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Nearly four decades of academic research and industrial interest on Nitinol has 

largely focused on the superelastic applications in the bio-medical sector and in the 

development of ‘smart’ shape-memory based sensors involving the low-strain rate 

(~0.001/s) response of NiTi.  It is only within the last decade that there has been a 

growing interest in the exploitation of Nitinol towards high-strain rate applications 

such as seismic damping, blast-mitigation or energy-absorbing applications.  

However, a systematic study of the influence of high-strain rate and temperature on 

the shape memory characteristics of NiTi is severely lacking.  The current research 

program reports the findings on: (1) The phase-transformation mechanisms in Ni-rich 

Ni-Ti alloys.  These include (a) diffusionless multiple-stage martensitic 

transformations and (b) diffusion-based phase transformations that govern the 
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precipitation reactions in Ni-rich alloys and the overall time-temperature-

transformation (TTT) curves.  (2) The systematic study of the high-strain rate response 

of Ni-rich NiTi alloys as a function of temperature (between -196oC and 400oC) and 

thermomechanical treatment, viz., fully annealed, work-hardened and precipitation 

hardened conditions.  Two Ni-rich Nitinol alloys, a commercial 50.8-NiTi (at.%) and a 

new 55-NiTi (at.%), were selected for the study, since the Ni composition determines 

the precipitation processes and, critically, the transformation temperatures in NiTi 

alloys.  It was observed that the presence of dislocations (through work-hardening) 

and the presence of Ni-rich precipitates (through age-hardening) contribute to a more 

complex two-stage or multiple-stage transformations and also improve the overall 

strength of the NiTi alloy.  Based on the microstructural changes, such as recovery, 

recrystallization and precipitation formation in 50.8-NiTi alloys, the current work 

uniquely provides a unified and general understanding of the various multiple-stage 

transformations reported in the literature, specifically providing the transition between 

two main transformation sequence mechanisms rationalized on the basis of partial 

differential scanning calorimetry (DSC) studies.  Additionally, the work also identified 

unusual multiple-stage transformations in 55-NiTi.  Aging in Ni-rich 55NiTi elicited 

precipitation reactions with the formation of Ti3Ni4, Ti2Ni3 and TiNi3 in sequence.  A 

time-temperature-transformation diagram for 55NiTi was constructed, as well as the 

upper temperature limit of formation for several precipitates has been estimated for 

Ni-rich NiTi alloys system as a function of Ni concentration between 50.6–56 at.%.  

Superelasticity and shape memory characteristics in Ni-rich 55NiTi, thought to be 

unfeasible, have been successfully demonstrated with recoverable strains up to ~4-6%. 



 1

1 INTRODUCTION 

1.1 General introduction 

The development of novel materials is critical for the advancement of materials 

science/engineering and is often the vanguard for many progressive innovative 

applications.  Shape memory alloys (SMA) epitomize such “new-age” materials, 

where the functional characteristics, such as shape memory and superelasticity, are 

exploited through the interplay of structure and properties.  Shape memory alloys 

represent only one subset of a vaster class of materials called ‘smart/active materials’, 

where, their functional capabilities arise due to distinctive multi-physics coupling (see 

Figure 1.1) of various physical parameters, such as mechanical, thermal, optical, 

electro-magnetic, and are usually accompanied by a change in crystal structure [1, 2].   

For example, a coupling between stress and electric field leads to the 

manifestation of piezoelectric effect in Pb(Zr, Ti)O3, commonly known as PZT.  

Similarly, electrostrictive Pb(Mg, Nb)O3 materials exhibit coupling between electric 

and stress fields, magnetostrictive (Tb, Dy)Fe2 materials exhibit coupling between 

magnetic and stress fields and, finally shape memory NiTi alloys are sensitive to both 

stress and temperature fields [1].  Active materials usually have one or more novel 

properties that can be dramatically altered and this particular aspect typically dictates 

or forms the basis of a ‘smart’ structure, thus leading to an innovative application. 

Shape memory effect and superelasticity are unique properties of certain alloys 

systems that arise from a (reversible) thermo-elastic behavior of the alloy that has its 

basis in temperature-induced diffusionless, solid-solid, first-order transformation 
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(high-temperature austenite → low-temperature martensite) involving a change in 

crystalline symmetry [3]; detailed discussion will follow in Chapter 2.  Figure 1.2    

schematically illustrates the superelastic (SE) and the shape memory effect (SM) 

observed in NiTi shape memory alloys.  

