it Actipore™. Basically they aimed 

orthopedics applications; among their products we found a vertebral disc replacement. In 

order to evaluate its biocompatibility a study was carried out on lumbar on two lumbar 

levels on sheep [58-59]. A NiTi intervertebral implant was compared to a titanium cage 

system. The results indicated a better osseointegration on the NiTi implants. They pointed 

out that the implant structure and shape have an influence on its functionality but their 

biocompatibility is comparable. 

The study of the surface of these implants was carried out to evaluate the nickel ion 

release [60]. There was no evident data of surface corrosion observed either prior or 

postimplantation. Inductively coupled plasma-mass spectrometry (ICP-MS) was used to 

evaluate the nickel ion release. The results showed that blood nickel levels were found to 

be within acceptable levels. The authors concluded that porous titanium-nickel 

demonstrates resistance to both in vivo surface corrosion and nickel ion release and 

compared very well with a conventional titanium implant. The evaluation was carried out 

in a course of 12-months. 

There are other medical applications that can be taken into account, recently a proposition 

of a stent fabricated from an ultra flat porous NiTi sheet [61]. Their advantage relies on a 

low delivery profile, variable coverage and superelastic properties. Attachment of a 

polymer coating seemed to be improved by using this kind of material, as well as precise 

positioning. The fluid dynamics are superior. An 81% success rate was measured. This 

concept appears to be very attractive and could be applied to exclude aneurysms and 

provide a cure for artero-venous fistulas. 
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2. 5 Other Porous materials 

2. 5. 1 General 

Several materials have been used over the years to replace and repair bone such as 

stainless steel, pure titanium, Ti6A14V, and cobalt-chrome for metallic materials. 

Basically surface treatments have been performed to obtain a porous surface, for example 

the use of plasma spray. Porous surfaces are important in bone replacement because of 

desirable bone ingrowth. However machining of these materials is not always easy. There 

are new emerging porous materials like tantalum. 

2. 5. 2 Titanium 

Titanium is a well-known implant material widely and successfully used in medicine. 

The primary reason for using titanium in medical applications is its biocompatibility [62]. 

The biocompatibility of this alloy relies on a native passive titanium oxide layer. The 

basic corrosion and biodegradation properties of Ti have been studied by in vivo and in 

vitro evaluations [63]. 

Titanium and its alloys possess suitable mechanical properties such as strength, bend 

strength and fatigue resistance to be used in orthopedics and dental applications. It can be 

used under load-bearing conditions [64]; however their poor fatigue resistance has been 

reported [65]. 

As we mention before porous surfaces are better candidates to replace bone because they 

allow a better bone ingrowth and tissue attachment. The textured surface can be achieved 

by the application of sintered beads, meshes or plasma-spray coatings to the surface [66]. 
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In order to evaluate the possibility of using porous titanium for spine applications a study 

was conducted by Takemoto et al. [67]. Porous titanium implants sintered with volatile 

spacer particles (50% porosity, average pore size 303 urn) were subjected to chemical 

and thermal treatments to produce a bioactive microporous titania layer on the titanium 

surface. Dogs were the animals used in this study at a one lumbar lever (L6-7). After 

three months implantation histological examination demonstrated a large amount of new 

bone formation on the treated samples. The non treated samples presented a fibrous tissue 

formation on the surface. Therefore, bioactive treatment effectively enhanced the fusion 

ability of the porous titanium implants. 

Although metallic devices were selected due to their stable oxide film, it has been 

observed that sterilization process have an influence on their electrochemical behavior 

[68-69]. It has been reported that the oxide layer on pure titanium implants, retrieved 

form human tissues has increased two to three times. Therefore the material undergoes an 

electrochemical process under physiological conditions [69]. 

Even thought the corrosion resistance of Titanium is well established and found to be 

excellent, some treatment had been applied to titanium surfaces to evaluate their 

behavior. For example, titanium plasma spray, hydroxyapatite coatings, sandblasted and 

acid etched. Some of the treatments are also applied to generate a porous surface. The 

studies show that porous Ti surface has a significantly better biocompatibility than the 

other surface treatments and an excellent electrochemical performance [70]. 

As we can see Titanium alloys also present advantages and disadvantages over other 

metallic materials. 
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2. 5. 3 Tantalum 

Porous tantalum, a new low modulus metal with a characteristic appearance similar to 

cancellous bone, is currently available for use in several orthopedic applications (hip and 

knee arthroplasty, spine surgery, and bone graft substitute) [71]. Tantalum trabecular 

metal offers several advantages over other current conventional materials used for 

implants by its uniformity and structural continuity, strength, low stiffness, high porosity, 

and high coefficient of friction [72]. This material is manufacture with the pyrolysis of a 

thermosetting polymer foam precursor to obtain a low density vitreous carbon skeleton 

which has a repeating dodecahedron array of pores interconnected by smaller openings or 

portals [73]. Commercially pure tantalum is deposited into and about the carbon skeleton 

using chemical vapor deposition/infiltration (CVD/CVI) to create a porous metal 

construct. The material can be produced at high volume porosity up to 75% to 80%. It 

can be machine-shaped into custom designs in situations of massive bone loss [74]. 

Tantalum has excellent biocompatibility and is safe to use in vivo as evidenced by its 

historical and current use in pacemaker electrodes, cranioplasty plates and as radiopaque 

markers. The bioactivity and biocompatibility of porous tantalum are due to its ability to 

form a self-passivating surface oxide layer [71]. Formation of a bone-like apatite coating 

in vivo affords strong fibrous ingrowth properties and allows for substantial soft-tissue 

attachment with the potential for use in cases such as mega-prostheses and patella salvage 

[75]. 

A few studies have been carried out to evaluate bone ingrowth and tissue attachment on 

this material. The bone ingrowth was evaluated in a simple transcortical canine model 

[73]. The extent of filling of the pores of the tantalum material with new bone increased 

from 13% at two weeks between 42% and 53% at four weeks. In a period of 16 and 52 

weeks the average extent of bone ingrowth was found at a ranged from 63% to 80%. 
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Evidence of Haversian remodeling was present at the interface bone/implant. Mechanical 

tests at four weeks indicated a minimum value of shear fixation strength of 18.5 MPa, 

substantially higher than has been obtained with other porous materials with less 

volumetric porosity. The samples presented 75% to 80% porosity. 

In another study eight dorsal subcutaneous implants (in two dogs) were used to evaluate 

the performance of tantalum [76]. The tissue attachment strength to porous tantalum was 

three- to six-fold greater than was reported in a similar study with porous beads. This 

study demonstrated that porous tantalum permits rapid ingrowth of vascularized soft 

tissue, and attains soft tissue attachment strengths greater than with porous beads. 

Although porous tantalum is in its early stages of evolution, the initial clinical data and 

basic science studies support its use as an alternative to traditional orthopedic implant 

materials [75]. 
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CHAPTER III. Objective 

Porous Nickel Titanium alloys have shown a great potential in the fabrication of 

biomedical devices. Their porous structure in combination with their unique shape 

memory properties made them suitable for bone replacement, therefore useful in 

orthopedic and dental applications. However there are still some concerns for the use of 

this porous alloy for long term implants due to its high Ni content that might cause a 

possible Ni ion release. Considering that ion release is strongly related to the corrosion 

resistance of a material, this work aims to elucidate the electrochemical behaviour of 

these alloys. 

The main purpose of this study is to evaluate by using new approaches the corrosion 

resistance of porous Nickel Titanium alloys for medical applications 

In order to achieve this goal the specific objectives were: 

a) To determine the physical properties and surface characteristics such as phase 

transformation, surface chemical composition and morphology of different 

samples. 

b) To evaluate the influence of a heat treatment applied to optimize the behavior and 

the biocompatibility property of these materials in their characteristics 

c) To evaluate the corrosion resistance of different types of porous NiTi alloys 

d) To evaluate and compare the corrosion resistance of porous and solid NiTi alloys 

by using a new approach (Spectroelectrochemistry) 
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CHAPTER IV. Experimental Procedure 

4.1 Materials 

The NiTi alloy samples were fabricated using the Self propagating High temperature 

Synthesis (SHS) method, also called ignition synthesis, is based on the utilization of the 

exothermic heat formation upon interaction of various elements. This technique is used to 

produce porous samples. The specimens present an interconnected porosity that will 

allow bone ingrowth and therefore a good fixation of implants. 

The specimens used for this study were obtained by the Self-propagating High-

temperature Synthesis (SHS) procedure. Four types of NiTi alloys to be denoted in the 

following by A, B, C and D, from different suppliers, were analyzed. The sample A was 

provided by Professor Victor E. Gjunter from the Institute of Medical Materials and 

Shape Memory Implants, Tomsk, Russia, and the sample B was provided by Dr. Tae-

Hyun Nam Division of Materials Science & Engineering Gyeongsang National 

University, Korea. The sample C was provided by Professor B. Silberstein from the 

Institute of Medical Materials and Shape Memory Implants, Russia made in a laboratory 

in Israel, and the sample D was provided by Dr. John Moore from the Colorado School of 

Mines (Non equiatomic alloy 48Ti-51Ni). 

4.2 Annealing process 

One series of specimens from each sample were submitted to an annealing process at 

550°C for 30 min in an air atmosphere. The main purpose of this treatment is to release 

internal stress created during the forming processes. The temperature of 550°C was 
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chosen because at that temperature the damping reaches its maximum value in the 

martensite phase [77]. 

4. 3 Thermal Analysis: Differential Scanning Calorimetry 

4. 3.1 Principle 

Shape memory alloys have two different phases, martensite and austenite; each of them 

has its own physical properties. Depending on the application the user decides what state 

is suitable. The Differential Scanning Calorimetry technique is used to identify the phase 

transformation temperatures of the shape memory materials. 

Differential Scanning Calorimetry is a quantitative technique that measures the difference 

in the amount of heat required to increase the temperature of a sample and an inert 

reference as a function of the temperature. To obtain an accurate measure it is important 

to keep both the sample and the reference at nearly as possible to the same temperature. 

Mostly all of the physical or chemical transformations are associated with heat absorption 

(endothermic) or heat liberation (exothermic) [78]. The differential heat flow between an 

inert reference and a sample upon heating or cooling at a particular rate or under 

isothermal conditions is measured, therefore it is possible to calculate the amount of heat 

that has been absorbed or released. Only in the case of a thermal event characteristic of a 

particular material, a difference exists and a signal will be registered. This technique is 

widely used to determine glass transitions, melting points, and any other phase 

transformation in metals and polymers. 

This technique will be used to identify the martensite and austenite phases of the different 

samples. 
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4. 3. 2 Sample Preparation 

The cylindrical specimens, with a thickness of 2 mm, and diameter of 10 mm were cut 

from porous rods with a diamond saw in order to maintain their internal structure. They 

were cleaned during 10 min by immersion in a bath containing first acetone, then 

methanol using an Ultrasonic cleaner (Branson, Model 2510) apparatus. A sample of 25 

mg was sealed in an aluminum crucible. 

4. 3. 3 Equipment 

The analyses were carried out in a Perkin Elmer Pyrisl Calorimeter equipped with a 

CryoFill Liquid Nitrogen Cooling system. The apparatus has been calibrated into 

temperature interval 0°C - 200°C at a rate of 10°C, using Indium as reference materials. 

Each specimen with a mass of 25 mg approximately, have been cycled once within the 

range of 0°C to 190°C at a heating/cooling rate of 5°C, using He as purge gas. We have 

recorded two thermograms of the treated and non treated specimen of each material. 

4.4 Morphological Analysis: Scanning Electron Microscopy 

4. 4. 1 Principle 

The scanning electron microscopy (SEM) analyses were performed in order to determine 

the surface morphology and the porosity. The information is obtained from the 

interactions of an electron beam and the surface sample. The electron beam is generated 

from a tungsten filament. When the primary electron beam interacts with the sample, an 

electron emission and electromagnetic radiation is produced, and directed to a detector 

[79]. Two types of electrons are emitted from the surface. Low energy electrons are 
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detected with an Everhart-Thornley detector, a scintillator-photomultiplier device. The 

electric signal is amplified and used to produce an image. The size of the interaction 

depends on the beam electron energy, the atomic number of the sample and its density. 

