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OXIDATION OF NITINOL

Lucy Zhu,1 Jennifer M. Fino,2 and Alan R. Pelton1

1Nitinol Devices & Components, 47533 Westinghouse Drive, Fremont, CA 94539
2California Polytechnic State University, San Luis Obispo, CA 93407

ABSTRACT
This study explores the kinetics and phase transformations of oxide formation in NiTi. Electropol-
ished Ni-50.8 at.%Ti wires were heat treated between 400 and 1000° C for 3 to 300 min. in air. Sur-
face analytical techniques were used to characterize the thickness, composition, and phase
distribution of the oxide surface layers. It was observed that the oxide growth is parabolic with
resultant activation energy of 50 kcal/mol, which is comparable to the oxidation of pure Ni and Ti.
The results of this study suggests that oxidation occurs as follows:

NiTi+O2 → Ni3Ti+TiO2 → Ni4Ti+TiO2 → Ni+TiO2

The presence, amount, and distribution of these phases depend on both time and temperature. The
composition of the oxides and how it influences biocompatibility are discussed. 

KEYWORDS

Nitinol, Oxidation, Heat Treatment, Kinetics, Phase Transformation, Corrosion

INTRODUCTION

A number of authors have discussed the unique material properties and biocompatibility that NiTi
offers [1–5]. The nearly nickel-free TiO2 layer of electropolished NiTi has been proven to be an
excellent source of corrosion protection; however, the release of nickel ions during the degradation
of NiTi is a significant concern when considering its use as an implant material [5–6]. At elevated
temperatures in air, titanium reacts with oxygen to form a TiO2 layer, and the structure of this oxide
is important in understanding the biocompatibility of the material. Several authors [7–11] have
studied the effects of surface treatments on the surface composition of NiTi, but the mechanisms of
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high temperature oxidation and the effects on corrosion are not entirely understood. This study
investigates the phenomena of oxide formation by means of various surface analytical techniques and
includes the exploration of oxidation kinetics as well as an assessment of the effects on biocompatibility.

EXPERIMENTAL METHODS AND TECHNIQUES

3-mm.-diameter Ni-50.8at.%Ti wire was annealed at 1000° C for 30 min., centerless ground to
remove the resultant oxide scale, and electropolished. The wire was subsequently oxidized in an air
furnace at 400–1000° C in 100° C increments for 3, 10, 30, 100, and 300 min. Auger Electron Spec-
troscopy (AES), Focused Ion Beam (FIB), JEOL JSM-5600 Scanning Electron Microscope (SEM),
and Oxford Instruments Model 6587 Energy Dispersive X-Ray Spectroscopy (EDXS) were used to
characterize the thickness and composition of the oxide layer(s). AES was used for oxide layers up
to 0.1 µm, FIB between 0.1–1 µm, and SEM for 1 µm layers. Cross-sections of the wires were pre-
pared using standard metallographic techniques. Two sections of wire from each heat-treatment
condition were mounted in bakelite, polished to a mirrorlike finish with 60–1200 grit SiC paper,
and cleaned in ultrasonicated denatured alcohol. Samples were not etched in order to ensure that all
phases were retained for analysis. 

Specimens were observed by SEM in both Secondary Electron Imaging (SEI) and Backscattered
Electron Imaging (BEI) modes; the BEI mode was especially useful to differentiate Ni-rich (light)
and Ti-rich (dark) phases. Layer-thickness measurements from AES were based on estimates from
the FWHM depth profiles, whereas thicknesses from FIB and SEM were based on averages of mea-
surements from several samples.

RESULTS AND DISCUSSION

Oxidation Growth and Composition

No visible oxide was observed by SEM for samples at lower temperatures (≤600° C) and at 700° C
for shorter times (≤30 min.). These samples were analyzed with AES and/or FIB to determine the
oxide thickness and composition. Figure 1 shows the AES depth profile of the electropolished and
400° C/3 min. samples, with a TiO2 thickness of 110 Å and 200 Å, respectively. After 30 min. at
400° C, AES revealed a nickel-rich region beneath the outer TiO2 layer (Figure 2). The remaining
samples analyzed with AES showed a more pronounced nickel-rich region below the TiO2 layer.
Table 1 summarizes the oxide thicknesses as a function of temperature and time; the analytical
technique used is also indicated 

FIB [12] was used to analyze intermediate oxide thicknesses, as well as to overlap other analysis
techniques. Figure 3 shows two light gray superficial platinum layers (marked) that are used as a
protective coating during sample preparation. Beneath those layers, a darker TiO2 (or other Ti sub-
oxide layers) with a lighter nickel-rich sublayer is detected. Chuprina [7] also discovered a “white
layer” beneath the surface scale by optical metallography, which he determined to be Ni3Ti. Voids
in the surface layers are also seen in Figure 3. The formation of voids and/or pores may be due to
stress generation in the oxide during growth or by the Kirkendall effect whereby vacancies are cre-
ated when the Ti atoms diffuse away from the NiTi matrix to react with O2 [7,13–15]. Chu et al.

[14] suggest that the formation of large voids may be due to the difference in the vertical and lateral
oxide growth rates, as well as the collection of vacancies..  
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Figure 4 shows the cross-section of the as-electropolished wire, as compared to Figure 5, which
illustrates the progressive growth of the oxide with increasing time at 900° C. The bright interfacial
region between the base NiTi and the surface TiO2 observed for the oxidized samples was analyzed
by EDXS to be 75at.%Ni and 25at.%Ti, consistent with Ni3Ti (white sublayer); EDXS also confirms
the presence of TiO2 (dark gray). Small Ni3Ti fingerlike projections emerge from the nickel-rich
layer and appear to form  islands in the oxide. A comprehensive EDXS analysis indicates that the
Ni content of the phases increases with increasing distance from the NiTi interface. The Ni3Ti inter-
facial layer transforms to Ni4Ti (80at.%Ni), whereas the islands become nearly pure Ni (approxi-
mately 92at.%Ni). This composition transition indicates that with increasing time at temperature,
the Ni3Ti sublayer becomes Ti-depleted as the Ti reacts with the O2, leaving behind nearly pure Ni.
The light gray areas embedded in the TiO2 observed in Figure 5e may be NiO and TiO2, which can
react to form the double-oxide NiTiO3 [16]. Other authors [7–9, 13–14] obtained similar results,