Above the austenite finish temperature (Af), the parent material is called 

austenite and has a cubic structure.  Upon cooling below the martensite start 

temperature (Ms), the crystal structure changes to a low-symmetry, monoclinic 

martensite structure; this martensitic transformation is reversible upon heating.  Below 

the martensite finish temperature (Mf), the alloy is completely martensitic and is 

termed as thermally-induced martensite (TIM).  When the thermally-induced 

martensite is deformed by an external stress, the shape of the alloy changes to 

accommodate the loading strains.  However, upon heating above the austenite finish 

temperature, Af, the alloy ‘remembers’ its original austenite phase structure and the 

reverse transformation occurs; thus the material exhibit shape memory effect.  By 

contrast, when the austenite phase is deformed by external stress within the 

temperature range Af < T < Md, the austenite undergoes a stress-induced martensite 

(SIM) transformation.  Upon removal of the load, however, the martensite structure 

reverts back to the austenite phase, since austenite is the more stable phase within this 

temperature ‘window’.  This is termed as the superelasticity if the specimen recovers 

all of the loading strains; partial unloading is termed pseudoelasticity.  These 

phenomenons are discussed in Chapter 2 in more detail.  The superelastic, shape 

memory and pseudoelastic stress-strain responses are shown in Figure 1.3. 
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1.2 Motivation and Purpose of the study 

The current work focuses on three main problems, namely: 

(1) To study the high-strain rate response of Ni-rich NiTi alloys as a function 

of temperature, texture and thermomechanical treatment (fully annealed or cold-

worked or precipitation hardened). 

(2) To understand the phase-transformations in Ni-rich Ni-Ti alloys. 

The phase transformations include (a) diffusionless martensitic transformations that 

are observed as multiple-peaks during heating and cooling cycles of the NiTi alloys in 

a differential scanning calorimeter (DSC), and (b) diffusion-based phase 

transformations that govern the precipitation reactions in Ni-rich alloys and hence the 

overall time-temperature-transformation (TTT) curves. 

(3) To demonstrate and optimize superelasticity and shape-memory in a new 

Ni-rich 55-NiTi (at.%) and study the influence of aging and strain-rate on the overall 

mechanical behavior. 

The motivation for the study of the above three problems is proposed, followed 

by the outline of specific research objectives. 

(1) Since the discovery of shape-memory effect (SME) in Au-Cd alloys more 

than 50 years ago [4], numerous alloy systems have been reported to exhibit shape 

memory effect behavior [5, 6].  However, after more than a decade of relative 

dormancy, research on shape memory alloys underwent a revival with the discovery of 

shape memory effect in NiTi alloys; these alloys promised significant engineering 

applications due to their superior “smart” properties.  The alloys that exhibit shape 

memory function can generally be classified into noble metal-based, Fe-based and 
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NiTi-based alloys systems, and nonmetallic shape memory alloys [7].  Despite the 

efforts by the research community to develop shape memory alloys for commercial 

applications, only a few alloys like NiTi, NiTi-Cu/Nb, Cu-Al-Ni and Fe-Mn-Si have 

found a niche in commercial markets.  Among these, NiTi is considered to be a 

favorable shape memory material for practical applications due to its superior memory 

and structural properties.  The commercial success of ‘superelastic’ Nitinol was 

essentially triggered by the medical industries’ drive towards minimally invasive 

procedures that demanded non-conventional materials [8].  Indeed, the success of 

superelastic Nitinol alloys was due to the ability to optimize the superelastic ‘window’ 

around the constant body temperature of 37oC [8, 9].   

NiTi shape memory alloys display an intricate non-linear deformation behavior 

that is dependent on temperature, stress state (compression or tension), strain-rate 

(quasi-static versus high-strain rate), texture and prior thermo-mechanical deformation 

history [3, 5, 6, 9-17].  Although, the fundamental (atomic) mechanisms that lead to 

shape memory and superelasticity in NiTi have been solved in the early 1970’s [6, 18, 

19], and the superiority of NiTi alloys in terms of their strength, ductility, corrosion 

resistance and biocompatibility, was established, the industry’s effort in engineering 

NiTi alloys sauntered behind.  This stagnation was due to the difficulty in working 

with some unusual properties of NiTi, such as, sigmoid stress-strain (non-linear) 

response, hysteresis, fatigue, high-sensitivity of transformation temperatures to Ni-

composition, adiabatic heating and cooling, etc., which led to unavoidable delays in 

the burgeoning of engineering applications [20].  Furthermore, the unreliability in 

alloy melting procedures and material processing led to high production costs and 
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hence relatively few bulk Nitinol products were made available, until recently [8, 12].  