The obtained image is well defined and has a three dimensional appearance. Using this 

technique, = 5-10 nm resolution is possible. This resolution depends on different 

condition such as the nature of the sample and the equipment that is used. The other type 

of electrons that can be detected, are high energy electrons so called backscattered 

electrons. These electrons are reflected or back-scattered after its interaction from the 

surface sample. Backscattered electrons are useful to identify different chemical 

compositions. This is possible because the backscattered-electron coefficient increases 

with the atomic number. Therefore regions with different contrast are observed. 

The morphological characteristics such as porosity and surface texture will be determined 

with the use of this technique. 

4. 4. 2 Sample Preparation 

Cylindrical specimens 5mm thickness and 10 mm diameter; were sonically cleaned 

during 10 min by immersion in acetone, follow by methanol using an Ultrasonic cleaner 

(Branson, Model 2510) apparatus. These cylinders were mounted in a copper sample 

holder with carbon paint. 

4. 4. 3 Equipment 

The micrographs were taken using a JEOL model JSM-840 Scanning Electron 

Microscope at 15.0 kV coupled to an ultra thin window (UTW) energy dispersive X ray 

spectrometer (EDS). 
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4.5 Surface Analysis: Electron Spectroscopy for Chemical Analysis 

(ESCA) or X-Ray Photoelectron Spectroscopy (XPS) 

4. 5. 1 Principle 

The Electron Spectroscopy for chemical analysis (ESCA), also called X-ray 

Photoelectron Spectroscopy (XPS) technique provides qualitative and quantitative 

information on the elements present at the surface of the sample; therefore it permits to 

identify the surface chemical composition. Some features are a elements detection at a 

>0.1 atomic % concentration, b) information about molecular environment (oxidation 

state, bonding atoms, etc.) c) depth profiles about several hundred nanometers in the 

sample with ion etching technique [80]. These characteristics among others make this 

technique the most powerful analytical tool available. 

In order to carry out an analysis, the sample or surface to be analyzed is first place in a 

vacuum environment and then irradiated with photons. For ESCA, the photon source is in 

the X-ray energy range. The atoms comprising the surface emit electrons (photoelectrons) 

after direct transfer of energy from the photon to the core-level electron. These emitted 

electrons are subsequently separated according to energy and counted. The energy of the 

photoelectrons is related to the atomic and molecular environment from which they 

originated. The number of electrons emitted is related to the concentration of the emitting 

atom in the sample. 

The chemical composition of the oxide layer of the sample will be determined with the 

use of this powerful technique. 
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4. 5. 2 Sample Preparation 

Cylindrical samples with dimensions of 5 mm thickness and diameter of 10 mm were 

used. The specimens were degreased by a 10 min immersion in an ultrasound bath in 

acetone, followed by methanol using an Ultrasonic cleaner (Branson, Model 2510) 

apparatus to remove any surface contamination. These cylinders were mounted on a 

copper sample holder using a copper sticky tape. 

4. 5. 3 Equipment 

The measurements were made by using VG ESCALAB-3 Mark II system equipped with 

a non-monochromatic twin-anode X-ray source. The Al Kai-2 x-ray radiation with an 

energy of 1486.6 eV was used. The anode was operated at 14.7 kV and 20 mA, and the 

analyzer was operated at constant pass energy of 20 eV. The spectrometer was calibrated 

at the binding energy of Au (4f7/2) (84 eV), Ag (3d5/2) (368.3 eV) and Cu (2p3/2) 

(932.4 eV) levels using pure metals. The resolution of the instrument is 0.8 eV. The 

adventitious Cls peak at 285.0 eV was taken as energy reference for charge 

compensation. The data shown were obtained at a take off angle of 0° with respect to the 

surface plane. 

4. 6 Surface Analysis: Auger Electron Spectroscopy 

4. 6. 1 Principle 

Auger electron spectroscopy (AES) represents today the most important chemical surface 

analysis tool for conducting samples. The method is based on the excitation of so-called 



39 

'Auger electrons'. AES principle is based on the use on primary electrons with typical 

energies between 3-30 kV and the possibility to focus and scan the primary electron beam 

in the nanometer and micrometer range analyzing the top-most atomic layers of the 

matter [81]. The emitted Auger electrons are part of the secondary electron spectrum 

obtained under electron bombardment with a characteristic energy allowing one to 

identify the emitting elements. The experimental setup is very similar to that of a 

Scanning Electron Microscope, with the difference that electrons are not only used for 

imaging but also for chemical identification of the surface atoms, depth profile and 

measurement of the thickness of the oxide layer. 

Auger electrons with energies up to 2000 eV, have a high probability to escape only from 

the first few monolayers because of their restricted kinetic energy. Consequently, they are 

much better suited for surface analysis. 

The thickness as well as the elemental composition of the oxide layer will be determined 

by using this technique. 

4. 6. 2 Sample preparation 

The cylindrical specimens of 5 mm thickness and 10 mm diameter were mounted in a 

sample holder with silver paint. In order to avoid any surface contamination they 

were ultrasonically cleaned during 10 min in acetone, follow by methanol in an 

Ultrasonic cleaner (Branson, Model 2510) apparatus. 
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4. 6. 3 Equipment 

The Auger analyses were performed in a JEOL JAMP-30 system equipped with a LaB^ 

filament and at a background pressure of 10"7 Pa. The depth profile of chemical elements: 

Ni, Ti, Cr, and O, were acquired at an energy resolution of 0.1% using 10 kV, 0.5 uA 

argon ions. The argon etch rate was calibrated on a standard of thermally grown SiC>2 of 

1000 A of Si. These analyses were carried out before and after the heat treatment in order 

to compare the effect of heat processing on the samples. 

4. 7 Electrochemical behavior evaluation: Voltammetry 

(Potentiodynamic mode) 

4. 7. 1 Principle 

In this technique the potential is varied between two defined limits El and E2 

E(t)+ = E(t = 0) + It Where: I = dE/dt 

The electric current is a function of the scan rate [1= f (E, I)] 
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El 

Figure 4.1 E/t diagram 

The potentiodynamic tests or voltammetry consist in varying the potential from El to E2, 

or up to point b. In the cyclic polarization, the start potential and end potential are the 

same, so the scan takes place from El to E2 and goes back to El . (Figure 4.1) This 

permits to observe the hysteresis loop which is an indicator of the crevice corrosion 

susceptibility. 
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Figure 4.2 Typical corrosion curve 

From both tests information is obtained in the corrosion curve (Figure 4.2). Several 

values and parameters are calculated in both tests: Ecorr (the corrosion potential), ICOrr (the 
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corrosion current), Eb (the breakdown potential of the passive film) and Ep (the 

repassivation potential). This last value is only calculated for the cyclic polarization 

tests. These parameters are defined as follows [82]: 

Ecorr is the value of potential at witch cathodic and anodic potentials equilibrate. This is 

an indicator of the stability of the surface. 

Icorr, the corrosion current is associated to Ecorr. It is a relative measure of corrosion. This 

value is necessary to calculate the corrosion rate that illustrates the quantity of material 

lost during corrosion 

Eb, the breakdown potential, indicates at what point the passive oxide layer stops being 

protective; which permits the possible formation of pits. While the passive film is broke, 

the current increase rapidly. The higher the Eb, the more resistant the metal is to pitting 

corrosion 

Ep is the potential of repassivation, and is define as the intersection between the reversed 

scan and the initial one. 

Certain conditions are considered in the corrosion standard to analyse the results: 

• The difference between Ep and Eb values is an indicator of the pitting corrosion 

resistance of the material. The smaller the difference, the greater is the resistance. 

• The hysteresis between Ep and Eb is an indicator of crevice corrosion 

susceptibility. The smaller the hysteresis, the greater is the resistance. 

• When the scan is reversed, if the curve goes over the curve done before 

application of the reversed scan, the metal shows total repassivation. In this case, 

no hysterisis is formed and the point where the scan is reversed is called the 

vertex potential (Ev). This point shall be reported instead of Eb and Ep if it 

happened. 

• If Eb is not present on the curve, there is nor pitting nether crevice corrosion of the 

metal. 
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The critical parameters such as corrosion potential, breakdown potential and corrosion 

rate will be measured to evaluate the corrosion resistance of the different samples. 

4. 7. 2 Cell 

The electrochemical investigations were done using conventional so-called three 

electrodes cell (Ballon) provided by Gamble technology Inc. While the working electrode 

is our sample, in this case the NiTi, a graphite electrode and a saturated calomel electrode 

is used as a reference electrode (Figure 4.3). The corrosion tests were performed in 

potentiodynamic mode at 37°C using Hank's Balance Salt Solution as electrolyte 

according to the ASTM G5-94 procedure [83]. This electrolyte was deoxygenated with 

nitrogen gas before and during the experiments. After an initial delay (lh) which allows 

the stabilization of the open circuit potential (OCV), the test was started. A 0.17 mV/s 

scan rate was applied in the potential range from 250 mV to lOOOmV. The density and 

porosity of the sample are used to calculate the surface of the sample. 

Figure 4.3 Corrosion cell set up for potentiodynamic tests 
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4. 7. 3 Electrode preparation 

Cylindrical specimens 5mm thickness and 10 mm diameter were used. To insure a clean 

surface the samples were immersed for 10 min in acetone follow by methanol in an 

Ultrasonic cleaner (Branson, Model 2510) apparatus. A PPME holder was fabricated as 

show in the Figure 4.4 to expose only one side of the cylindrical sample. 

Upper part of 
specimen chamber 

f * } - — Sample holder 

ft-—* Sample 

^ — * Sample 0-ring 

r ~ ~ j ~ * Lower part of 
specimen chamber 

Figure 4.4 Sample's holder for the electrochemical evaluation. 

4. 7. 4 Equipment 

Potentiodynamic tests were performed in a Potentiostat/Galvanostat, Model 273, EG&G 

Princeton Applied Research. 

4. 8 In situ Fourier Transformed Infrared Reflectance Spectroscopy 

4. 8. 1 Principle 

This method couples two different techniques: one electrochemical and the second optic 

spectroscopy. It allows the in-situ study of the interface electrode/solution under a 

variation of potential. 
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In the Optic spectroscopy reflexion the variations of the characteristics of the incident 

electromagnetic wave (wavelength, polarization, intensity) after reflexion by the surface 

electrode can be associated to its physical properties (optical, electric and magnetic) [84]. 

Therefore the identification, of species form at the surface and on the immediate 

surrounding of the electrode, is possible by the detection of their characteristic vibrational 

spectra. 

The different electrochemical parameters (corrosion potential, breakdown potential and 

corrosion rate) will be measured as well as the relative reflectivity in order to identify the 

interactions between the electrode and the electrolyte. 

4. 8. 2 Cell 

This electrochemical cell was fabricated in Kel-F (a high density Teflon) mounted on an 

aluminum support. The cell is equipped with a calcium fluoride (CaF2) transparent 

window on the studied range (1000-3000 cm"1). It consists in a Saturated Calomel 

Electrode as reference, and a platinum counter electrode (Figure 4.5). The same 

procedure as in the potentiodynamic tests was followed. Two conditions were change, 

first the scan was started at a 500 mV more cathodic potential than the open circuit 

potential (OCP), increasing toward the anodic values at a constant rate of 0.17mV/s up to 

2000mV/SCE, and then a reverse scan was carried out toward the cathodic value. Second, 

the Hank's Balanced Salt Solution was used without phenol red, to avoid any influences 

due to this chemical component. 
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Figure 4.5 Corrosion cell set up for in-situ FTIR spectro-electrochemistry 

4. 8. 3 Electrode preparation 

The samples were mechanically polished through a series of silicon carbide papers up to 

a 600-grit surface finish and then finished mirror-like using a 1 urn diamond paste on an 

Ecomet 3 Grinder/Polisher. The sample was place in a Kel-F holder fix with resin to 

avoid any leakage. The sample holder was positioning in the middle of the cell as shown 

in the Figure 4.6. The working electrode is place against the CaF2 window, in a way that 

the optic trajectory is minimized (a few micrometers), during the acquisition data. 
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Figure 4.6 Sample detail for the UV spectro-electrochemistry cell 

4. 8. 4 Equipment 

Fourier Transformed Infra-Red system IFS 66/S Bruker Optics equipped with a MCT 

Mid-band D316 detector. The detection range is found on the range of 10000-600 cm"1 

with a sensitivity D*>2.5xl010cm Hz1/2 W1. A middle infrared lamp was used as a source 

of light. The electrochemical equipment used was a Potentiostat/Galvanostat, Model 273, 

EG&G Princeton Applied Research. 
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5.1 Abstract 

We investigate the behavior of NiTi porous alloys, possessing the property of shape 

memory, by using different characterization methods XPS, Auger, DSC and SEM. The 

study mainly focuses on the determination of porosity, surface characteristics and the 

phase transformation. In the case of porous material the biomechanical compatibility is 

closely related to the internal structure and porosity distribution. To describe 

appropriately the influence of the properties of NiTi on the memory shape, two types of 

materials provided by different sources has been analyzed. Despite the fact that both 

materials present different pores size, they exhibit an open and interconnected porosity. 