Figure 1 AES depth profiles of NiTi wire: (a) as electropolished; (b) 400oC for 3 min.
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but there are discrepancies in the actual composition of these phases. X-ray diffraction analysis in
Chuprina et al. showed the coexistence of Ni3Ti, Ni, NiO, Ni(Ti), and TiO2 at high temperatures
(>600° C) [7]. Metallic Ni, oxidized Ni, or Ti atoms in solid solution with Ni (Ni(Ti)) have also
been reported [9, 13–14].

After 3 min. at 1000° C, the nickel-rich and titanium oxide regions can be observed easily by BEI/
SEM (see Figure 6a). The nickel-rich precipitates and TiO2 form a lamellar structure of alternating
Ni-rich phases and TiO2. After 30 min. at 1000° C, this structure becomes more apparent (see
Figure 6b), and after 300 min. at 1000° C, the oxide has become extremely thick (approximately
300 µm), with most of the Ni from Ni3Ti dispersing into the TiO2 layer (see Figure 6c). As Ni dif-

Figure 2 AES depth profile of 400° C/30 min. NiTi wire. Note the presence of a Ni-rich region 
below the TiO2 surface layer.

Table 1 Oxide Thickness as a Function of Temperature and Time with Analytical Technique

Time
(min.)

Temperature (oC)

400 500 600 700 800 900 1000

Oxide Thickness (µm) 

0 0.0110 A 0.0110 A 0.0110 A 0.0110 A 0.0110 A 0.0110 A 0.0110 A

3 0.0200 A 0.0188 A 0.0338 A 0.180 A 2.737 S 6.052 S 11.23 S

10 0.0338 A 0.0244 A 0.0808 F 0.550 F 5.775 S 11.40 S 21.90 S

30 0.0282 A 0.0676 F 0.534 F 0.738 S 13.70 S 14.70 S 54.80 S

100 0.0470 F 0.0708 F 1.356 F 2.230 S 15.33 S 23.50 S 157 S

300 0.0670 F 0.0714 S 2.650 S 6.780 S 20.92 S 43.80 S 278 S

*Primary Analytical Technique: A = AES, F = FIB, and S = SEM
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fuses to the surface, it becomes increasingly pure (approximately 98at.%Ni), with most of the Ti
reacting with O2 to form TiO2. 

 It appears that the TiO2 layer acts as a diffusion barrier to prevent Ni from oxidizing as expected from
pure metal thermodynamics [17]. This is also consistent with the thermodynamic calculations from
Firstov et al. [13], which indicate that reactions at the NiTi/air interface consist of NiTiO3, TiO2, and
metallic Ni, whereas NiO would not be formed due to insufficient oxygen partial pressures.    Oxida-
tion Kinetics.

Figure 7 illustrates the effect of time and temperature on oxide thickness from the present experi-
mental study. Note that there is an initial high growth rate followed by slower growth kinetics at all
temperatures. These data also demonstrate the expected trend of higher oxidation rates at higher

Figure 3 FIB image of 700° C/10 min. NiTi at 100,000×. Note the bright Ni3Ti layer and (dark) voids. 

Figure 4 BEI/SEM image of as-electropolished cross-section (500×).
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Figure 5 BEI/SEM images of NiTi wire cross-section after 900° C: (a) 3 min. (b) 10 min. (c)30 min. 
(d) 100 min. (e) 300 min. (500×).
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temperatures. These observations are consistent with a model of oxygen absorption on the NiTi sur-
face that reacts with outward diffusing Ti to form TiO2. Chu et al. [14] and Keng et al. [16] discussed
the relative direction of atomic diffusion and phase formation. During the early stages of oxidation,
the growth of the TiO2 layer is the only contributor to thickness and therefore oxide formation is
relatively rapid. However, the preferential oxidation of Ti creates a Ti-depleted (Ni-rich) zone at the
NiTi/TiO2 interface as illustrated in Figures 3–6. The formation of the Ni-rich layer increases the
effective diffusion distance with an associated decrease in overall oxidation kinetics. Continued
oxide growth therefore involves simultaneous nucleation and growth of titanium oxides and Ni-rich
phases. Ultimately, these processes lead to the formation of a protective oxide scale, which prevents
further oxidation of the base material.Several authors observed parabolic oxidation rates in NiTi
alloys [13–14, 16, 18]. The governing equation can be written as

Figure 6 BEI/ SEM image of NiTi wire cross-section after electropolishing and a heat treatment at 
1000° C: (a) 3 min. (500×), (b) 30 min. (500×), (c) 300 min. (200×). 



364
thk2 = kpt (1)

which indicates that square of the oxide thickness (thk2) is proportional to time, t, through the para-
bolic oxidation rate, kp. Oxidation rates were determined from the data shown in Figure 7. For illus-
trative purposes, these data were plotted on a log scale. These data can also be modeled with an
Arrhenius equation, shown as equation 2, which governs the reaction rates.

kp = k0 exp(–Q/RT)    (2)

where ko is the rate constant, Q is the activation energy, R is the gas law constant, and T is the absolute
temperature. Figure 8 plots the rate constant as a function of 1/T for the seven data sets. An activation
energy of 50 kcal/mol was determined from the slope of the curve. This oxidation activation energy is
the same order of magnitude as the activation energy to form NiO from pure Ni (45 kcal) and TiO2

from pure Ti (26 kcal) [19]; these curves are also shown in Figure 8 for comparison. Chu et al. [14]
obtained an activation energy of 54 kcal/mol (700–1000° C), which agrees well with the present find-
ings. Chuprina et al. [7] found a range of activation energies for various heat-treatment temperatures
with a transition from low-temperature (600–700° C) oxidation (43 kcal/mol) to high-temperature
(700–1000° C) oxidation (72 kcal/mol), which are also consistent with the present data. 