To date, the largest employment of superelastic NiTi has been in various applications 

in the bio-medical industry [7, 8, 20-30] or as shape-memory actuators and sensors in 

the micro-electronic mechanical systems (MEMS) [2, 12, 31-38].  Therefore, the high 

processing costs of bulk products, the engineering difficulties in exploiting reliably the 

unique properties of NiTi and a large demand for novel medical devices (for e.g., the 

notable self-expanding stent [8, 28, 29]) have largely focused the research efforts on 

non-structural applications where dynamic properties of the alloy do not play any 

significant role.  It is only in the past decade that these alloys have been critically 

assayed as structural elements in earthquake engineering [35-37, 39, 40] or energy 

absorbing applications [37, 41], where high-strain rate or dynamic loading conditions 

assume a critical function.   

While the influence of temperature and thermomechanical-treatment (such as 

cold-work and annealing) on the overall superelastic and shape-memory stress-strain 

behavior at low strain-rates has been studied exhaustively in the past four decades [3, 

9-14, 16, 17, 42], the literature on the dynamic stress-strain responses of NiTi is 

limited, with most of the high-strain rate studies conducted only recently, refer to the 

introduction in [43].  Unfortunately, the lack of material properties at high-strain rates 

curtails the widespread use of NiTi in a number of aerospace and defense applications.  

A systematic study of the interplay or interaction between temperature and high-strain 

rate is, therefore, warranted. 

(2) The current industry standard Nitinol alloy is the near-equiatomic 50.8 at.% 

NiTi alloy (henceforth designated as 50.8-NiTi) that has become the workhorse of 
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most superelastic medical applications [9, 44, 45].  It is known that Ni-rich NiTi alloys 

with Ni composition greater than 50.6 at.% undergo precipitation reactions, where 

metastable phases such as Ti3Ni4, Ti2Ni3 and TiNi3 precipitate in seriatim during aging 

between 300oC and 800oC [17, 46, 47].  The nature of the phases that precipitate is a 

strong function of Ni composition and aging parameters (temperature and time) [47, 

48]. However, the most important impact of the Ni composition on the usage of a 

particular Ni-Ti alloy is its influence on the transformation temperatures; it is known 

that an increase in Ni composition by 1% from 50.5 to 51.5 at.% decreases the Ms 

(martensite start temperature) to below 100 K (in solution treated condition) [49, 50].  

Since the transformation temperatures (especially Af, the austenite finish 

temperature) are an important indicator for the type of application of a certain Ni-Ti 

alloy, several studies on the influence of thermomechanical treatments, specifically, 

either cold work or aging, or a combination of both, are extant in the literature [51] .  

While the traditional simplified view of phase transformations occurring in Ni-Ti 

alloys involves only one-stage cubic austenite (B2) to monoclinic (B19’) martensite 

transformation (transformation strains ~ 6-10%), the influence of cold work, i.e., high 

density of dislocations [53-55] and the presence of Ni-rich precipitates in Ni-rich (Ni 

> 50.6at.%) Ni-Ti alloys contribute to a more complex two-stage, three-stage or even 

four-stage transformations, collectively termed ‘multiple stage transformation’ (MST) 

[17, 50, 51, 55-67].  It is now known that the introduction of a dislocation 

network/substructures or precipitates into the Ni-Ti matrix can act as obstacles to the 

direct B2→B19’ transformation [55, 59, 61, 65].  As a result of this barrier, a 

competing martensitic transformation, B2→R-phase that involves lower 
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transformation strains (~1-2%), becomes feasible and dominant.  Further 

transformation occurs as R-phase converts to B19’, thus leading to a two-step process 

that is seen as a double peak (two-stage) on the differential scanning calorimetry 

(DSC) trace.  The heating cycle however, involved only one large peak indicating that 

the B19’→B2 transformation occurred in one step.  Yet, it was observed that aged Ni-

rich NiTi alloys exhibited three DSC peaks during cooling from austenitic phase, 

instead of a two-stage transformation [53, 54, 68-72].  Since the Ni-Ti alloy did not 

exhibit any competing martensitic transformation, other than to R-phase and B19’ 

phase, there was uncertainty with regards to the correct interpretation of the multiple-

stage transformation (MST).   