Our measurements show that the temperature of the inception of the martensite-austenite 

phase transition occurs at 60°C, which is by 20°C greater than the body temperature. 

Moreover, we show that the surface characteristics can be greatly influenced by heat 

treatment. Furthermore, we observe that the R-phase occurs only for one of the used 
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materials after its heat treatment. The correlation between the composition and the other 

characteristics measured has been found. 

Keywords: NiTi alloys, SEM, DSC, XPS, Auger. 

5. 2 Introduction 

NiTi alloys with a porous internal structure have already been used for approximately a 

decade, in maxillofacial surgeries [33] and other orthopedic procedures [5, 34-36] 

involving thousands of patients in Russia [6-7] and China [5, 8]. However, the interest for 

these materials is still increasing in many areas of the biomedical field, such as, in the 

development of shape memory implants of special design. Therefore, further knowledge 

is needed concerning the relationship between, on one hand, the phase constituents and 

the factors determining the internal structure of the material, and on the other, the 

fundamental material properties and the response of the biomedical device used. 

The key factors identified to play a determinant role, for the use of these alloys as 

materials for implants, and their capillary property and biomechanical compatibility (low 

elastic modulus, damping capacity). The capillarity behaves in conjugation with internal 

structure. In fact, the capillary force controls the transport of fluid through interconnected 

pore channels and the material wetability influences the velocity and height of rise fluid 

in capillaries [37-38]. The optimal combination of both features encourages the bone 

marrow penetration within the internal structure of the implant. This results in a good 

attachment between any contacting tissue and the porous NiTi implant. 

An interconnected porosity is very important because the bone will grow within the 

interconnected pore channels near the surface maintaining its vasculararity and long-term 

viability and providing a desirable firm fixation. It has been found that the optimal pore 

size is in the range of 100-400 um [39]. Besides their opened porous structure allows 



50 

bone tissue ingrowth into the body of the implant and thus provides the desirable firm 

fixation. 

The porosity affects also the mechanical behavior of the material [40]. A good matching 

between the elastic modulus of the bone (20 GPa) and that one of the implant is needed. 

The closer values have been shown by NiTi alloys in the martensite phase (28-41 GPa). 

Moreover, if the material has an internal structure of 50% porosity, it exhibits a lower 

modulus (14-20 GPa), which allows the possibility of significant bone ingrowth at this 

matching value. 

Porous NiTi can be produced by various manufacturing processes. We can mention, for 

instance, Powder Metallurgy and Self-propagating High-temperature Synthesis (SHS). 

Powder metallurgy process NiTi alloys consist in the compactation and sintering of 

titanium and nickel powders [42]. The investigation of their properties and behaviors, 

including crystal structure, phase composition, mechanical properties and shape memory 

parameters, started to be carried out in the late 1970's [40]. From these studies, it has 

been reported that the properties of the sintered alloys are extremely sensitive to the 

sintering conditions. The SHS method, also called ignition synthesis, is based on the 

utilization of the exothermic heat of formation upon interaction of various elements. 

There exist two kinds of SHS: layer burning and heat explosion [40]. In the former, heat 

is initially released due to localized exothermic reaction in some regions. It is then 

absorbed by the neighboring layers of powder, causing reactions and thereby shifting the 

reaction zone. In this case, a chemical reaction takes place only in a thin-layer wave of 

burning but not in the whole volume at the same time. In the latter, the increase of the 

temperature in the whole volume of the reacting system leads to a self-ignition that is 

similar to an explosion. In the reacting zones the maximum temperature values reached in 

both techniques are similar. These temperatures can be lower, or higher than the melting 

point of NiTi. Both methods can be used efficiently to control the porosity range and thus 
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providing appropriately sized and interconnected pores, in order to create similar bone 

morphology. 

Although the fact that the porous NiTi posses the biocompatibility property that has been 

found to be comparable of the stainless steel, cobalt-chromium and titanium material's, 

only a few studies have conducted for its investigation. Shabalovskaya et ah, have carried 

out an in vitro study and concluded that the porous as well as the solid phases of NiTi, are 

well accepted by human tissues as nearly as pure titanium is [49]. Based on in vitro and 

in vivo experiments, Rhalmi et al. arrived at the same result, and observed bone ingrowth 

within the pores of the implants three weeks after implantation [50]. 

Our objective in this paper is to provide, via different techniques, a systematic 

characterization of porous NiTi alloys for medical applications by determining the 

physical properties and surface characteristics. In this study we extend the investigation 

to two types of samples produced by two different sources. Since the internal stress 

created by processing may turn out to be very large, an annealing process is considered in 

order to optimize the behavior and the biocompatibility property of these materials. 

5. 3 Materials and Methods 

5. 3. 1 Materials 

The selected samples consist of two types of NiTi alloys, to be denoted in the following 

by A and B, supplied by different sources. The sample A was provided by Professor 

Victor E. Gjunter from the Institute of Medical Materials and Shape Memory Implants, 

Tomsk, Russia, and the sample B was provided by Dr. Tae-Hyun Nam Division of 

Materials Science & Engineering Gyeongsang National University, Korea. Both 

specimens were obtained by the SHS procedure. 
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The specimens, each of a thickness of 5 mm, were cut from cylindrical porous rods with a 

diamond saw in order to maintain their internal structure. They were cleaned during 10 

min by immersion in a bath containing a mixture of acetone and methanol using an 

Ultrasonic cleaner (Branson, Model 2510) apparatus. 

5. 3. 2 Methods 

The experimental techniques we have used led to a good characterization of our alloys 

with respect to the surface characteristics as well as to the transformation temperature. 

One series of specimen from each sample was submitted to an annealing process during 

30 min at 550°C. The cleaning operation was carried out after the process. 

Thermal Analysis: We used the Differential Scanning Calorimetry (DSC) technique, to 

identify the phase transformation behavior. The analyses were carried out in a Perkin 

Elmer Pyrisl Calorimeter equipped with a CryoFill Liquid Nitrogen Cooling system. The 

apparatus has been calibrated into temperature interval 0-200°C at a rate of 10°C, using 

Indium as reference materials. Each specimen with a mass of 25 mg approximately have 

been cycled once within the range of 0-190°C at a heating/cooling rate of 5°C, using He 

as purge gas. We have recorded two thermograms for each sample A and B, 

corresponding to treated and non-treated material. 

Morphological Analysis: The scanning electron microscope (SEM) analyses were 

performed in order to determine the surface texture and the porosity. The micrographs 

were taken using a JEOL model JSM-840 Scanning Electron Microscope at 15.0 kV on 

the treated and non-treated specimens. 

Surface Analysis: The X-ray Photoelectron Spectroscopy (XPS) technique permitted us 

to identify the surface chemical composition. The measurements were made by using 

ESCALAB-3 MKII system equipped with a non-chromatic twin-anode X-ray source. The 
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Al Ka,i_2 x-ray radiation with quantum energy of 1486.6 eV was used. The anode was 

operated at 14.7 kV and 20 mA, and the analyzer was operated at a constant pass energy 

of 20 eV. The spectrometer was calibrated at the binding energy of Au (4f7/2)(84 eV) and 

Cu(2p3/2)(932.4 eV) levels using pure metals. The resolution of the instrument is 0.8 eV. 

The advantageous Cls peak at 285.0 eV was taken as energy reference. The data shown 

were obtained at a take off angle of 0° with respect to the surface plane. 

Auger analysis has been used to determine the thickness of the oxide layer created on the 

surface of the two types of samples after heat treatment. They were performed in a JEOL 

JAMP-30 system equipped with a field emission source under a pressure of 10"7 Pa. The 

depth profile of chemical elements: Ni, Ti, Cr and O, were acquired at an energy 

resolution of 0.1% using 3 kV, 0.5 [iA argon ions. The argon etch rate was calibrated by 

using a standard of thermally grown SiC>2 of 1000 A of Si. These analyses were carried 

out before and after the heat treatment in order to compare the effect of heat treatment on 

the samples. 

5. 4 Results and Discussion 

To describe the shape memory performance and other properties of NiTi shape memory 

alloys, our analysis takes into account not only the different sources of materials but 

consider also the effect of heat treatment. The later turns out to be necessary to release 

internal stress created during processing. We decided to carry out the heat treatment at 

550°C since at this temperature the damping reaches its maximum value in the martensite 

phase [77]. 



Figure 5.1 Scanning electron microscopy of porous NiTi material A 

(Original magnification: x50). 
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Figure 5.2 Scanning electron microscopy of porous NiTi material B 

(Original magnification: x50). 
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Figure 5.3 Surface of the material B (Original magnification: x200). 

The material A exhibited an interconnected and opened porosity with a pore size of 80-

120 urn as revealed by SEM observation (Figure 5.1). No changes in the characteristic 

features of the surface or in the porosity have been detected after heat treatment. For the 

material B, we observed a homogeneous pore distribution with a pore size of 100 urn for 

the isolated pores. Moreover, as shown in Figure 5.2, the pores are opened and 

interconnected. The observed textured surface characterizes this sample (Figure 5.3). The 

mean pore size (100-120 um) reveals an internal structure that promotes the capillary 

phenomena [39]. Both materials present an interconnected structure that enhance the 

bone tissue ingrowth and good fixation of the implant 

The results of the DSC measurements for the material A revealed an austenite 

transformation with a broad peak of width of 16°C (As = 101°C) and an enthalpy of 

AH=3.5 J/g. The martensite phase limits are found at temperatures of 64°C (Ms) and 

72°C (Mf) with a A//=7.3 J/g. The curve profile does not show any changes between 0-

50°C as shown in Figure 5.4, indicating that the samples are in the martensite phase at the 

body temperature. After the heat treatment, we have observed a new peak arising at 
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104°C, which may correspond to the R-phase accompanied by an increment in the AH 

(twice the initial value). 
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Figure 5.4 DCS-Thermal analysis curve of porous NiTi alloy A 

before and after treatment. 
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The DSC measurements for the material B show an austenite transformation with a broad 

peak of 17oC of width (As = 95°C) and a AH=2.2 J/g. The martensite phase peak limits 

are found, respectively, at the temperatures of 71°C (Ms) and at 63°C (Mf) with a A/f=3.1 

J/g. Similarly to the sample A, the material B remains in the martensite phase at the body 

temperature (Figure 5.5). 

We have observed that the R-phase appears only in material A after the heat treatment. 

The thermal treatments or changes in the alloy chemical composition are the only 

conditions that may lead to its detection [85]. As both materials were submitted to the 

same heat treatment process, we presume that R-phase transformation becomes 

detectable due to chemical compositions of this material. 

The XPS study indicates that the surface undergoes oxidation after heat treatment for 

both materials (Table 5.1, 5.2). The surface is mainly composed of titanium oxide and of 

nickel oxide in much less extended amount. The high resolution XPS spectra show the Ni 

peak at 852.22 eV for material A and at 851.75 eV for the material B for the non-treated 

series. Since the Ni was oxidized after heat treatment no trace of Ni in atomic state was 

found for these series as revealed by the presence of peaks at 855.82eV corresponding to 

material A and 855.56eV for material B.. For the material B we also found a peak at 575 

eV which corresponds to chromium, the Cr/Ti ratio is 0.10%. 
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Figure 5.5 DCS-Thermal analysis curve of porous NiTi alloy B 

before and after treatment. 