Corrosion

The corrosion behavior of these oxidized wires was investigated in a companion study [20]. It was
shown that the corrosion resistance is a strong function of oxide thickness where samples with the
thinner (<0.1µm), more pure oxides have higher corrosion resistance. It is further illustrated that the
Ni-rich regions in the thicker, less pure oxides promote localized corrosion (pitting).

Figure 7 The effect of time on oxide thickness is consistent with parabolic oxide growth.
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CONCLUSIONS

The present paper shows the phase formation and kinetics of transformations for oxidized NiTi.
Electropolished wires are characterized by a thin (~0.01 µm) TiO2 layer. The thickness of the oxide
layer increases with increasing oxidation time at temperature between 400° C and 1000° C. A Ni-rich
layer is observed at the interface between NiTi and the thermal TiO2. Above 800° C the Ni3Ti inter-
facial layer transforms into Ni4Ti with fingerlike projections (approximately 80at.%Ni) and Ni
islands (approximately 98at.%Ni) surrounded by TiO2. The oxidation reactions for these samples
appear to proceed as follows:

NiTi+O2 → Ni3Ti+TiO2 → Ni4Ti+TiO2 → Ni+TiO2

This oxide growth was determined to be parabolic, with a resultant activation energy of 50 kcal/mol.
The parabolic nature of this oxide prevents further high-rate oxidation. The corrosion behavior of NiTi
is highly dependent on the thickness and composition of these oxide layers.      

REFERENCES

1. T. Duerig, A.R. Pelton, and D. Stoeckel, Mater Sci Eng A273-275 (1999), p. 149–160.

2. D. Stoeckel, Min. Invas. Ther. & Allied Technol. 9 (2) (2000), p. 81–88.

3. D.E. Hodgson, M.H. Wu, and R.J. Biermann, in ASM Metals Handbook ASM, 10th Ed., Vol. 2 
(1991), p. 897–902.

4. J. Ryhanen, in Min. Invas. Ther. & Allied Technol. 9 (2) (2000), p. 99–106.

5. C. Trepanier, R. Venugopalan, and A.R. Pelton, in Shape Memory Implants, ed. L. Yahia 
(2000), p. 35–45.

Figure 8 Arrhenius comparison of the oxidation rates for NiTi and Ti in TiO2 and Ni in NiO [19].



366
6. R. Venugopalan, and C. Trepanier, Min. Invas. Ther. & Allied Technol. 9 (2) (2000), p. 67–-74.

7. V.G. Chuprina, Soviet Powder Metallurgy and Metal Ceramics 28 (4) (1989), p. 468–472.

8. J.P. Espinos, A. Fernandez, and A.R. Gonzalez-Elipe, Surf. Sci. 295 (1993), p. 402–410.

9. R.G. Vichev et al., Proceedings of the Seventh European Conference on Applications of Surface 
and Interface Analysis, eds. I. Olefjord, L. Nyborg, and D. Briggs (Goteborg) (1997),  p. 679–682.

10. C. Trepanier et al., J. Biomed. Mater. Res. (Appl. Biomater.) 43 (1998), p. 433–440.

11. S. Trigwell et al., Sufr. Interface. Anal. 26 (1998), p. 483–489.

12. B.L. Pelton and J. Vitarelli, in SMST-2000: Proceedings from the International Conference on 
Shape Memory and Superelastic Technologies, eds. S.M Russell and A.R. Pelton (Pacific 
Grove, Calif.: International Organization on SMST), p. 97–102.

13. G.S. Firstov et al., Biomaterials 22 (2002), p. 4863–4871.

14. C.L. Chu, S.K. Wu, and Y.C. Yen, Materials Science and Engineering A216 (1996), p. 193–200.

15. A.S. Khanna, High Temperature Oxidation and Corrosion (ASM International, 2002).

16. C.L. Zeng, Oxidation of Metals 58, no.1–2 (2002), p. 171–184.

17. D.R. Gaskell, Introduction to Metallurgical Thermodynamics, 2nd Ed. (1981), p. 287. 

18. V.G. Chuprina, Soviet Powder Metallurgy and Metal Ceramics 28, no. 4 (1989), p. 310–314.

19. O. Kubaschewski and B.E. Hopkins, Oxidation of Metals and Alloys, 2nd Ed. (1962).

20. C. Trepanier et al. in SMST-2003: Proceedings of the International Conference on Shape 
Memory and Superelastic Technologies, eds. A.R. Pelton and T. Duerig (Pacific Grove, Calif.:  
SMST Society), these proceedings.


	Cover
	Copyright Information
	Table of Contents
	Foreword and Acknowledgments
	Preface
	ALLOYS AND PHASE TRANSFORMATIONS
	The Development of Radiopaque Nitinol
	Characteristics of High Purity Nitinol
	The Effect of Alloy Formulation on the Transformation Temperature Range of NiTi Shape Memory Alloys
	Design of Nanodispersion Strengthened TiNi-Base Shape Memory Alloys
	Structural and Diffusional Effects of Hydrogen in TiNi
	Shape Memory Properties of Nickel Rich Ni-Ti Alloys
	Design and Performance of a Non-contact Af Tester
	Differential Scanning Calorimetry as a Tool for Investigating Structural Changes During Repeated Phase Transformations in NiTi Alloys
	Chemical and Microstructural Explanations for Multiple Step Martensitic Transformations in Ni-Rich NiTi Shape Metal Alloys
	Characteristics of Porous TiNi Biomaterial as a Medical Device: Compression Testing for Biomechanical Compatibility
	Pseudoelastic Beta Ti-Mo-V-Nb-Al Alloys
	Superelastic Behavior in Nickel-Free Ti-Nb-Sn Alloys
	Determination of the Martensite-Austenite Transformation Temperatures in Ni-Mn-Ga Alloys