Thus, that the occurrence of multiple-stage transformations has been 

rationalized through several theories.  Carroll et al. [59] have recently reviewed that 

the multiple-stage transformations are governed by (i) local or small-scale 

inhomogeneity (coherency stress fields, compositional fluctuation, precipitation with a 

critical interparticle spacing) associated with the precipitation of metastable phases 

such as Ti3Ni4, (ii) large-scale inhomogeneity characterized by preferential grain-

boundary precipitation and precipitate free matrix, presence of single crystal defects 

such as dendrites and low-angle boundaries, and (iii) the thermomechanical process 

that cause heterogeneity of both dislocations and precipitate distribution.   

Thus, the above discussion points out that there exists no uniform description 

of the causes of MST observed in several Ni-Ti alloys.  Furthermore, as Fan et al. 

point out [60], the sequence of the transformations may vary with composition, aging 

temperature and time and prior thermomechanical treatment.  Carroll et al. [59] 
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summarize that it is a challenging task to differentiate between the relative importance 

or degree of influence of each of the above mechanisms on the multiple phase 

transformations.  In all likelihood, the multiple mechanisms could be concomitantly 

affecting the MST; but whether the multiple transformations occurring concurrently 

are synergistic or independent, or if they are interfering with each other is still unclear.  

Thus, the importance of understanding the underlying mechanisms that are responsible 

for the observed multiple-stage transformation is paramount.   

(3) The early investigations at the Naval Ordnance Laboratory (NOL) by 

Buehler and his colleagues [73-76] focused on a series of non-magnetic Ni-Ti alloys 

based on the ductile intermetallic compound NiTi that displayed two distinct sets of 

properties as a function of Ni composition and heat treatment. [76].  This division was 

initially based upon hardness measurements over a range of Ni composition, viz., 50 

to 64 weight % (~ 47 to 57 atomic %).  It was seen that equiatomic and near-

equiatomic (or near 55 weight % Ni) alloys exhibit minimum hardness and are 

relatively unaffected by cooling rates when cooled from 950°C.  By contrast, the 

alloys composed of Ni in excess of 50-atomic percent exhibit increasing hardness 

under quenched conditions.  A further mark of distinction was revealed in the 

microstructural differences during metallographic studies.  While 50-Nitinol (atomic 

percent) was found to be single-phase alloy of NiTi (oxide and nitride impurities were 

present in minute quantities), Ni-rich NiTi alloys were found to contain TiNi3 phase 

(in the form of precipitates) in equilibrium with the NiTi matrix phase.  It has been 

shown that a series of thermomechanical treatments, i.e., various combinations of 

solution-treatments combined with cold work and/or anneal heat-treatments etc., are 
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required to optimize the superelastic and shape-memory properties of equiatomic 

alloys [9, 17, 52, 76-79].  However, departure from the 50-Nitinol (atomic %), i.e. 

near stoichiometric NiTi, towards the Ni-rich alloys leads to the second group of 

Nitinol alloys that are also non-magnetic, but are at variance with the former alloys in 

that the latter group can be thermally hardened by aging heat treatments to high 

hardness levels, viz., ~60 - 70 RC [76, 80-82].  The latter group, i.e., NiTi alloys 

spanning the composition range from 56 to 62 weight % Ni (51 to 56 atomic %) were 

generically designated as 60-Nitinol alloys (designated by weight %) [76].  While both 

the 50-NiTi (atomic %) and 55-Nitinol (atomic %) possessed common unusual 

properties such as non-magnetic character, marine corrosion resistance, due to the 

difference in hardness, microstructural features and the general effect of heat treatment 

on their properties, 50-NiTi (atomic %) and 55-Nitinol (atomic %) were considered as 

separate and distinct alloy types [76].   