Table 5.1 Surface chemical composition as obtained by XPS high-resolution an 

material A 

Non Treated 

Element 

Ni 

Ni-0 

Ni203 

shake-up Ni 

Shake-up NiO 

Shake-up M2O3 

Ti2+ 

pl/2 Ti2+ 

TiJ+ 

pl/2 TiJ+ 

Ti4+ 

pl/2 Ti4+ 

BE(eV) 

852.22 

852.95 

855.45 

857.94 

858.67 

861.4 

454.55 

460.63 

456.33 

461.51 

458.79 

464.35 

Treated 

Element 

Ni203 

shakeup M2O3 

sat pl/2 

sat pl/2 

Tij+ 

pl/2 TiJ+ 

Ti4+ 

pl/2 774+ 

BE(eV) 

855.82 

861.73 

861.5 

863.5 

456.21 

462.38 

459.42 

464.96 
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Table 5.2 Surface chemical composition as obtained by XPS high-resolution 

analysis for material B 

Non treated 

Elements 

Ni 

Ni203 

shake-up Ni 

shake-up Ni 

Shake-up 

Ni203 

Ti4+ 

pl/2 Ti4+ 

BE(eV) 

851.75 

854.94 

853.85 

857.85 

861.4 

458.05 

463.61 

Treated 

Elements 

Ni203 

shake-up 

Cr 

Ti4+ 

pl/2 Ti4+ 

BE(eV) 

855.56 

861.56 

575 

458.29 

463.87 

From the Auger results, we calculated the thickness of the oxide layer. We used as 

reference that each cycle corresponds to 71.6 A. (specific characteristic of the 

instrument). For the non-treated series, we calculated for material A 16.3 cycles which 

correspond to 1171.4 A and for material B, 4.3 cycles which correspond to 310.26 A. 

After the annealing, the oxide layer for material A is 3977.5 A and for material B is 

2864.0 A. We thus see that the oxide layer has been increased by the annealing. The 

surface profiles are shown in Figures 5.6 and 5.7. 
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Figure 5.7 Surface's profile for the material B (y axe number of cycles). 

5. 5 Future work 

The capillary properties, damping capacity and corrosion behavior of these porous 

materials are now under investigation in view to attempt a fully characterization. 
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6.1 Abstract 

The electrochemical behaviour of four different types of porous NiTi alloys was studied. 

The samples were produced by Self-propagating High-temperature Synthesis (SHS) 

procedure. The samples were analyzed by SEM, XPS, AES techniques and 

potentiodynamic tests. A heat treatment was performed to release stresses generated 

through processing. Its influence on the corrosion resistance of the samples was also 

evaluated. The results show that the treated samples exhibited a lower corrosion rate. 

However the highest breakdown potentials were observed on the non treated samples. In 

fact, the heat treatment improved the corrosion resistance of only one material. A 

correlation between the chemical composition and pore size and the electrochemical 

behavior was found. In particular it was found that the corrosion resistance is related to 

the surface chemical composition of the electrodes rather to their surface morphology. 

Keywords: Porous NiTi alloys, corrosion resistance, SEM, XPS, potentiodynamic test. 
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6. 2 Introduction 

Metallic materials are used extensively as orthopedics implants, dental materials and 

other medical applications [88]. Occasionally the interactions between these implants and 

the surrounding tissues lead to their degradation often induced by the corrosion. 

Therefore the electrochemical behavior of these devices needs to be studied in order to 

indicate the possible way for preventing ion release and thus improving the functional 

performance and durability of these implants, otherwise the primary factor governing 

their biocompatibility. Among the aspects affecting biocompatibility are the amounts and 

forms of released corrosion products and their disposition in the body after release. 

Several metallic materials have been used to fabricate medical implants [88]. Nickel-

Titanium alloys have developed a great interest due to its thermal shape memory, 

superelasticity and high damping properties, which make such alloys behave differently 

compare to other metals. Indeed, NiTi shape memory alloy has properties that could be 

very useful in surgical applications [89]. 

Solid NiTi alloys exhibit passive electrochemical behavior comparable to other clinically 

used alloys [22]. NiTi alloy derives its biocompatibility and good corrosion resistance 

from a homogenous oxide layer mainly composed of TiCh, with a very low concentration 

of nickel [2]. The evaluation of the biocompatibility and corrosion resistance through the 

electrochemical investigations showed that NiTi behaves much like titanium. However in 

some cases the corrosion resistance of these alloys could be lower or unpredictable than 

that one of pure titanium [90]. This behaviour might be explained by the heterogeneity of 

the oxide layer containing nickel ions the surface. The release of these ions from the 

materials due to corrosion may cause unfavorable effects [91]. In order to prevent this 

problem, some solutions have been proposed as the application of surface treatments. It is 

well documented that surface treatments can improve the corrosion resistance of the 

materials [24]. 
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The surface of the material plays an important role because of its interaction with the 

tissues. Thereby the roughness of the material defines the contact surface. In the case of 

NiTi for biomedical implants a rougher surface is managed to produce a porous 

permeable structure for some applications whereas in others a smoother surface is 

required [26]. In the literature some studies showed that the surface texture of the alloy 

affects both the corrosion resistance and cell response, therefore its biocompatibility [9] 

In the latest decades a new generation of NiTi alloys has emerged. This alloy presents an 

interconnected porous structure fabricated by various techniques. This porous structure 

provides excellent ingrowth in living tissue and firm fixation. Due to their generally good 

biocompatibility these materials can serve in the body for a long time without being 

removed [40]. NiTi shape memory alloy porosint, is a promising artificial bone material 

[43]. Although, the porosity and the roughness of such materials enhance the reaction on 

the surface, it could promote the extent of corrosion [92]. Indeed, there is a lack of 

studies regarding the corrosion resistance of these alloys. 

The objective of this work is to investigate the electrochemical behavior of porous NiTi 

alloys provided by different sources. The morphology and the chemical composition of 

the surface are correlated in order to explain this phenomenon. 

6. 3 Experimental Procedure 

6. 3.1 Materials 

The selected samples consist of four types of NiTi alloys supplied by different sources 

presented in Table 6.1 and denoted in the following by A, B, C and D. All specimens 

were obtained by the Self-propagating High-temperature Synthesis (SHS) procedure 

applied under different conditions by the suppliers. The cylindrical specimens, with a 
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thickness of 5 mm, and diameter of 10 mm were cut from porous rods with a diamond 

saw in order to maintain their internal structure. They were cleaned during 10 min by 

immersion in a bath of acetone and then methanol using an Ultrasonic cleaner (Branson, 

Model 2510) apparatus. 

A heat treatment was applied in order to release internal stress created during forming 

processes, one series of specimens from each type was submitted to an annealing process 

during 30 min at 550°C in an air atmosphere. The samples will be denoted as XT for the 

treated and XNT for the non-treated, where X is A, B, C or D. The cleaning operation was 

carried out after the process. 

Table 6.1 List of samples' suppliers 

Sample 

A 

B 

C 

D 

Supplier 

Prof. Victor E. Gjunter 

Dr. Tae-Hyun Nam 

Prof. B. Silberstein 

Prof. John Moore 

Affiliation 

Institute of Medical Materials and Shape Memory 

Implants, Tomsk, (Russia) 

Division of Materials Science & Engineering 

Gyeongsang National University, (Korea) 

Institute of Medical Materials and Shape Memory 

Implants, (Russia) made in a laboratory in Israel 

Colorado School of Mines (Non equiatomic alloy 

48Ti-51Ni),USA 

6. 3. 2 Surface Analysis 

The chemical composition of the surface was identified by using the X-ray Photoelectron 

Spectroscopy (XPS) technique. A VG ESCALAB-3 Mark II system equipped with a non-

chromatic twin-anode X-ray source the measurements were made. The Al Kai_2 x-ray 

radiation with quantum energy of 1486.6 eV was used. The anode was operated at 
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14.7 kV and 20 mA, and the analyzer was operated at constant pass energy of 20 eV. The 

spectrometer was calibrated at the binding energy of Au (4f7/2)(84 eV) and Cu 

(2p3/2)(932.4 eV) levels using pure metals. The resolution of the instrument is 0.8 eV. 

The advantageous Cls peak at 285.0 eV was taken as energy reference. 

Auger analysis (AES) has been used to determine the thickness of the oxide layer created 

on the surface of the two types of samples after heat treatment. They were performed in a 

JEOL JAMP-30 system equipped with a field emission source under a pressure of 10"7 

Pa. The depth profile of chemical elements: Ni, Ti and O, were acquired at an energy 

resolution of 0.1% using 3 kV, 0.5 |xA argon ions. The argon etch rate was calibrated by 

using a standard of thermally grown SiC>2 of 1000 A of Si. These analyses were carried 

out before and after the heat treatment in order to emphasis the effect of heat treatment on 

the samples. 

6. 3. 3 Morphological Analysis 

The morphological analysis of the samples provides a structural profile of material and its 

surface relief. Information concerning the surface texture and the porosity of the samples 

as well as the effects of the corrosion evaluation were obtained by scanning electron 

microscope (SEM) analyses. The micrographs were taken using a JEOL model JSM-840 

Scanning Electron Microscope at 15.0 kV on the treated and non-treated specimens. 

6. 3. 4 Electrochemical Corrosion Test 

The electrochemical investigations were done using conventional so-called three 

electrodes cell (Ballon) provided by Gamble technology Inc. While the working electrode 

is one of the 4 materials, the counter electrode is in graphite electrode and saturated 

calomel electrode is used as a reference electrode (Figure 6.1). The corrosion tests were 
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performed in potentiodynamic mode at 37°C using Hank's solution as electrolyte 

according to the ASTM G5-94 procedure [83]. This electrolyte was deoxygenated with 

nitrogen gas before and during the experiments. After an initial delay (lh) which allows 

the stabilization of the open circuit potential (OCV), the test was started. A 0.17 mV/s 

scan rate was applied in the potential range from 250 mV to lOOOmV. The density and 

porosity of the sample are used to calculate its surface. 

Figure 6.1 Corrosion cell set up for potentiodynamic tests 

6. 4 Results 

Figure 6.2 shows the potentiodymamic curves obtained with samples AT and ANT- The 

values of the breakdown potential, as listed in Table 6.2, confirm that the non treated 

sample exhibits higher potential than the treated sample. On the other hand, the corrosion 

potential of the sample ANT is significantly different than that one of the treated sample as 

summarized in Table 6.3. 



•-—s 

> 

LU 
O 
V) 
<f) 
> 

__ 
CO 

C 
<D 
*-» 
O 
n 

2.0 

1.5 

1.0 

0 5 

0.0 

-0.5 

.4 n 

— » i - " • '— 

" 

-

i i i 

~ j T - - J 1 1 -i ! 1 1 1 -

V 

I 
/ 
I 

I 

1 
J J 

Non treated ^^// 
r~~~^^ 
J/Treated 

=gT^ 
J ^ \ . ~v_ 

—1 

* 
-

* 
-

• 

-

. 

-

i 
-14 -12 -10 

Current density (Log (uA/cm2)) 

Figure 6.2 Potential/current density curves for sample A 

Table 6.2 Breakdown values for the studied samples 

Breakdown potential (mV) 

Sample 

Non Treated 

Treated 

A 

163.00 

61.40 

B 

-32.80 

-18.30 

C 

173.00 

15.62 

D 

-136.30 

14.70 

Table 6.3 Corrosion potential values obtained for the samples 

Corrosion potential (mV) 

Sample 

Non Treated 

Treated 

A 

0.3901 

0.1454 

B 

0.2109 

0.2220 

C 

0.2770 

0.2806 

D 

0.2860 

0.1532 
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The results in Table 6.2, 6.3 exhibit that the material B displays a more stable behaviour 

in comparison to those of type A. Indeed, we can see on the Figure 6.3 that both curves 

are almost superposed, indicating that the non-treated and the treated samples follow the 

same behavior. Accordingly, the difference between the values of the breakdown 

potential of material B is negligible and less pronounced compared to the other materials 

(Table 6.2). These samples exhibit the same corrosion potential. 
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Figure 6.3 Potential/current density curves for sample B 

Regarding the material C, we observe that its behavior is comparable to that one of the 

type A as shown in figure 6.4. In fact the breakdown potential is lower for the treated 

sample (Table 6.2) and easier to identify. However their corrosion potentials are almost 

superposed (Table 6.3). 
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Figure 6.4 Potential/current density curves for sample C 
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Figure 6.5 Potential/current density curves for sample D 
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The sample DT shows a breakdown potential at a higher value (Figure 6.5) contrary to the 

preceding samples. The material D did not follow the same behaviour in terms of 

breakdown and corrosion potentials. Indeed, the corrosion potential of the sample DNT is 

lower than that of the sample DT. 