	PROCESSING METHODS
	Engineering Characteristics of Drawn Filled Nitinol Tube
	Process Optimization Towards High Grade Wire and Tubing Surfaces
	The Effect of Cyclic Aging on the Transformation Temperatures of Ni-rich NiTi Alloys
	Status and Trends of Nitinol Micromachining Techniques
	Metal Injection Molding for NiTi Alloys
	Thermal Spraying of NiTi Alloys
	Thermal Spray Forming of NiTi Shape Memory Alloys
	Properties of Hot Isostatic Pressed NiTi Components
	Characterization of the Superelastic Effect in Cu-Al-Ni Shape Memory Alloys Processed by Powder Metallurgy
	Thermomechanical Properties in Cu-Al-Ni Shape Memory Alloys Processed by Powder Metallurgy
	Ultra-Low-Density Open-Cell NiTi Foams
	Soldered Joints for Shape Memory Components
	Laser Welding Nitinol to Stainless Steel
	CO2 Laser Welding of NiTi/Ni-Based Alloys
	Laser Cutting Nitinol Tubes

	MECHANICAL PROPERTIES
	Biaxial Testing at Different Temperatures of Cruciform Ti-Ni Samples
	The Effects of Notches and Grain Size on Transformations in Nitinol
	On the Mechanical Behavior of Nitinol Under Multiaxial Loading Conditions and in situ Synchrotron X-ray
	On the Interrelation of Microstructure, Localization of Transformational Strain, and Strain Rate in Pseudo-elastic Fatigue of NiTi
	Fatigue Behavior of Superelastic NiTi Alloys Subjected to Torsional Loading
	Fatigue Testing of Diamond-Shaped Specimens
	Mean Strain Effects and Microstructural Observations During in vitro Fatigue Testing of NiTi
	Fatigue Performance of Nitinol Tubing with Af of 25˚C
	Fracture Characterization in Nitinol
	Mechanical Characterization of Shape Memory Alloys using Diffraction and Instrumented Indentation
	Texture in Tubes and Plates of Nitinol
	Behavior of TiNi Alloy Under Neutron Irradiation

	SURFACE CHEMISTRY, CORROSION, AND BIOCOMPATIBILITY
	Oxidation of Nitinol
	Corrosion Resistance of Oxidized Nitinol
	The Corrosion of Nitinol by Exposure to Decontamination Solutions
	The Role of Alkaline Cleaning Solutions and Cl-Containing Lubricants on Pitting Corrosion in NiTi Alloys
	Effect of Strain on the Corrosion Resistance of Nitinol and Stainless Steel in Simulated Physiological Environment
	The Effect of Surface Particulates on the Corrosion Resistance of Nitinol Wire
	Porous NiTi Alloy Produced by SHS Process: Surface Characteristics and Corrosion Behavior
	Corrosion Behavior of a Beta Ti-Mo-Nb-Al-V Alloy

	DESIGN THEORY AND FINITE ELEMENT ANALYSIS
	Reducing the Design Cycle of Nitinol Devices
	Designing with Nitinol for the Commoner
	Finite Element Analysis on Nitinol Medical Applications
	Finite Element Analysis and Experimental Evaluation of Superelastic Nitinol Stent
	Influence of Stress Concentration on the Thermomechanical Behavior of NiTi Shape Memory Alloys
	Numerical Simulation of Shape Memory Alloys at Finite Strains
	Numerical Simulation of Structures in Shape Memory Alloy
	Finite Element Analysis of Plastic Behavior in Nitinol
	Numerical Simulation of Texture Effect on a Biomedical Nitinol Stent

	MEDICAL APPLICATIONS
	A Decade of Evolution in Stent Design
	A SMA-Based Scoliosis Correction System- First Designs and Clinical Experience
	New Concept for an Artificial Intervertebral Disc (AID) as a Total Replacement of a Herniated Lumbar Disc
	Novel Interbody Fusion Implant Made from Shape Memory Alloy for Minimal-Access Surgery of the Spine
	A Closed Loop Implantable Artificial Pancreas Using Thin Film Nitinol MEMS Pumps
	Shape Memory Polymers as Stimuli-Sensitive Implant Materials for Medical Applications

	NON-MEDICAL APPLICATIONS
	Folded Geometry, Multi-Functional NiTi Actuators
	Characterization of SMA Wire in Bias Spring Actuation
	Time Response of Shape Memory Alloy Wires and Application in a Drive System
	Silicon Oxide Diaphragm Valves and Pumps with TiNi Thin Film Actuation
	Development of a Hybrid Shape Memory Fabric for Application in the Textile Industry
	Superelastic Damping Characteristics of Ti-50.8at.% Ni Wires Under Low Frequency Mechanical Shock in Structural Engineering
	Application of Shape Memory Alloys to Develop a Massive Actuator for Rock Splitting

	THIN FILMS AND SURFACE MODIFICATIONS
	Nitinol Thin-Film Three-Dimensional Devices: Fabrication and Applications
	New Design Opportunities in the Medical Device Industry Using NiTi Thin Film Technology
	Exploiting Shape Memory and Superelasticity in Engineered Surfaces
	Smart Thin Film TiNi Based Membranes (110) for Optical Applications
	Sputter-Deposition Technique, Transformation Intervals and Mechanical Properties of Ti-Ni-Hf and Ti-Ni- Pd High Temperature Shape Memory Alloys Thin Films
	Superelastic Thin Films by Multilayer- Like Co-Sputtering Technique
	Inhomogeneous Microstructures Observed in Crystallized NiTi Films
	Texture Formation in MBE-Grown NiTiCu Thin Films