Furthermore, an additional divergence was seen among the 55-NiTi (atomic %) 

alloys, namely, between the ‘quenched’ and ‘furnace cooled’ alloys.  While it was 

pointed out by Buehler and Wang [76] that not only the high hardness ‘quenched’ or 

low hardness ‘furnace cooled’ 55-NiTi (atomic %) alloys could be produced, but also 

indicated the possibility of attaining alloys with any desired intermediate hardness 

accomplished by either intermediate cooling rates or by utilizing some sort of 

‘overaging’ or pseudo-tempering’ post-quench heat treatment.  Later investigations by 

Nitinol Technology Inc., Mountain View, WA, have attributed the superelasticity and 

shape-memory behavior in 55-NiTi (atomic %) alloys as directly resulting from this 

crucial difference in cooling rate, viz., quenching vs. furnace cooling, respectively [80, 
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83, 84]) .  In spite of many promising properties of 55-NiTi (atomic %) alloys, such as 

high hardenability, ability to tailor hardness through aging heat-treatments only, high 

corrosion resistance, low susceptibility to stress corrosion failure, ‘they exhibited the 

most noteworthy engineering weakness, viz., notch sensitivity’ [76].   

Due to the difficulties in forming and hot-working, machining and forming 

these materials into near-net shapes for practical applications became difficult and 

impractical [83].  Therefore, 50-NiTi or 50.8-NiTi (atomic %) was eventually 

preferred over 55-NiTi (atomic %), as evidenced by the numerous products in bio-

medical and sensor applications.  However, since the development of hot rolling 

methods for 55-NiTi (atomic %) and special fabrication techniques (by Nitinol 

Technologies Inc., Mountain View, WA) [80, 83], a number of patents have emerged 

that exploit some of the afore-mentioned unique properties of the alloys  [80, 84-101].  

A decade ago, it was shown that under special heat treatment conditions, both the 

shape-memory and superelasticity effects could be produced in the alloy from the 

same ingot without any additional mechanical processing [80, 83, 84].  Since then, the 

interest in the development of Ni-rich 55-NiTi (atomic %) alloys has seen a 

resurgence, although very little work exists on the mechanical properties of these 

alloys [81-83, 102-104].  The motivation for the present work on 55NiTi is due to its 

promising bio-medical and actuator related properties such as high strength, very high 

hardness, low thermal conductivity, corrosion resistance and non-magnetic behavior. 

There is also a commercialization drive governed by a growing interest in various 

impact related applications for these materials, and hence the present work is a 
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preliminary step in ascertaining the applicability of Ni-Ti shape memory alloys under 

impact loading conditions. 

1.3 Objectives 

Based on the discussion in Section 1.2, the objectives of the current work are: 

(1) Characterization of multiple-stage transformations (MST) in 50.8-NiTi 

 The study is focused on the evolution of the multiple-stage transformations in 

50.8-NiTi alloy (cold-worked sheet) under aging at low (300-400oC) and intermediate 

temperatures (500-700oC) by varying the aging times (0.5, 1, 5hrs).  The evolution of 

the martensitic transformation was investigated through a series of partial 

transformation cycles using differential scanning calorimetry (DSC) methods.  

Additionally, the influence of cooling rate, viz., air-cooled, furnace-cooled and water-

quenched, on the multiple-stage transformation and on the transformation 

temperatures are investigated.  Finally, the effects of aging temperature, time and the 

rate of cooling on the superelastic properties, such as plateau stress, and on the 

mechanical properties, such as tensile strength and ductility, are examined; the time-

temperature-transformation (TTT) curves for 50.8-NiTi was determined and compared 

with earlier studies. 

(2) Response of 50.8-NiTi at high-strain rates: Influence of temperature on the 

compression-tension asymmetry 

Although, 50.8-NiTi exhibits precipitation hardening upon aging, this 

preliminary investigation focuses on the high-strain rate deformation (~1200/s) of a 

fully annealed (solution-treated at 800oC for 1-hr) 50.8-NiTi rod under both 
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compression and tension between -196oC (liquid nitrogen temperature) and 400oC.  

The high-strain rate stress-strain behavior and the attendant compression-tension 

asymmetry are also compared with the quasi-static strain-rate (~0.001/s) studies.  In 

both cases, i.e., high- and low-strain rates, the variation of the critical stress (0.2% 

strain offset) with temperature and the influence of strain-rate on the presence/absence 

of the stress-induced martensite (SIM) transformation plateau is analyzed. 