The microscopic analysis for the samples revealed that the heat treatment did not 

generate any morphological changes. Thereby same characteristics were observed on 

non-treated and treated samples. Then non-treated samples were chosen to represent the 

morphology without any preference. 

m^ 
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El mtr iem X50 180KI H028 

Figure 6.6 Scanning electron microscopy of porous NiTi material A; 

a) as received and b) after corrosion test 

The material A presents and interconnected porosity, with a pore size of 80-120um 

(Figure 6.6a). The changes on its porosity are obvious after the electrochemical 

evaluation. The surface shows a higher roughness (Figure 6.6b). 
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Figure 6.7 Scanning electron microscopy of porous NiTi material B; 

a) as received and b) after corrosion test 

Figure 6.7a shows that material B exhibit a mean pore size in the range of 100-120um. 

Moreover, the pore size of lOOum for isolated pores could be observed. The corroded 

surface is shown in figure 6.7b. As it can be observed the corrosion took place not only at 

the surface but at deeper levels too. 
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Figure 6.8 Scanning electron microscopy of porous NiTi material C; 

a) as received and b) after corrosion test 

The material C exhibited an interconnected and opened porosity with a pore size of 100 

um as revealed by SEM observation (Figure 6.8a). A change in the pores size and their 

distribution is visible after corrosion test (Figure 6.8b). In fact the edges of the pores were 
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more susceptible for corrosion as we can see in the micrographs (Figures 6.6b, 6.7b and 

6.8 b). 

Figure 6.9 Scanning electron microscopy of porous NiTi material D; 

a) as received and b) after corrosion test 

These morphological characteristics are different in the case of material D; the pores with 

35-50jim diameter are interconnected to form an opened structure (Figure 6.9a). After 

performing the potentiodynamic test we observed a different pore size distribution as well 

as an increment on the pore diameter (Figure 6.9b). 

6. 5 Discussion 

Table 6.2 shows clearly that the highest values for the breakdown potentials were 

measured in the ANT and CNT- However these values decrease after the sample treatment. 

Therefore the effect of the treatment reduces the corrosion resistance of materials A and 

C. Three negative values of the breakdown potential are observed for samples Bj, BNT 

and DNT- Thereby the break of the protective layer occurs at an early stage, even on non 

treated samples for materials B and D. The less noble breakdown potential was obtained 

for sample DNT- This might be and indication that its passive film is less protective than 
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the passive layer on sample A. However all the samples show a breakdown potential 

which can be attributed to a chemical breakdown of the passive layer. 

The slowly increase of the breakdown potential value after treatment does not show any 

improvement in the corrosion behavior in the case of sample B. 

As has been already pointed out, sample D is the only one which breakdown potential is 

significantly increased due to the treatment. One of the determining factors of such 

increase is the presence of smaller pores which provide a smoother surface. This is in 

agreement with the investigations of Trepanier et al. [22], who showed that samples with 

smoother surfaces exhibit higher corrosion resistance than those with irregular layers. 

This is also supported by the work of Abiko et al. [9] which showed that porous NiTi 

treated by chemical etching has a breakdown potential of 60 mV. This is due to its reduce 

passivity. Therefore the reduce passivity for this porous sample could be attributed to the 

inhomogeneous surface structure. The breakdown potential measured for the treated 

samples in our work are lower except for sample AT which value is very close to the one 

obtained in their study. 

Our results seem in contradiction to those who showed that the corrosion resistance of 

porous NiTi decreased with the increase of porosity [11], because we observed higher 

breakdown potentials for bigger pores. But it is important to notice that the porous 

samples used in their work were fully filled with resin. This resin can inhibit the 

propagation of the corrosion through the pores. This can explain the difference between 

the two studies. 

Even though, materials A, B and C exhibit a high porosity, the samples ANT and CNT 

showed the highest breakdown potentials among the other samples. Therefore the size of 

the pores is not the only parameter which affects the corrosion resistance. Surface 
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composition might be another key factor influencing the corrosion behaviour of the 

sample. 

The corrosion rates of the various samples are summarized in Table 6.4. The results show 

that the treated samples lead to the decrease of the corrosion rate. The specimens CT and 

DT exhibit the lowest values whereas the highest value was obtained for the BNT- The 

corrosion rate of the sample decreases in the order: B>A>C>D for the non treated and 

treated samples. The ratio of the corrosion rate of the non treated samples on those of the 

treated electrodes increases in the order: D<A<C<B. This evaluation indicates that the 

treatment has a more pronounced effect on sample B than on sample D. This behaviour 

might be strongly related to the surface of the sample. Furthermore, XPS studies can 

sustain the correlation between the corrosion rates and surface composition. 

Table 6.4 Measurements of the corrosion rate for the studied materials 

Material 

A 

B 

C 

D 

Corrosion rate (mmpy) 

Non treated 

0.1183 

0.9340 

0.0760 

0.0505 

Treated 

0.0359 

0.1680 

0.0221 

0.0202 

The XPS analysis carried out before the treatment of the samples reveals the presence of 

Ni ions. After the heat treatment the surface undergoes oxidation for all the materials, no 

trace of Ni in atomic state (Table 6.5 to 6.8) is observed. This is in agreement with 

previous data [93] showing that there is a Ni-zone free in the oxide layer when treated at 

a temperature between 500°C and 600°C. Furthermore the oxidation treatment of NiTi in 

air at temperatures close to 500°C produce a smooth protective nickel-free oxide layer 
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which enhances the biocompatibility of this alloy. However the corrosion resistance was 

not evaluated. 

The low corrosion rates observed on treated samples are an indication of the high 

corrosion resistance compare to those non-treated. The data presented in the table 6.6 

does not indicate the presence of intermediate titanium oxides on material B. This 

absence could be related to the higher corrosion rate measured for this material. 

Therefore the presence of intermediate titanium oxides on surface chemical composition 

of the samples results on better corrosion rates and improved corrosion resistance. This is 

the case of materials A, C and D which exhibit significant lower corrosion rates than B 

because their surface contains intermediate titanium oxides. 

Table 6.5 Surface chemical composition obtained by XPS high-resolution analysis for 

material A 

Non Treated 

Element 

C 

0 

Ni 

Ni-0 

Ni203 

Ti2+ 

Ti3+ 

Ti4+ 

Before 

corrosion 

test 

After 

corrosion 

test 

Concentration (%) 

61.50 

30.20 

1.87 

0.31 

0.42 

0.21 

0.59 

2.90 

37.54 

42.83 

~ 

3.40 

0.78 

— 

6.36 

0.74 

Treated 

Element 

C 

O 

Ni 

Ni-0 

Ni203 

Ti2+ 

Ti3+ 

Ti4+ 

Before 

corrosion 

test 

After 

corrosion 

test 

Concentration (%) 

41.90 

45.80 

~ 

— 

3.80 

~ 

1.08 

4.72 

42.76 

49.84 

— 

0.13 

0.50 

~ 

5.52 

0.80 
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The oxygen concentration before and after treatment remains almost the same value for 

materials C and D as shown in tables 6.7 and 6.8. On the contrary for materials A and B 

the oxygen concentration decreases after the treatment. As the value of the total oxide 

concentration does not necessarily indicated a difference in the corrosion rates of these 

materials we can conclude that the difference on the corrosion rate might be attributed to 

the types of oxides of the chemical composition. 

Small concentrations of other elements such as: Na, CI, Ca (<2%) after the corrosion 

evaluation tests were found. This is attributed to the contamination of the sample surfaces 

by the hank's solution. 

Table 6.6 Surface chemical composition obtained by XPS high-resolution analysis for 

material B 

Non treated 

Element 

C 

0 

Ni 

Ni-0 

Ni203 

Ti2+ 

Ti3+ 

Ti4+ 

Before 
corrosion 

test 

After 
corrosion 

test 

Concentration (%) 

55.10 

35.00 

1.20 

~ 

0.80 

~ 

— 

5.9 

35.72 

60.70 

— 

— 

0.98 

— 

— 

2.60 

Treated 

Element 

C 

O 

Ni 

Ni-0 

Ni203 

Ti2+ 

Ti i + 

Ti4+ 

Before 
corrosion 

test 

After 
corrosion 

test 

Concentration (%) 

29.30 

54.10 

— 

— 

1.90 

~ 

~ 

12.50 

44.69 

46.67 

— 

0.85 

0.67 

— 

6.30 

0.82 
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The presence of NiO after the corrosion tests was observed in treated samples B, C and D 

(Table 6.6-6.8). These concentrations are in agreement with those already reported in the 

literature where the concentrations were: oxygen 27-50%, carbon 25-69%, titanium 2-

22% and nickel 0-6% [3]. 

Table 6.7 Surface chemical composition obtained by XPS high-resolution analysis for 

material C 

Non Treated 

Element 

C 

0 

Ni 

Ni-0 

Ni203 

Ti2+ 

Ti j+ 

Ti4+ 

Before 
corrosion 

test 

After 
corrosion 

test 

Concentration (%) 

33.57 

54.18 

0.35 

0.14 

0.28 

0.55 

0.50 

6.44 

29.51 

53.89 

0.13 

--

0.14 

~ 

— 

14.36 

Treated 

Element 

C 

O 

Ni 

Ni-0 

Ni203 

Ti2+ 

TiJ+ 

Ti4+ 

Before 
corrosion 

test 

After 
corrosion 

test 

Concentration (%) 

24.67 

54.05 

— 

— 

4.83 

~ 

0.89 

14.03 

30.48 

54.34 

— 

0.30 

0.05 

~ 

— 

8.43 

AES spectra surveys were carried out before and after corrosion evaluation. They showed 

the presence of Ti, Ni, O and C. We found also traces of Na, Ca, and CI after the 

corrosion test, the presence of these elements was observed before in the XPS study. A 

depth profile was carried out to determine the element distribution for Ti, Ni and O. It can 

be observed that the contamination carbon layer disappears almost immediately after Ar+ 
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sputtering. The oxide layer was measured for the samples and the results are found in 

table 6.9. From these measurements it is obvious that a passivation layer was formed at 

the surface. Due to the nature of the sample we cannot conclude if we are in the presence 

of a homogenous oxide layer. It seems to have a homogenous chemical composition, but 

in the pore borders the oxide layer might have some defects. 

Table 6.8 Surface chemical composition obtained by XPS high-resolution analysis for 

material D 

Non treated 

Element 

C 

0 

Ni 

Ni-0 

Ni203 

Ti2+ 

Ti i + 

Ti4+ 

Before 
corrosion 

test 

After 
corrosion 

test 

Concentration (%) 

40.9 

50.22 

0.64 

~ 

0.96 

0.40 

0.38 

4.82 

37.15 

49.93 

--

~ 

0.60 

— 

3.18 

1.40 

Treated 

Element 

C 

O 

Ni 

Ni-0 

Ni203 

Tii+ 

Ti4+ 

Before 
corrosion 

test 

After 
corrosion 

test 

Concentration (%) 

36.28 

43.32 

— 

~ 

3.8 

--

0.36 

5.44 

33.49 

52.93 

— 

0.22 

0.28 

— 

— 

4.21 
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Table 6.9 Oxide layer thickness from AES measurements 

Oxide layer thickness (nm) 

Material 

A 

B 

C 

D 

Non treated 

Before 

12 

3 

7 

7 

After 

10 

7 

12 

9 

Treated 

Before 

40 

29 

33 

20 

After 

82 

73 

58 

54 

6. 6 Conclusions 

The corrosion resistance of porous Nickel-titanium alloys was investigated. The results 

showed higher breakdown potentials were observed among the non treated samples. 

These samples presented also bigger pores. The impact of the surface treatment varies 

with the type of sample. While in the case of sample B, there is not a visible effect; a 

decrease of the breakdown potential value was measured for materials A and C. However 

an important improvement is evident for material D, which surface is characterized by the 

presence of smaller pores. Thus, we can conclude, that the surface treatment used in our 

investigations led to an improvement of the corrosion resistance for small pores whereas 

a decrease was observed for bigger pores. The presence of the intermediate Ti oxide 

results on better corrosion rates. In fact no traces of Ni ions were observed at the surface. 

This treatment showed also the role of the surface composition besides the pore size on 

the corrosion resistance. 
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7.1 Abstract 

Spectroelectrochemistry method was used to investigate the corrosion behaviour of 

porous and solid NiTi in Hank's solution. The effect of the surface preparation on the 

corrosion resistance of the sample was studied. The results showed that solid 

electropolished sample and solid mechanopolished samples exhibited a better corrosion 

resistance than porous mechanopolished sample. However the solid mechanopolished 

sample exhibited a higher corrosion rate almost as high as the one showed by the porous 

sample. On the other hand a higher breakdown potential was measured porous samples 

compared to previous studies. A higher susceptibility for pitting and crevice corrosion 

was observed. This behaviour could be explained by its internal structure. The FTIR 

results showed the interactions between the solution and the samples. It can be observed 

that each sample exhibit a particular behaviour. The porous sample as well as the solid 

samples showed Ti-OH interactions. Moreover both solid samples exhibited another peak 

corresponding to the OTi(OH)CCH interaction, which is explained by the chemical 



84 

composition of the electrolyte, in this case the Hank's solution that has a certain amount 

of glucose. However an inversion of the peak is observed in both samples, this direction 

change can be attributed to the surface treatment. The electropolished sample showed a 

more stable behaviour mean while the mechanopolished sample exhibited a change 

during the reverse scan.. 