	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	V
	W
	X
	Y
	Z

	Subject Index
	A
	ABAQUS software 493
	absolute temperature 364
	acid etching 33
	acrylates 567
	activation energy 364
	actuators 677-678
	Advanced Photon Source 333
	AES (Auger electron spectroscopy) 358
	age heat treatment (AHT) 278
	aging 311
	air bladders 579
	alkaline cleaning agents 385-392
	aluminum 418
	American Diabetes Association 555
	amorphization 353
	amorphous films 701-710
	angioplasty 520
	animated eyes 578
	ANSYS software 429
	antiproliferative agent 652
	antirestenosis drugs 527
	antithrombotic agents 652
	arc melting 220
	Archimedes method 145
	argon gas 640
	argon ion gun 418
	Argonne National Laboratory 333
	Arrhenius equation 39, 364
	artificial intervertebral disc (AID) 539-548
	artificial pancreas 555-561
	atomic force microscope (AFM) 663
	Auger electron spectroscopy (AES) 358
	Auricchio algorithm 426
	austenite finish temperature 322, 443-449
	austenite shear modulus 287
	austenite start temperature 322
	austenitic transformations 103-107, 196, 286, 676
	axial deformation 114-115

	B
	backscattered electron imaging (BEI) 47, 358
	balloon-expanding (BX) stents 526
	bar-to-tube drawing 120
	baskets 425
	BEI (backscattered electron imaging) 47, 358
	bend free recovery (BFR) 9, 44-46
	Berkovich indenters 335, 663-667
	Bessel functions 39
	beta radiation 652
	beta titanium 81-89
	beta-titanium alloys 417-423
	bias spring actuators 583-592
	biaxial testing 251-256
	biocompatibility 385
	biomaterials 73-79, 417-423
	biomechanical testing 73-79, 533-534
	biomechanics 549-553
	biomedical devices 341
	bleach 377-378
	block copolymers 563-570
	blood clots 648
	bone mineral density (BMD) 551
	Boston Scientific Corp. 639
	Bragg peak 270
	Brantigan interbody fusion cage 534
	breakdown potential 418
	Bridgman crystal growth method 102-103
	Buehler, William 1
	butylacrylates 567

	C
	caprolactone 565
	carbon 7, 45, 175
	carbon dioxide laser 229-237
	carotid arteries 652
	casting 173
	cathodic cleaning 33
	Cauchy stress 478
	Cauchy-Green tensors 476
	CCD (charge-coupled device) camera 53-56, 333
	Centorr 5SA arc furnace 220
	chemical energy 491, 511
	chemical enthalpy 64
	chlorine-containing lubricants 385-392
	chlorine-free lubricants 120
	chromium 641, 645
	chronic outward force (COF) 455-457
	CIDEX solution 381
	circular spline 600-601
	Clausius-Clapeyron’s equation 60-62, 93, 597
	Clausius-Duhem inequality 479-481, 510
	cleaning agents 385-392
	coatings 160-161
	Coffin-Manson behavior 296
	cold gas dynamic spraying (CGS) 164
	comfort seating 579
	compact tension (CT) specimen 260
	composite stress hysteresis 113
	composite wire 109-118
	compositional analysis 103
	compression damage 324-328
	compression testing 73-79
	cone 645
	control electronics 560-561
	controllers 583-592
	convective heat-transfer coefficient 597
	co-polyetheresterurethanes 565
	coronary arteries 652
	corpectomy 533
	corrosion 417-423
	co-sputtering, multilayer-like 693-700
	cost 437
	CP-1 674-680
	Crown stent 522
	cruciform samples 248-249
	crush resistance 458-459
	crush test 458
	cryogenic system 350
	crystallization 701-710
	crystallographic alignment 341
	CTI-Cryogenics high-vacuum pump 684
	Cu-Al-Ni alloys 192
	cube corners 335
	current 590
	Cu-Zn-Al alloys 192
	cyclic aging 129-133
	cyclic deformation 293-300
	cyclic polarization 417-423
	cylinder 645
	cylindrical sputtering 640
	cytotoxicity 91

	D
	damping 285-291, 621-625
	debinding 144
	decontamination solutions 375-383
	deformations 259, 293-300, 331-338
	degenerative disc disease 535-536
	degradation time 565
	density 146
	deposition chambers 678-680
	deposition rates 714
	depth sensing indentation 332
	design 438
	deuterium 34
	dexamethasone 557-559
	diabetes 555
	di-acid chlorides 565
	diamond-like-carbon (DLC) coating 527
	die drawing 385-392
	differential scanning calorimetry (DSC) 15-21, 59-66, 102, 145, 157, 175, 332
	differential thermal analysis (DTA) 212
	diffraction gratings 260
	diffusion rates 39
	diffusivity 39
	Digital Instruments Inc. 663
	diglycolide 565
	diisocyanates 565
	dilactide 565
	dimpled rupture 323
	diode-pumped solid state lasers (dpSSL) 136
	diols 565
	dioxanone 565
	discontinuous yielding 278
	displacement rate 622
	displacement transducers 53-56
	dissipated energy 288
	dissipation rate 510
	dissolution rates 385
	drawing 342-346
	Drucker-Prager shape 503-504
	drug delivery 557-559
	drug delivery stents 658
	DSC (differential scanning calorimetry) 15-21, 59-66, 102, 145, 157, 175, 332
	DTA (differential thermal analysis) 212
	ductility 34, 645
	dynamic loads 211