(3) High-strain rate response of 50.8-NiTi: Influence of texture and 

thermomechanical treatment (cold-work + annealing versus solution-treated) 

In order to study the influence of texture and the thermomechanical treatment 

on the high-strain rate behavior, two sets of experiments were conducted.  The first set 

consisted of high-strain rate testing of fully-annealed 50.8-NiTi alloy in sheet and rod 

geometries that differed in their recrystallized texture, but possessed nearly similar 

grain size and transformation temperatures.  The results from the high-strain rate 

experiments based on objective (2) were utilized here.  The second set of experiments 

involved the comparison of high-strain rate response of fully-annealed 50.8-NiTi sheet 

and cold-worked (~30%) + annealed (at 510oC for 10 minutes) sheet.  The difference 

in superelasticity and the overall stress-strain response is analyzed at both quasi-static 

and high-strain rates.  Furthermore, the relative degree of influence between texture 

and thermomechanical treatment on the overall mechanical behavior is analyzed.   

(4) Aging studies on the precipitation reactions in Ni-rich 55-NiTi 

The current work investigates the influence of aging on the microstructural 

evolution of a new Ni-rich 55-NiTi (atomic %).  It is demonstrated that this alloy is 

capable of exhibiting shape memory (SM) and superelasticity (SE).  During aging 
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heat-treatments at higher temperatures or, longer aging times, Ti3Ni4, Ti2Ni3 and TiNi3 

precipitates formed in sequence, with TiNi3 being the only stable phase.  Since 

precipitates in Ni-rich NiTi alloys greatly affect the shape memory properties, initial 

investigation was focused on precipitation studies using conventional metallographic 

techniques and a TTT (Time-Temperature-Transformation) diagram was obtained for 

the composition Ti-55 at.% Ni (or 60 wt.% Ni). Additionally, the transformation 

temperatures and the hardness were measured as a function of both aging temperature 

and time. 

(5) Superelasticity in 55-NiTi 

Subsequent to the study of the diffusional phase transformations and the 

concomitant precipitation reactions in Ni-rich 55-NiTi, the influence of aging on the 

overall quasi-static stress-strain response was investigated.  Essentially, the aging 

temperature and time ‘window’ for tailoring the strength, ductility, recoverable strains 

and the overall mechanical response was evaluated for the Ni-rich 55-NiTi. 

1.4 Significance of the study 

Nearly four decades of academic research and industrial interest on Nitinol has 

focused primarily on the superelasticity (medical devices being the primary driving 

force) and shape memory (high energy density actuators in various active feedback 

sensors) behavior at low deformation rates, ~0.001/s.  It is only in the last decade that 

Nitinol alloys have been approached with the intent of understanding and exploiting 

dynamic properties in various seismic, blast-mitigation or energy-absorbing 
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applications.  Therefore, the current study on the high-strain rate response of NiTi 

alloys is significant in the following ways:   

(1) Primarily, it reports at an accurate, reliable and systematic study of the 

high-strain rate behavior of NiTi alloys under both tension and compression.  The 

reliability of the high-strain rate behavior is established by the proposal of pulse-

shaping experiments that allow constant strain-rate throughout the high-strain rate 

compression tests in NiTi alloys that exhibit complex sigmoid-type stress-strain 

behavior.  This sets a common ground for the comparison of high-strain rate data in 

NiTi alloys, since constant high-strain rates are maintained throughout the test, i.e., up 

to 25% total strains. 

(2) Since the high-strain rate tests are conducted over a wide range of 

temperature spanning -196oC and 400oC, the dynamic response of thermally-induced 

martensite (TIM) at low temperatures (T < Mf), superelastic austenite (Af < T < Md) 

and stable austenite at high temperatures (T > Md) are studied in a systematic manner.  

(3) Typically, rolled sheet/plate, drawn rod and extruded tube represent the 

most common products of NiTi alloys.  While, the influence of rolling texture and 

cold-work on the overall shape memory characteristics, under quasi-static strain rates, 

have been investigated exhaustively in the past, most of the high-strain rate 

investigations in the literature have been conducted on solution-treated near-

equiatomic NiTi alloys.  Therefore, the current study is significant, in that, it compares 

the dynamic response of fully-annealed and cold-worked NiTi alloys with different 

textures and systematically analyzes the relative degree of influence between texture 

and thermomechanical treatment on the overall high-strain rate response. 
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(4) Multiple-stage transformations (MST) in NiTi alloys have received 

considerable scrutiny in recent years primarily to understand the physics of multiple-

peak formation during the differential scanning calorimetry (DSC) heating and cooling 

studies.  In addition, there has also been an attempt to characterize the transformations 

in terms of the transformation sequence(s) and the role of the microstructure in 

inducing the MST.  The current work systematically analyses the formation of MST in 

cold-worked and aged Ni-rich NiTi in a wide range of temperatures, viz., 300oC to 

700oC and specifically studies the evolution of the multiple-peaks through different 

aging times.   