Keywords: corrosion, FTIR, Nickel-Titanium alloy, porosity, surface treatment 

7. 2 Introduction 

Nickel-Titanium alloy is a promising biomaterial its unique properties provide a large 

variety of medical applications. Despite the numerous studies performed to evaluate this 

material, its utility as a superelastic, shape-memory alloy implant material has yet to be 

fully investigated [39]. The results on the corrosion characteristics of NiTi alloy have 

ranged from "it behaves much like titanium" to "its corrosion resistance is either low or 

unpredictable" [90]. The results are governed by the surface interactions that occurs the 

interface between a material and its surroundings. Therefore, the surface of the implant 

plays an important role on its corrosion resistance. In fact, it most acts as a barrier 

protection at the metal/tissue interface. Their properties such as roughness, chemical 

composition, an even its mechanical properties are important. 

Original NiTi surface has revealed a tendency towards preferential oxidation of titanium 

[94]. Different treatments such as, electropolishing, heat treatment, acid passivation have 

been applied to NiTi surfaces to improve its corrosion resistance. This improvement is 

attributed to the plastically deformed native oxide layer removal and replacement by a 

newly grown; more uniform one [24]. There are few corrosion studies dealing with the 

study of the surface composition, for example the use of XPS and AES to characterized 

Nitinol surfaces [3]. The results showed that the oxide layer at the surface of NiTi alloys 

is mainly composed by Ti02 and smaller amounts of NiO and M2O3 [2, 14, 95]. The 
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conditions of the treatments can vary from one study to another, because there are no 

standards on this matter. The variation of a few parameters on different treatments, for 

example oxidation media, temperature and electrical potential can significantly change 

the surface composition [3]. The results obtained can be either a Ti-base surface with 

TiC>2 the only oxide or Ni-base surface built from less stable Ni oxides and hydroxides. 

Therefore a particular interest most be paid to the chemical composition of the surface. In 

the literature the electrochemical behaviour of the NiTi material in physiological 

environments is not clearly established and is rather controversial. In order to improve its 

corrosion behaviour different surface treatments have been proposed, such as 

electropolishing, acid passivation, etc. Corrosion evaluation performed on treated 

samples indicated that the employed treatments range in their importance from minimal 

to strong [23]. Several studies agreed that electropolishing improves the corrosion 

resistance of NiTi alloys [2, 23-24, 96]. NiTi alloys can present a different behavior due 

to small changes in the chemical composition or surface in consequence its behavior 

lacks of predictability 

The objective of this study is to better understand the influence of the sample surface 

treatment on the electrode/environment interactions on the corrosion resistance of NiTi 

alloys. Further more our study aimed to better understand the electrochemical behaviour 

of NiTi alloys. Specifically, we will study the effect of the sample surface treatment on 

the corrosion behaviour. In particular the studies were done using the following treated 

samples: a porous mechanopolished sample, a solid mechanopolished sample and a solid 

electropolished sample. These samples will be studied by the In situ Fourier Transformed 

Infrared Reflectance Spectroscopy coupled to the voltammetry technique or 

spectrooelectrochemistry to identify the interactions between the surface and the 

environment in this case the Hank's solution. 
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7. 3 Experimental procedure 

7. 3. 1 Materials 

Porous NiTi cylindrical specimens 5mm thickness and 10 mm diameter were used. These 

samples were provided by Dr. Moore, from the Colorado School of Mines. The solid 

samples were provided by Dr. Ming Wu from Memry Corporation. Two different 

samples were received mechanopolished and electropolished; these treatments were 

carried out in their facilities. The porous samples were mechanically polished through a 

series of silicon carbide papers up to a 600-grit surface finish and then finished mirror

like using a i m diamond paste on an Ecomet 3 Grinder/Polisher. To insure a clean 

surface the samples were immersed for 10 min in acetone follow by methanol in an 

Ultrasonic cleaner (Branson, Model 2510) apparatus. The samples will be denoted as 

PMP for the porous mechanopolished sample, SMP for the solid mechanopolished 

specimen and SEP for the solid electropolished sample. 

7. 3. 2 Methods 

The electrochemical equipment used was a Potentiostat/Galvanostat, Model 273, EG&G 

Princeton Applied Research. The working electrode is our sample, in this case the NiTi, 

the counter electrode is platinum and a saturated calomel electrode is used as reference 

electrode. The corrosion tests were performed in potentiodynamic mode at 37°C using 

Hank's Balance Salt Solution as electrolyte according to the ASTM G5-94 procedure 

[83]. However, the solution was used without phenol red, to avoid any reflections due to 

this component. This electrolyte was deoxygenated with nitrogen gas before and during 

the experiments. After an initial delay (lh) which allows the stabilization of the open 

circuit potential (OCP), the test was started. The scan was started at a 500 mV more 
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cathodic potential than the OCP, increasing toward the anodic values at a constant rate of 

0.17mV/s up to 2000mV/SCE, and then a reverse scan was carried out toward the 

cathodic value. 

Fourier Transformed Infra-Red system IFS 66/S Bruker Optics equipped with a MCT 

Mid-band D316 detector cooled by liquid nitrogen. The detection range is found on the 

range of 10000-600 cm"1 with a sensitivity D*>2.5xl010cm Hz1/2 W"1. A middle infrared 

lamp was used as a source of light. For the purposes of this study a CaF2 window was 

used. The FTIR spectra were measured every 15 mV through the scan. At each potential, 

100 interferograms were collected, Fourier-transformed and added. Each set of 100 

averaged spectra was used to calculate the relative change of the electrode reflectivity 

defined as: 

DR/R= Ro-R/Ro, 

where Ro is the reference reflection [97]. According to the authors, the reference is 

arbitrary and must be taken at a no absorption region or where the value of the current 

remains constant. 

7. 3. 3 Morphological Analysis 

The morphological evaluation of materials provides a structural profile of material and its 

surface relief. Information concerning the surface texture and the effect of the corrosion 

on the surface samples were obtained by scanning electron microscope (SEM) analyses. 

The micrographs were taken using a JEOL model JSM-840 Scanning Electron 

Microscope at 15.0 kV and 20.0 kV. 
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7. 4 Results and Discussion 

The electrochemical behaviour of the porous sample is shown in Figure 7.1. The sample 

exhibits a breakdown potential at 142.16 mV and a corrosion potential at -268.01 mV. 

The hysteresis on this sample is higher than those of the other samples. The high 

hysteresis of the sample is an indication of the high sensitivity of the interface to 

corrosion. 
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Figure 7.1 Cyclic Polarization curves for the different samples: solid electropolished, 

solid mechanopolished and porous mechanopolished. 

The mechanical polished sample does not exhibit a breakdown potential, but the 

corrosion potential is observed at -156.93 mV. The repassivation potential is not visible 

because the initial scan and the reverse scan are superposed. However the SMP sample 

presents a small hysteresis (Figure 7.1). 



89 

The electropolished sample shows the same behaviour as the mechanopolished sample. It 

can be observed, that there is no hysteresis for this sample. The corrosion potential was 

obtained at -180.06mV (Figure 7.1). 

The corrosion rates are summarized on Table 7.1. The porous sample presents the higher 

corrosion rate, followed by the SMP and SEP. There is almost no difference between the 

corrosion rate of the porous sample and the solid mechanopolished. The solid 

electropolished sample show a lower corrosion rate almost 5 times smaller than that one 

of the porous sample. 

Table 7.1 Corrosion rates as measured for the different samples 

Sample 

Porous mechanopolished 

Solid mechanopolished 

Solid electropolished 

Corrosion rate (mmpy) 

0.10593 

0.080569 

0.025879 

The corrosion effect is visible only on the edge of the porous sample as it can be observe 

in Figure 7.2. The pores that are found in the rest of the surface do not present signs of 

corrosion. 
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Figure 7.2 Porous mechanopolished sample after the corrosion evaluation 

The mechanopolished sample does not exhibit the edge effect (Figure 7.3). The presence 

of pits on the surface is observed (Figure 7.4). However they were already present on the 

surface sample before the corrosion evaluation (Figure 7.5). Traces of the mechanical 

polishing are observed on the sample as received and after corrosion. 

Figure 7.3 Solid mechanopolished sample following corrosion evaluation 
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Figure 7.4 Detail on the corrode surface of the solid mechanopolished sample 

^^^i^i;:^|gy,|K:^ 
Figure 7.5 Detail of the solid mechanopolished sample as received 

The electropolished sample exhibit a smoother surface and does not show any signs of 

corrosion (Figure 7.6). There are some micro pores (less than lum) at the surface of the 

sample (Figure 7.7). As it can be observed in Figure 7.8, these pores were already visible 

before the electrochemical evaluation. 
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Figure 7.6 Solid electropolished sample following corrosion evaluation 

Figure 7.7 Detail on the corrode surface of the solid electropolished sample 
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Figure 7.8 Detail of the surface of the solid electropolished sample as received 

According to these results, solid electropolished sample and solid mechanopolished 

samples show better corrosion resistance than porous mechanopolished samples. As 

samples SEP and SMP does not show any hysteresis (Figure 7.1), we can conclude that 

both specimens showed a complete repassivation and a great resistance to crevice 

corrosion. However the solid mechanopolished sample exhibits a higher corrosion rate 

almost as high as the one showed by the porous sample. It has been reported that 

contradictory results for mechanical polished samples can be attributed to the variability 

of the protective layer on NiTi, due to grain boundaries defects and surfaces stress [2]. 

Figure 7.5 and 7.7 showed smoother surfaces for the corrode samples. 

On the other hand porous samples exhibit a breakdown potential value higher that others 

reported on the literature [9, 98], but lower than those ones published for solid samples, 

indicating the susceptibility of these samples for pitting corrosion. This sample also 

showed the highest corrosion rate; which can be explained from Figure 7.2 where it is 

clearly showed that the surface undergoes corrosion particularly on the edges. The 

hysteresis exhibit by the porous sample indicates that it is more susceptible for crevice 

corrosion. 
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The FTIR obtained for the porous sample exhibit the appearance of five bands; these can 

be related to the formation of corrosion products and their interaction with the solution 

(Figure 7.9). In each band the presence of a peak is observed at 1627cm"1, 2096cm"1, 

2323cm"1, 3101cm"1 and 3650cm"1 respectively. A change of the intensity is evident for 

the scan at to 0.2387 V, which correspond to that one of the corrosion potential. 

According to the literature [99-100, 104-105] three of the bands can be attributed to Ti-

OH interactions except for the peaks that appear at 2096cm_1 and 2323cm"1 that we were 

not able to identify. All these bands are found on the positive direction of the IR band. 

There is an important intensity increment observed at the corrosion potential, which can 

be attributed to the electrochemical reaction occurring at this stage. On the reverse scan it 

can be observed that the same bands appeared however the wavelength present a shift in 

the values compared to those ones of the initial scan. They appeared at 1240cm"1, 

1619cm"1, 2102cm"1, 2356cm"1, 3076cm"1 and 3644cm"1 (Figure 7.10). On the basis of the 

literature results it can be attributed to Ti-OH interactions [99-100, 104-105] as well as 

another peak at 1240cm"1, attributed to PO2 interactions [102]. The intensity of the bands 

appears to be lower for the reverse scan. 
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Figure 7.9 FTIR spectra of the surface of the porous mechanopolished sample during the 

initial scan 
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Figure 7.10 FTIR spectra of the surface of the mechanopolished sample during the 

reverse scan 
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The FTIR spectra for the SMP sample towards the anodic direction during are shown in 

Figure 7.11. It is possible to observe a band in the range of 800-1000 cm"1, on the positive 

direction that can be attributed to T1O2 and P-OH interactions [101-102]. Another band at 

1446-1741 cm"1, on the negative direction, attributed to Ti-OH interactions [99]. A single 

peak is found at 2358 cm"1, on the positive direction, which we not able to identified. 