	E
	EDXS (energy dispersive x-ray spectroscopy) 223, 358, 685, 714
	elastic elongation 598
	elastic energy 491
	elastic modulus 336
	elastic strain energy 288
	elasticity tensor 482
	elasticity, transformational 661-671
	elastomers 563-570
	electrical resistance 598
	electron back-scatter diffraction (EBSD) 192
	electropolishing 33, 385, 639
	elemental powder 173-181
	embolic protection devices 657
	embrittlement 34
	EnduraTec ELF/3200 desktop tester 458
	EnduraTEC testing system 465
	energy balance 596-597
	energy dispersive x-ray spectroscopy (EDXS) 223, 358, 685, 714
	eNitinol 658
	entropy 479
	environmental hydrogen concentration 39
	epoxy 260
	ESCALAB-3 MKII system 411
	etching 439, 639
	Euclidean point space 476
	Eulerian finite deformation theory 475
	Eulerian strain 477
	Eulerian stress 478
	Eulerian tensors 476
	exothermic reactions 410
	EXTRACTIVE-SMA project 629
	extruded tubing 120
	eyeglass frames 53
	eyeglasses 425

	F
	fabrics 613-616
	fatigue 438
	FDA (Food and Drug Administration) 425
	FEA (finite element analysis) 484-487
	femtosecond laser 137
	Fe-to-Ti welding 219-226
	fibrosis 557
	finite deformations 478-479
	finite element method 509-517
	finite element model 428, 468
	first-order optimization 428
	flex connectors 523
	flexibility tests 544
	flex-spline 600-601
	flexural deformation 115-116
	flexural load performance 116
	foams 201-206
	focused ion beam (FIB) 358
	folded-geometry actuators 574-577
	Food and Drug Administration (FDA) 425
	fractures 259
	free energy function 482-484
	free recovery method 53
	friction 65
	frictional energy 64
	fringe patterns 260-261
	full-field strain measurements 264
	fusion welding 219

	G
	gallium 101
	gas atomization 145, 192
	gas law constant 364
	gas tungsten arc welding (GTAW) 225
	Gianturco-Roubin Flex-Stent 520
	Gibbs free energy 261, 455, 491
	glass rods 643
	glass-transition temperature 564
	glucose sensors 556-557
	glutaraldehyde solution 381
	gold 2, 652
	goniometer 342
	Grado Zero Espace 614
	grafts 658
	grain size 92, 104, 259-265
	gratings 260
	grease-type metalworking lubricants 120
	green bodies 144
	gripper 495
	Gruentzig, Andreas 520
	GTAW (gas tungsten arc welding) 225
	Guidant Corp. 2
	guidewires 53, 109-118

	H
	habit plane 509
	halide salts 390
	Hank’s solution 394, 418
	hardness testing 332
	Harmonic Drive® gears 600-601
	Harms mesh 551-553
	heart valves 657
	heat transfer coefficient 597
	heat treatment 342-346, 439
	heat-affected zone (HAZ) 135, 137, 231-233
	Helmholtz free energy 480, 510, 511
	Hencky strain 479, 484
	heparin 652
	herniated lumbar disc 539-548
	herringbone martensite 307
	Heusler phase 24, 28
	high transformation temperature 158
	hot isostatic pressing (HIP) 144, 157, 173-181, 193
	human body temperature 322
	hydrogen 33-41, 45
	hydrogen embrittlement 34, 328
	hydrogen peroxide 379
	hydrolyzability 565
	hysteresis 59-66

	I
	ignition temperature 410
	implantable glucose monitor 556-557
	implants 341, 563-570
	impurity content 148, 177
	indentation hardness testing 332
	indenters 335-336
	ingot cast coating 161
	ingot rolled coating 161
	Institute for Biomechanics 544
	INSTRON 5500R machine 231
	instrumented indentation 332, 335-336
	insulin pumps 557-559
	interbody fusion device 549-553
	interferometer 260
	intervertebral disc 539-541
	irradiation 349-356
	isothermal shape memory. See superelasticity
	isotropic strain energy 511

	J
	JAMP-30 Auger system 418
	joints 209-216
	Joule effect 465

	K
	Kapton 674-680
	Keyence vision system 53-56
	kinematics 476
	Kirchhoff stress 478, 480
	Kirkendall effect 358
	Kroll process 391

	L
	LabVIEW software 465, 641
	LabView® control software 60
	Lagrangian strain 477, 510, 511
	Lamé constants 484
	lamellar microstructures 707-709
	laser beam welding 230
	laser cutting 239-244
	laser machining 135-140
	laser micromachining 521
	laser micrometers 53
	laser welding 219-226, 229-237, 641
	lattice misfit 24-31
	Leybold Trivac roughing pump 684
	liquid polyimide 643
	load cells 252
	load displacement 263
	loading plateau strength 111-112
	loading plateau stress 111
	loads 211
	localized transformations 670
	logarithmic strain 477
	low pressure plasma spraying (LPSS) 153-161
	low pressure thermal spraying (LPTS) 153-161
	low transformation temperature 159
	low-pressure wire arc-spraying (LPWAS) 164-169
	lubricants 120-121
	Lüders bands 274
	lumbar region 532

	M
	machine vision systems 53-56
	machining 439
	macrodimethacrylates 567
	macrodiols 567
	magnetic shape memory alloys 101
	magnetron 640, 644, 685-686
	manganese 101
	martensites 43-52
	martensitic transformations 464
	Materials by Design approach 24
	MATLAB 334
	MATLAB/SIMULINK® model 598-600
	Matthiessen’s rule 353
	MBE (molecular beam epitaxy) 714
	mean strain 298-300
	mechanical fatigue 438
	mechanical properties 150, 311
	mechanical shock cycling 624-625
	medical devices 425
	Medinol 521
	MELAS (Multilineaire Elastic Material Laws) 468
	melting temperature 564
	Memotherm stent 523
	MEMS (micro-electro-mechanical systems) photolithography 702
	MEMS (micro-electro-mechanical-systems) photolitography 640, 646
	Messphysik Materials Testing 249
	Messphysik video extensometer 465
	metal injection molding (MIM) 143-151
	micro indents 664-666
	microblasting 385
	microcatheters 648
	microcracking 307-308
	micro-emulsions 121
	microfocus X-ray diffraction 664
	micromachining 135-140, 605
	micro-plasma welding 225
	micropumps 605-612
	MicroStent II 522
	microstructures 701-710
	microvalves 605-612
	microvoid coalescence 323
	MIM (metal injection molding) 143-151
	Mini Bionix test system 312
	minimal access surgery 549-553
	Moiré interferometry 260, 265
	molecular beam epitaxy (MBE) 714
	monocrystals 475
	monomers 565
	Moscow Steel and Alloy Institute 248
	Moss Miami constructs 534
	motion of body 476
	MTS 858 Mini Bionix test system 312
	MTS-810 Universal testing machine 465
	multiaxial loading 267-275
	multi-layer sputtering 645-647, 693-700
	Multilineaire Elastic Material Laws (MELAS) 468
	MultiLink stent 522
	multiple-layer planar sputtering 640
	Mylar loop 456