Based on the microstructural changes, such as recovery, recrystallization and 

precipitation formation in Ni-rich NiTi alloys, the current work uniquely provides a 

unified and general understanding of the various MST reported in the literature, 

specifically providing the transition between two main transformation sequence 

mechanisms rationalized on the basis of partial DSC studies.  In addition, the current 

work also includes a systematic evaluation of the effects of cooling rate (water-

quenched vs. air-cooled vs. furnace cooled) over the wide range of temperature on 

both the MST sequence and the superelastic characteristics. 

(5) The current study also presents a detailed primary study of the martensitic 

(diffusionless) and the diffusion-based (precipitation reactions) phase-transformations 

in a new Ni-rich 55-NiTi (atomic %).  The time-temperature-transformation (TTT) 

and the multiple-stage transformations (MST) are studied for the first time in these Ni-

rich alloys.   
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1.5 Relevance to practical applications 

The unique properties of superelasticity and shape memory of NiTi alloys have 

made them very attractive to innumerable applications in almost all areas of 

engineering and medical sciences.  They include: couplings and fasteners, actuators, 

electrical connectors, circuit breakers, adaptive materials and reinforced composites, 

smart-materials, high-capacity dampeners, heat engines, wear resistant materials, even 

arts, fashion, decoration, toys and gadgets, eyeglass frames, cellular phone antennas, 

MEMS devices, valves, robotics; orthodontic dental arch wires, blood clot filters (vena 

cava filter), intracranial aneurism clips, artificial hearts, orthopedic devices, bio-

implants, self-expanding stents in gastroenterology, radiology, urology, cardiovascular 

devices [2, 7, 10-13, 16, 21-27, 29-38].  The roster of innovative applications of near-

equiatomic NiTi shape memory alloys is ever expanding and will not be discussed 

further here.  However, the promising applications of 55-NiTi will be briefly 

mentioned.  In the recent years, a number of patents have emerged that exploit some of 

the unique properties of the 55-NiTi alloys, like high-hardness, non-magnetic 

character, immunity to most corrosive agents [80, 84].  These include high-precision 

actuator, vibration dampener, seals, high-security locks, gun barrels, rotary actuators, 

high-hardness cutting instruments, horse-shoes, heater elements, impact absorbers, 

projectiles, liquid-jet nozzles, ball bearing elements, ski-structures  [80, 84-101].  One 

of the most promising applications is the cutting edge smart material actuator 

developed by Boeing [103, 104]; it is described below.   

In a typical high-bypass ratio engines, the turbulent mixing of the hot exhaust 

stream, fan stream and the surrounding air stream leads to high noise levels during 
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take off.  One possible noise reduction method involves the usage of serrated chevrons 

along the trailing edge of the jet engines exhaust nozzles.  These serrated chevrons 

were shown to be aerodynamic and very efficient in reducing the jet noise through 

optimal mixing of the exhaust streams and ambient air.  However, the geometric 

arrangement of the exhaust nozzles with respect to the air flow resulted in drag and, 

hence, thrust reduction.  In order to achieve a fair trade-off, Boeing devised a unique 

morphing technology involving Variable Geometry Chevrons (VGC) that utilizes 

light-weight, thermally activated shape memory alloy actuators made of 55-NiTi.  Its 

basic principle involves the movement of the VGCs in and out of the flow during take-

off and cruise, respectively, actuated by the 55-NiTi shape-memory actuator.  Thus, 

noise reduction during take-off and optimal thrust during cruising is achieved 

successfully.  The Boeing program have confirmed stable two-way shape memory and 

cyclic stability of 55-NiTi [83, 104] that provides remarkable morphing control over 

the VGCs and hence attest to the promising potential of 55-NiTi.  Therefore, there is 

considerable motivation to study and understand the shape-memory properties of 55-

NiTi in order to exploit them for further novel applications. 