Two farther bands are identified at the range of 2910-3351cm"1 on the negative direction 

an interaction OTi(OH)CCH appeared due to the chemical composition of the Hank's 

solution [101]; and the other one at 3351-3648cm"1 on the positive direction, attributed to 

Ti-OH interactions [99-100, 104-105]. Through the cathodic direction the first band does 

not appear (Figure 7.12) showing a difference on the surface/solution interactions. The 

second band becomes a defined peak at 1643cm"1 from Ti-OH interactions [99] and 

another single peak is found at 2341cm-l. The two farther bands are observed at 2921-

3390cm"1 and 3390-3629cm_1, (Ti-OH interactions) a shift on the values compared to that 

one of the anodic direction scan is observed [99-100, 104-105]. The intensity is reduced 

at lower potentials. 

Mecanopolished solid sample 
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Figure 7.11 FTIR spectra of the surface of the solid mechanopolished sample during the 

initial scan 

a 
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Figure 7.12 FTIR spectra of the surface of the solid mechanopolished sample during the 

reverse scan 

The FTIR spectra for the SEP sample that correspond to the initial scan are shown in 

Figure 7.13. Similar spectra to that one of the SMP sample is observed. Four bands are 

observed at a different range, the first one 800-1000cm"1 on the positive direction, that 

can be attributed to the presence of TiCb and P-OH interactions [101-102]. The second 

band 1359-1805cm"1 on the negative direction, attributed to Ti-OH interactions [99]. The 

third band 2946-3654cm_1 on the positive direction, originated from the interaction 

OTi(OH)CCH due to the chemical composition of the Hank's solution is observed [101]. 

The last band on the negative direction, at 3610-3907cm"', that can be attributed to Ti-OH 

interactions [99-100, 104-105]. A single peak is observed at 2339 cm"1 that we were not 

able to identify. An increment on the intensity is observed for higher potentials; 

particularly the highest intensity corresponds to the vertex potential. Figure 7.14 shows 

the FTIR spectra for the reverse scan as it can be observed the four bands are present at a 

range 800-935cm"1(TiO2/P-OH), 1336-1893cm"1, 2844-3677cm"1 and 3608-3943cm"1 

respectively from Ti-OH interactions [99-100, 104-105]. A single peak is found at 
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2335cm"1. The variation of the intensity is smaller and the bands are shifted. The spectra 

of the reverse scan show a lower intensity of the peaks than that one of the initial scan. 

Electropolished solid sample 
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Figure 7.13 FTIR spectra of the surface of the solid electropolished sample during the 

initial scan 

It was observed that each sample exhibited a particular behaviour. The porous sample as 

well as the solid samples showed Ti-OH interactions. Moreover both solid samples 

exhibited another peak corresponding to the OTi(OH)CCH interaction, which is 

explained by the chemical composition of the electrolyte, in this case the Hank's solution 

that has a certain amount of glucose. However an inversion of the peak is observed in 

both samples, this direction change can be attributed to the surface treatment. The 

electropolished sample showed a more stable behaviuor mean while the mechanopolished 

sample exhibited a change during the reverse scan. . 
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Figure 7.14 FTIR spectra of the surface of the solid electropolished sample during the 

reverse scan 

7.5 Conclusions 

The corrosion resistance of a porous NiTi was evaluated and its behaviour was compared 

to that one of solid samples. The results showed that the porous sample exhibits a higher 

susceptibility towards pitting and crevice corrosion than the solid samples. However the 

corrosion rate exhibited by the mechanopolished samples both porous and solid were 

similar and lower than one of the electropolished sample. The FTIR confirmed that the 

three different samples had a different behaviour and interact in different ways with the 

Hank's solution used in this study. There were no visible interactions observed at critical 

potentials except for an intensity increment exhibited by the porous sample at the 

corrosion potential. 
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CHAPTER VIII. General Discussion 

The aim of this study was to provide a better understanding of the electrochemical 

behaviour of porous NiTi alloys. At the beginning of this study four different materials 

were evaluated, their physico-chemical characteristics were identified. In fact all the 

samples exhibited an open and interconnected porosity in the range of 100-400 um. The 

material D presented a lower value of the isolated pores however the interconnected 

pores were in the same range as the other materials. According to the literature a pore 

size on this range enhance bone ingrowth, therefore a better fixation [39]. This condition 

is required for materials that are candidates for orthopedic and dental implants in general 

for bone replacement. 

The porosity has an effect not only on the bone ingrowth but also on the mechanical 

properties of the material. Therefore, these properties must match those ones of the bone. 

It has been reported in the literature that NiTi alloys in the martensite phase (28-41 GPa) 

match the elastic modulus of the bone. Moreover, if the material has an internal structure 

of 50% porosity, it exhibits a lower modulus (14-20 GPa), which allows the possibility of 

significant bone ingrowth at this matching value. The thermal analyses showed that all 

the samples are found on the martensite phase. 

The interactions between the surface of the implant and the surrounding tissues depend 

on the porosity and the mechanical properties, but also on the chemical composition of 

the sample. These interactions have an influence on the biocompatibility and the 

corrosion resistance of the implant. The good biocompatibility and good corrosion 

resistance of solid NiTi alloys comes from a homogeneous oxide layer mainly composed 

of TiC>2 with a very low concentration of Ni [2]. However, there is a concern about the 

possibility of Ni-ion release due to the high content of Ni [14]. Therefore, it is important 

to avoid the presence of Ni-ions at the surface. The surface analyses on our samples 

showed that a surface oxidation occurs following the heat treatment. The surface is 
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mainly composed of titanium oxide and of nickel oxide in much less extended amount. 

Since the Ni was oxidized after heat treatment no trace of Ni in atomic state was found. 

Despite the extensive research on the corrosion resistance of solid NiTi alloys, this 

property is not clearly established and is rather controversial. The results on these 

evaluations can varied due to numerous factors such as chemical composition and 

roughness of the surface. Surface treatments have been proposed to improve the 

corrosion resistance of solid NiTi alloys. These treatments are effective and the choice of 

treatment has to be done according to the desired properties. In the last few years a new 

emerging NiTi alloy with a porous structure has gained a particular interest. This alloys 

show the superelastic properties of solid alloys and their mechanical properties present 

values closer to those of the bones. As mentioned before its porous structure allows bone 

ingrowth. The biocompatibility and corrosion resistance is assumed to be as good as that 

one of the solid NiTi. However the porous structure could have an influence on its 

performance. The corrosion resistance of porous NiTi alloys has not been yet fully 

investigated. In particular its surface characteristics need special attention. An 

electrochemical evaluation was carried out on the different materials. The results show 

that the different materials present different behaviours. In particular, for materials A and 

C, that exhibited a lower corrosion resistance after the treatment. The highest breakdown 

potentials were obtained for the non-treated samples, but still lower to those ones of solid 

NiTi. These results are in agreement with those ones published by Abiko and Li [9, 11] 

where they showed that the corrosion resistance of porous alloys is found to be lower 

than that one of solid alloys. The morphology of the samples presents a visible change 

after the corrosion evaluation. An increment on the pore size is observed as well as a 

different pore size distribution. Furthermore the edges of the pores were more susceptible 

for corrosion. This can be confirmed by the values of the corrosion rates, where they 

decrease in the order: B>A>OD. Therefore the smallest value is observed for material 

D. The value of the corrosion rate illustrates the quantity of material lost during 

corrosion. Therefore, the more corroded the sample the highest corrosion rate. The results 
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shown in Figures 6.6 to 6.9 confirm this behaviour. It was expected to observed higher 

effect due to the corrosion on samples with higher porosities as reported [11]. On the 

contrary the samples with higher porosities exhibited the highest breakdown potentials 

for the non-treated samples. Therefore the size of the pores is not the only parameter 

which affects the corrosion resistance of the materials. The surface analyses show the 

presence of a surface with no traces of Ni-ions after the treatment. Furthermore, after the 

corrosion evaluation only the non-treated sample C exhibits the presence of Ni at a 

concentration of 0.13%, but its titanium oxide concentration is higher. The chemical 

composition of materials A, C and D exhibited the presence of intermediate oxides and 

also lower corrosion rates to those shown by material B. Therefore the presence of 

intermediate titanium oxides on the surface chemical composition of samples results on 

better corrosion rates and improved corrosion resistance. Moreover, the low corrosion 

rates observed on treated samples are an indication of high corrosion resistance compare 

to those non-treated. However these values are still low in comparison to those ones 

obtained for solid samples. 

Table 8.1 Summary Results 

Oxide layer thickness (nm) 

Material 
A 
B 
C 
D 

Non treated 

Before 
Corrosion 

12 
3 
7 
7 

After 
Corrosion 

10 
7 
12 
9 

Treated 

Before 
Corrosion 

40 
29 
33 
20 

After 
Corrosion 

82 
73 
58 
54 

Corrosion rate 
(mmpy) 

Non 
treated 

0.1183 
0.934 
0.076 

0.0505 

Treated 

0.0359 
0.168 

0.0221 
0.0202 

In the quest for a better understand of the electrochemical behaviour and the interactions 

of the oxide layer and the environment, an investigation using the 

Spectroelectrochemistry method for the first time. Our results showed that the solid 
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samples exhibited a higher corrosion resistance. Moreover the lowest corrosion rate was 

observed for the electropolished sample. As has been reported electropolished NiTi 

exhibits a good biocompatibility and corrosion resistance [2-3, 24, 97]. The porous 

sample exhibited a higher susceptibility to pitting and crevice corrosion. However its 

corrosion rate showed a value closer to that one of the solid mechanopolished sample. 

The FTIR measurements permitted to identify certain interactions (Ti-OH) that were 

present for all the samples. However the solid samples exhibited also other interactions 

not present in the porous sample. This could be explained by the different surfaces of the 

samples. 

The corrosion resistance of solid NiTi alloys is still controversial and there are no 

standards to determine an acceptable value for this material. The mechanism of corrosion 

need to be better evaluated with techniques such as XPS, AES and SEM to identify any 

changes of the surface. However there are not many studies that have been published 

dealing with this specific surface characterization. The study of porous NiTi has only 

started a few decades ago and its electrochemical behaviour is still unknown due to the 

porous nature of the material. That on one hand is necessary to promote bone ingrowth 

but on the other might increase its corrosion resistance. 

The use of new techniques such as FTIR in situ was proposed to elucidate the interactions 

that were taking place at the interface of the sample and the electrolyte. We need to 

understand that the human body is unique and there are certain conditions that we cannot 

simulate in the laboratory. This technique was the first step to understand the mechanisms 

of corrosion resistance for the NiTi alloys solid and porous, and also for the different 

treatments that are widely used. Electropolished samples have proved to have a better 

corrosion resistance than mechanical polished, however there are no studies trying to 

understand this behaviour. 
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We propose to further study the Porous NiTi alloys which remain a promising material 

for bone replacement due to their unique properties. Other porous materials such as 

Titanium and Tantalum do not offer the same advantages. Titanium alloys are 

biocompatible but their mechanical properties are higher than those ones of the bone, 

their porosity is limited to a few layers, and do not has the superelasticity or shape 

memory properties. Moreover the porous NiTi alloys have the damping capacity, which 

is suitable for different applications, for example disc replacement. On the other hand 

there is evidence that the porous NiTi also have capillarity properties which enhances the 

bone ingrowth within the implant [59]. These characteristics have been observed neither 

in Titanium nor in Tantalum. 
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CHAPTER IX. Conclusions 

The morphological evaluation confirmed that no visible changes were observed on the 

characteristics of the samples due to the heat treatment. In fact all the samples exhibited 

an open and interconnected porosity in the range of 100-400 um. 

The electrochemical behaviour of porous Nickel-titanium alloys was investigated. The 

results showed that the corrosion resistance of these materials is related not only to their 

morphology but also to their surface chemical composition. Moreover, the presence of 

the intermediate Ti oxide results on better corrosion rates. 

The corrosion resistance of a porous NiTi was investigated and compared to that one of 

solid samples. The results showed that the porous sample exhibits a higher susceptibility 

towards pitting and crevice corrosion than the solid samples. However the corrosion rate 

exhibited by the mechanopolished samples both porous and solid were similar and lower 

than one of the electropolished sample. The FTIR confirmed that the three different 

samples had a different behaviour and interact in different ways with the Hank's solution 

used in this study. There were no visible interactions observed at critical potentials except 

for an intensity increment exhibited by the porous sample at the corrosion potential. 
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CHAPTER X. Limits and Recommendations 

This study did not aim to produce any statistic information; the interest was to understand 

the mechanism of corrosion. Therefore, the Spectroelectrochemistry method was used for 

the first time to elucidate these mechanisms. 