	N
	nanodispersion 23-31
	nanoindentation 332, 661-671
	nanomuscles 574
	nanotechnology 651-660
	Nanoval (Germany) 145
	Nd:YAG laser 135, 221, 641
	NDP (neutron powder diffractometer) 332
	needle/wire locators 444-446
	neointimal hyperplasia 652
	netpoints 564, 567
	neutral zone (NZ) 544
	neutron diffraction 332
	neutron fluence 352
	neutron irradiation 349-356
	neutron powder diffractometer (NPD) 332
	neutron-flux density 353
	Newton-Raphson method 494
	nickel 7, 44
	nickel titanium. See Nitinol
	Ni-Mn-Ga alloys 101-107
	NIR stent 522
	NiTi alloys
	NiTi foams 201-206
	NiTi/Inconel welding 236-237
	NiTi/Monel 400 welding 234-235
	Ni-Ti-Al alloys 23-31
	NiTiCu alloys 714-721
	NiTiFe button melts 335
	Nitinol 1-5
	Nitinol devices
	Nitinol Devices and Components, Inc 342
	Nitinol plates 342-346
	Nitinol tubes 342-346
	Nitinol wires
	Nitinol-DFT®-Platinum composite wires 109-118
	nitrogen 45, 175
	non-contact testing system 53-56
	non-metallic inclusions 7
	notches 259-265
	nucleation sites 277, 280
	numerical simulation 475-487, 489-499, 509-517

	O
	occluders 658
	oil-based metalworking lubricants 120
	open circuit potential (OCP) 381, 394
	open-cell NiTi foams 201-206
	optical profilometer 663
	optimization 427
	order-recovery activation energy 353
	orthopaedics 549-553
	orthorhombic martensite structure 101
	outsourcing 440
	overload stress 323
	oxidation 357-365, 367-373
	oxidized silicon wafer 640
	oxygen 7, 45, 175

	P
	paclitaxel 527, 652
	palladium 2-3
	Palmaz, Julio 520
	Palmaz-Schatz stent 520
	pantograph 251
	parametric model 426, 427
	PE 4450 production sputtering system 684
	pedicle screws 532
	percutaneous heart valves 657
	Perkin Elmer 4450 sputtering system 644-645
	phase composition 175-176
	phase equilibrium 34
	phase shifting 261
	phase transformation 352
	phase transition temperature 352
	phase-shifted Moiré interferometry 265
	phosgene 565
	phosphoric acid 379
	photolithography 678
	photomask plates 646
	photoresists 644, 646
	photosets 566
	piezoelectric transducer 715
	pin displacement 263
	Piola-Kirchhoff stress 510
	pitting corrosion 385-392
	PLAIN STRIP spinal implant design 549-553
	plasma spraying 153
	plastic deformation 289
	plasticity 455, 501-505
	plateau stress 316
	platinum 2-5
	Poisson ratio 251, 254, 336, 715
	Poisson strain 274
	polar decomposition 476
	polarization 367-373, 393-398
	pole figures 344-345
	polishing 439
	polycaprodioxanone 565
	polycaprolactone 566
	polycrystals 475
	polydimethacrylate 567
	polydioxanone 565
	polyesters 565
	polyimide coating 643
	polyimides 673-681
	polylactic-co-glycolic acid (PLGA) 557
	polymer networks 563-570
	polytetrafluoroethylene 652
	polyurethane foams 201-206
	pore analysis 167
	porosity 167
	porous NiTi alloys 409-414
	Porvair Fuel Cell Technology Corp. 202
	potential energy 491
	potentiodynamic polarization 385
	potentiostat 394
	powder metallurgy 143, 183-188, 192-193, 410
	power circuits 560-561
	prealloyed powder 173-181
	precipitation 67-71
	Pro/Mechanica 249
	product design 438
	profilometer 663, 684
	programming 564-565
	prototyping 435
	pseudoelasticity 196, 693-700
	Puel, Jacques 520

	Q
	quality control 439-440
	quarrying 629
	quenching 92-95

	R
	radial resistive force (RRF) 455-457
	radiopacity 1-5
	radiopaque wire 109-118
	range of motion (ROM) 544
	rate constant 364
	recovery stress 465-472
	recovery stress generation tests 465
	reference temperature 482
	renal arteries 652
	repassivation potential 394-397, 418
	representative volume element (RVE) 490-492
	resistance welding 641
	resistivity 353-355
	restenosis 520
	reverse transformation 94
	Richter, Kobi 521
	rock splitting system 629-637
	Rodrigues formula 513
	rolling 342-346, 640
	rotary actuators 578
	rotary drive system 600-602
	rotation tensor 476, 513-514
	R-phase 69-70, 149
	RVE (representative volument element) 490-492