There are few studies of the corrosion resistance of porous biomaterials in general, and 

thus it was difficult to compare our results with the literature. 

We suggest performing the spectroelectrochemistry investigation using polarized light, in 

order to assess and differentiate the adsorbed species and also those produced in the 

electrolyte. 

We recommend the use of different electrolytes such as Ringer solution, artificial saliva, 

etc, in order to identify other interactions between the surface of the electrode and the 

electrolyte. 

It will be important to perform the spectroscopy measurements at different wavelengths 

for example, in the near infrared or UV-visible regions where the oxide species can be 

detected during the corrosion test. 

We suggest applying different surface treatments to porous samples such as 

electropolishing, acid passivation, in order to improve its corrosion resistance. 

We recommend confirming the appearance of the R-phase on sample A with 

Transmission Electron Microscopy observations. 

We recommend using this approach to study porous Tantalum and Titanium in terms of 

corrosion resistance. 
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It will be useful to perform this study under cyclic stress to evaluate its influence on the 

electrochemical behaviour. 
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A. 1 Abstract 

The importance of the porous NiTi alloys proposed as materials for implants lies in their 

two useful features: bio compatibility and bio functionality, that are necessary for bio 

implantable materials. Their super-elastic permeable structure makes them useful for 

many biomedical applications, such as substitutes for thin bones. 

Combined chemical and physical analyses with two different samples of NiTi shape 

memory alloys were performed. The martensitic and the austenitic transformations 

induced by heat treatment (550°C) [77].were quantified by thermal analysis for one of the 

samples. The second one, treated for a longer time, did not display this behaviour. 
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The studied materials show an interconnected and opened structure with different pore 

size as revealed by SEM observations. The DSC measurements show an increment in the 

AH after heat treatment in the case of C sample. As the curve profile does not change 

between 0 and 50 °C, we conclude that the C sample is in the martensite phase. The XPS 

study indicates that the surface oxidation occurs after the heat treatment. This oxidized 

layer has a different thickness for the materials in the range of 2000 - 3280 A. 

Keywords: NiTinol, porous NiTi, Medical applications, damping capacity, capillarity. 

A. 2 Introduction 

The applications of NiTi in biomedical field are very wide. Several equiatomic and near 

equiatomic NiTi alloys with a porous internal structure have already been used for 

approximately a decade, in maxillofacial surgeries [33] and other orthopedic procedures 

[5-6] involving thousands of patients [6, 8]. However, the interest for these materials is 

still increasing in many areas of the biomedical field, such as the development of shape 

memory implants of special design. Therefore, further knowledge is needed concerning 

the relationship between, on one hand, the phase constituents and the factors determining 

the internal structure of the material, and on the other, the fundamental material 

properties and the response of the biomedical device used. 

Numerous considerations need to be made in order to realize a full characterization of 

NiTi alloys. The influence of various parameters should be analyzed in view to explain 

the shape memory effect and the state of the structure. Quantitative and qualitative 

techniques are useful for this study. 
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A.3 Materials and Methods 

A. 3. 1 Materials 

The selected samples consist of two types of NiTi alloys, to be denoted in the following 

by C and D, supplied by different sources. The sample C was provided by Professor 

Victor E. Gjunter from the Institute of Medical Materials and Shape Memory Implants, 

but made in a laboratory in Israel (Equiatomic alloy 50-50), and the sample D was 

provided by Colorado School of Mines (Non equiatomic alloy 48Ti-51Ni). Both 

specimens were obtained by the Self-propagating High-temperature Synthesis (SHS) 

procedure. 

Cylindrical specimens were cut from porous rods with a diamond saw in order to 

maintain their internal structure, with a thickness of 5 mm and diameter of 10 mm. They 

were cleaned for 10 min by immersion in a bath with acetone and methanol using an 

Ultrasonic cleaner (Branson, Model 2510) apparatus. 

A. 3. 2 Methods 

One series of specimen from each sample was submitted to an annealing process for 30 

min at 550°C for C and D. The cleaning operation was carried out aging after the process. 

Moreover, a second heat treatment was carried out at the same temperature but for 

different periods of time, respectively 60 min and 90 min, for the material D. 

Morphological Analysis: The morphological evaluation of materials provides a structural 

profile of material and its surface relief. Information concerning the surface texture and 

the porosity of the samples were obtained by scanning electron microscope (SEM) 

analyses. The micrographs were taken using a JEOL model JSM-840 Scanning Electron 

Microscope at 15.0 kV on the treated and non-treated specimens. 
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Thermal Analysis: Shape memory effect is usually attributed to the contribution of 

temperature effect. We used the Differential Scanning Calorimetry (DSC) technique, to 

identify the phase transformation behavior. The analyses were carried out in a Perkin 

Elmer Pyrisl Calorimeter equipped with a CryoFill Liquid Nitrogen Cooling system. The 

apparatus has been calibrated into temperature interval 0°C - 200°C at a rate of 10°C, 

using Indium as reference materials. Each specimen with a mass of 20 mg approximately 

have been cycled once within the range of 0°C to 190°C at a heating/cooling rate of 10°C, 

using He as purge gas. Two thermogrames were recorded for each sample, non-treated 

and treated. 

Surface Analysis: Since the chemical composition control various properties, the 

concentration of particular species of atom need to be quantified on the surface of 

material. The X-ray Photoelectron Spectroscopy (XPS) technique permitted us to identify 

the surface chemical composition. By using ESCALAB-3 MKII system equipped with a 

non-chromatic twin-anode X-ray source the measurements were made. The Al Kai„2 x-

ray radiation with quantum energy of 1486.6 eV was used. The anode was operated at 

14.7 kV and 20 mA, and the analyzer was operated at a constant pass energy of 20 eV. 

The spectrometer was calibrated at the binding energy of Au (4f7/2)(84 eV) and Cu 

(2p3/2)(932.4 eV) levels using pure metals. The resolution of the instrument is 0.8 eV. 

The advantageous Cls peak at 285.0 eV was taken as energy reference. The data shown 

were recorded at a take off angle of 0° with respect to the surface plane. 

Auger analysis (AES) has been used to determine the thickness of the oxide layer created 

on the surface of the two types of samples after heat treatment. They were performed in a 

JEOL JAMP-30 system equipped with a field emission source under a pressure of 10"7 

Pa. The depth profile of chemical elements: Ni, Ti, Cr and O, were acquired at an energy 

resolution of 0.1% using 3 kV, 0.5 p.A argon ions. The argon etch rate was calibrated by 

using a standard of thermally grown SiCh of 1000 A of Si. These analyses were carried 
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out before and after the heat treatment in order to emphasis the effect of heat treatment on 

the samples. 

A. 4 Results 

Two different sources of materials and the effect of heat treatment were taken into 

account in order to describe the shape memory performance and other properties of NiTi 

shape memory alloys during our analysis. The main purpose for carrying out a heat 

treatment in the samples is to release internal stress created during forming processes. 

The temperature of 550°C was chosen because at that temperature the damping reaches 

its maximum value in the martensite phase [77]. 

The material C exhibited an interconnected and opened porosity with a pore size of 100 

urn as revealed by SEM observation (Figure A.la). This sample is characterized by a 

textured surface (Figure A. lb). The porosity aspect of material D is different. The pores 

with 35-50(xm diameter are interconnected to form an opened structure (Figure A.2a). 

More details about this aspect could be observed in figure A.2b. 

2 3 4 1 15KfJ X50 iO0!J|ft UD13 12344 15KV X2,880 18MB HD13 

Figure A.l Scanning electron microscopy of porous NiTi material C (Original 

magnification: a) x50 and b) x2000). 
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Figure A.2 Scanning electron microscopy of porous NiTi material D (Original 

magnification: a) x200 and b) x2000). 

The changes in thermal behavior, occurred by heat treatment, have been estimated by 

DSC measurements. As can be seen in Figure A.3, the thermogram profile of C sample 

shows an austenite transformation with a broad peak of with 16.1°C (As = 91.5°C) and a 

AH=5.373 J/g. The martensite phase peak limits are found, respectively, at the 

temperatures of 70.2°C (Ms) and at 64.5°C (Mf) with a AH=5.622 J/g. Any changes are 

displayed between 0-50°C, indicating that the material is in the martensite phase at the 

body temperature. The measurements carried out for original sample did not reveal any 

phase transformation between 0-190°C. Heat treatment seems to modify the molecular 

structure, resulting in phase transformation appearance. 

No significant difference in thermal behavior could be observed before and after heat 

treatment for the material D. Both treated and no-treated samples did not exhibit the 

phase transformation temperatures. The material keeps this behavior even after 

performing the heat treatments for longer time. The DSC thermogrames are not 

representative for this case. 
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Figure A.3 DCS-Thermal analysis curve of porous NiTi alloy C after treatment. 

The XPS study indicates that the surface undergoes oxidation after heat treatment for 

both materials (Table A.l, A.2). The surface is mainly composed of titanium oxide and of 

nickel oxide in much less extended amount. The high-resolution XPS spectra show the Ni 

peak at 852.22 eV for material C and at 851.75 eV for the material D for the non-treated 

series. Since the Ni was oxidized after heat treatment no trace of Ni in atomic state was 

found for these series as revealed by the presence of peaks at 855.82eV corresponding to 

material C and 855.56eV for material D. The presence of chromium is specific for the 

material D after heat treatment - at 577 eV. 
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Table A.l Surface chemical composition obtained by XPS high-resolution analysis for 

material C 

Non Treated 

Element 

Ni 

Ni-0 

Ni203 

Tiz+ 

pl/2 Ti2+ 

Ti3+ 

pl/2 Ti3+ 

Ti4+ 

pl/2 Ti4+ 

BE(eV) 

852.22 

852.95 

855.45 

454.55 

460.63 

456.33 

461.51 

458.79 

464.35 

Treated 

Element 

Ni203 

Ti i + 

pl/2 Ti3+ 

Ti4+ 

pl/2 Ti4+ 

BE(eV) 

855.82 

456.21 

462.38 

459.42 

464.96 

The thickness of the oxide layer has been estimated from the Auger measurements. As 

reference, we considered that each cycle corresponds to 66.67 A. (specific characteristic 

of the instrument). The number of cycles is specific for each analyzed sample. For the 

non-treated series, we calculated 10.3 cycles for material C, which correspond to 740.85 

A and for material D, 10 cycles, which correspond to 666.7 A. After the annealing, the 

oxide layer for material C is 3274.4 A and for material D is 2002.73 A. We thus see that 

the annealing has increased the oxide layer. The surface profiles are shown in Figures A.4 

and A. 5. 
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Table A.2 Surface chemical composition obtained by XPS high-resolution analysis for 

material D 

Non treated 

Elements 

Ni 

Ni203 

Ti2+ 

pl/2 Ti2+ 

Ti j + 

Ti4+ 

pl/2 Ti4+ 

BE(eV) 

851.75 

854.94 

454.55 

460.63 

456.33 

458.05 

463.61 

Treated 

Elements 

Ni203 

Cr 

Ti j + 

pl/2 Ti3+ 

Ti4+ 

pl/2 Ti4+ 

BE(eV) 

855.56 

575 

456.21 

462.38 

458.29 

463.87 

Number of cycles Number of cycles 

Figure A.4 AES element distribution from the surface of material C. 
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Figure A.5 AES element distribution from the surface of material D. 

A.5 Conclusions 

The results showed different features of C and D samples. The mean pore size for 

material C (lOOum) reveals an internal structure that enhances the capillary phenomena. 

Although the pore size is diminished (30-55um), the interconnection is maintained in the 

case of material D [39]. Both materials present an interconnected structure that enhances 

the bone tissue ingrowth and good fixation of the implant. 

The material D has a different chemical composition; the presence of Ni in a percentage 

of 51%, and the addition of chromium (0.5%) has a direct influence on the characteristics 

of the material. The excess of nickel can change the transformation temperature; it can be 

lowered from above 100°C to below 0°C [86]. The addition of chromium could control 

not only the phase transformation temperature but also improve the superelasticity of the 

alloy. 

The Ni oxidation on the surface was confirmed after heat treatment for both samples. An 

important increment in the oxide layer thickness also was observed for material C. 
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A.6 References 

See chapter XI 