	S
	salt pot 439
	sample orientation distribution (SOD) 345-346
	saturated calomel electrode (SCE) 394
	SAWs (surface acoustic waves) 715
	scanning electron microscope (SEM) 358, 641
	scanning tunneling microscopy (STM) 718
	scoliosis correction system 529-537
	secondary electron imaging (SEI) 358
	Seiko DSC 220C calorimeter 231
	self-expanding stents 53, 526
	self-ironing shirt 614
	self-propagating high-temperature synthesis (SHS) 73-79, 409-414
	SEM (scanning electron microscope) 358, 641
	semisynthetic lubricants 121
	shape control actuation 677-680
	shape memory alloys 713
	Shape Memory Applications, Inc. 662
	shape memory effect 43-52
	shape memory fabric 613-616
	shape memory polymers 563-570
	shape memory wires 583-592, 595-603
	sharp indenters 335
	sheath stress hysteresis 113
	SHS (self-propagating high-temperature synthesis) 409-414
	Sievert’s law 34
	Sigwart, Ulrich 520
	silicon carbide 527
	silicon microneedles 555
	silicon oxide 605-612, 640
	silicon-on-insulator (SOI) wafers 606
	silk-screen lithography 678
	simulation 475-487
	SIMULINK® model 598-600
	single element test 504
	sintering 146
	sirolimus 527, 652
	sliding plane actuators 577-578
	smart fabrics 613-616
	smart materials 191
	SMART Therapeutics 639
	SMART® stents 312, 523
	smears 388
	soap-based lubricants 121
	sodium hypochlorite 377-378
	SODs (sample orientation distributions) 345-346
	soldering 209-216
	solid-state lasers 136-137
	solubility 34
	soluble oils 121
	solution heat treatment (SHT) 278
	solvent stability 565
	Special Metals Co. 464
	Special Metals Corp. 3, 156, 165, 202
	specific damping capacity 286-291
	spherical indenters 335, 669
	spin tensors 477
	spinal implants 549-553
	spinal surgery 549-553
	splitter heating system 630
	spondylolistheses 535-536
	Sporox solution 379
	spring-biased rotary actuator 578
	sputter deposition 673-681, 683-690
	sputtering 639
	stainless steel 437
	Stanford Synchrothron Radiation Laboratory (SSRL) 267
	static loads 211
	Steel Research Group 24
	Stellite 21 coating 161
	stent grafts 657
	Stent, Charles R. 520
	stents 426-427
	stents (continued)
	STEPPED STRIP spinal implant design 549-553
	stepping drive 602
	stiffness 545
	STM (scanning tunneling microscopy) 718
	stone extractors 425
	Stoney’s formula 715
	strain 393-398
	strain fatigue 303-309
	strain-cycle analysis 296-298
	stress concentration 463-472
	stress hysteresis 112-114, 589
	stress induced martensite (SIM) 110
	stress-strain curves 150, 313, 468, 592
	stress-temperature cycles 715-716
	stretch tensors 476
	stringers 7
	sub-problem approximation method 427
	sub-surface reservoirs 385, 390
	superelasticity 43-52, 693-700
	surface acoustic waves (SAWs) 715
	surface analysis 411-412, 418
	surface particulates 399-407
	surface passivity 385
	surgical grafts 658
	synchrotron X-ray diffraction 267-275, 333-334

	T
	tantalum 2
	TEM (transmission electron microscopy) 715
	temperature 591
	tensile loading 269-274
	tensile tests 167, 180-181
	tensile ytesting 223
	tensorial force of orientation 492
	tensors 476
	ternary alloys 2-5
	tetragonal martensite structure 101
	textiles 613-616
	texture analysis 513-515
	textures 341-346
	thermal chambers 252
	thermal cycling 59-65
	thermal expansion 598
	thermal recovery ratio 664
	thermal shape 437
	thermal spraying 153-161, 163, 168
	thermal transition temperature 564-565
	thermocouples 465
	thermodynamics 261, 455, 479
	thermomechanical behavior 195, 463-472
	thermomechanical coupling 481-482
	thermomechanical treatment (TMT) 169, 278
	thermoplastic elastomers 565-566
	thin films 673-681
	three-dimensional thin film 639-649
	Ti-Al-V alloys 293
	Ti-Mo-V-Nb-Al alloys 81-89, 417-423
	Ti-Nb-Sn alloys 91-97
	TiNi alloys 73-79
	TiNiH stoichiometric phase 34
	TiNiHF alloy 683-690
	TiNiPd alloy 683-690
	titanium 385
	titanium dioxide 357
	titanium sponge 7, 44
	torque transducers 286
	torsional loading 269-274, 285-291
	total strain 490
	transformation
	transformation temperatures 101-107
	transformational elasticity 661-671
	transition temperature 564-565
	transmission electron microscopy (TEM) 715
	tribology 661-671
	tube-to-tube drawing 120
	tube-to-tube pilgering 120
	tumbling 385

	U
	ultimate tensile strength 112
	UMAT (User-defined Material Subroutine) 501-505
	uniaxial loading 274
	uniaxial testing 249-251
	unloading plateau strength 112
	Upilex 674-680

	V
	vacuum arc remelting 3, 8, 15-21
	vacuum fusion test method 35
	vacuum induction melting 3, 15-21, 230
	vacuum plasma spraying 164-165
	vacuum pumps 154
	vacuum skull melting 8
	Van Arkel-deBoer process 8
	vanadium 418
	vascular stents 520
	vasculature, loss of 557
	vein grafts 652
	velocity gradient 476-477
	venous valves 658
	vertebrae 529-530, 540
	vertebral column 540-542
	Vickers indenters 335, 663-669
	video extensometer 249, 465
	voltage 590
	von Mises strain 254
	von Mises stress 252-256, 262

	W
	Wallstent 523
	water atomization 192
	water-miscible fluids 120
	wavelength dispersive X-ray spectrometer (WDS) 685
	weld metallography 223-224
	welding 640, 641
	Wiktor stent 520
	wire arc spraying 155-156, 164-169
	work-conjugacy relation 477-478
	work-recovery ratio 666

	X
	X-ray diffraction 35-37, 333-334
	X-ray photoemission spectroscopy (XPS) 411, 717
	X-ray pole figure goniometer 342

	Y
	Young’s modulus 332, 715, 719

	Z
	zero-order method 427
	Zwick tensile test machine 167