1.6 Arrangement of the thesis 

Chapter 2 presents a summary of various aspects of NiTi alloys gleaned from 

the literature and establishes a background for understanding, relating and finally 

comparing the present work.  Beginning with the basic phenomena of superelasticity 

and shape-memory effect and their origin, martensitic transformations and its 

crystallography and twinning are summarized.  Subsequently, the physical metallurgy 
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of NiTi alloys and the deformation behavior of NiTi alloys with emphasis on the 

temperature, and thermo-mechanical treatment effects are dealt with.  While NiTi 

alloys have been under study for the past half-century, indicating thus to a cornucopia 

of literature, only the relevant terms, concepts and phenomena that are necessary or 

useful in the current study and those that form a basis of our current understanding are 

included.   

Chapter 3 presents the evolution of the multiple-stage transformations (MST) 

in Ni-rich 50.8-NiTi alloy as a function of aging temperature and time.  The influence 

of cooling-rate on the phase transformations and the overall mechanical behavior is 

also discussed.  

Chapter 4 provides a systematic study of the effect of strain-rate (0.001/s and 

1200/s) on the fully-annealed 50.8-NiTi drawn rod stock as a function of temperature.  

The main study involves the variation of the critical stress and the evolution of the 

compression-tension asymmetry with varying temperature. 

Chapter 5 examines the effect of texture (rolled sheet versus drawn rod 

geometries) on the stress-strain response of 50.8-NiTi (in fully-annealed condition) as 

a function of temperature and strain-rate.  The chapter also presents a similar 

comparison between fully-annealed and cold-worked+annealed 50.8-NiTi sheet, thus 

studying the effects of thermomechanical treatment on the quasi-static and dynamic 

response of 50.8-NiTi.   

Chapter 6 presents the time – temperature - transformation (TTT) data as a 

function of aging temperature and time in the Ni-rich 55-NiTi (atomic %) along with 

the microstructures that are formed during the precipitation of several phases.  It is 
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shown that this new Ni-rich alloys is capable of both shape-memory and 

superelasticity.  In Chapter 7, the range of mechanical behavior possible in 55-NiTi 

through aging heat-treatments at quasi-static strain rates is discussed.  Chapter 8 

summarizes the important conclusions gleaned from the present study. 

1.7 Figures 

 

Figure 1.1 Schematic to illustrate multi-physics coupling between various physical 
parameters in active materials, thus leading to functionality or 
smartness in their properties. 

  

Figure 1.2 Schematic illustration of shape memory effect.  Af and Mf are austenite 
and martensite finish temperatures. 
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Figure 1.3 Superelastic (SE), Shape memory (SM) and pseudoelastic (PSE) stress-
strain response in NiTi alloys. 
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2 BACKGROUND 

2.1 Basic Phenomenon 

2.1.1 What is unique about NiTi alloy? 

The development of novel materials is critical for the advancement of materials 

engineering and is often the vanguard for many progressive innovative applications. 

From an engineering point of view, NiTi, popularly known as Nitinol, is an avant-

garde alloy.  The distinctiveness stems from its unique ability to ‘memorize’ pre-

determined shape(s): even after severe deformation of several percent (strain), they are 

capable of returning spontaneously to their original, pre-deformed shape under certain 

thermal conditions.  This phenomenon is termed as shape memory behavior (SM) and 

is both thermal and mechanical in nature.  Additionally, the alloy also exhibits another 

remarkable property, namely, superelasticity (SE).  Superelasticity is the ability of the 

material to deform reversibly to very high strains of ~ 6-10% and recover the original 

pre-deformed shape spontaneously upon unloading.  Unlike shape memory behavior, 

materials exhibiting superelasticity do not require any thermal changes to display 

superelasticity, i.e., it is temperature independent.  However, the test temperature can 

affect superelasticity.  The physical manifestation of both the phenomena, viz., SM 

and SE, can be observed in their unusual stress-strain curves in Figure 2.1 when 

compared to other conventional alloys like steel, titanium, and Ni-based superalloys. 

Figure 2.2(a-b) also compare various mechanical properties such as elastic modulus, 

yield stress and reversible elastic strains observed in Ni-Ti alloys with other common 
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alloys used in the medical applications.  The following sections introduce the concepts 

of SM and SE and try to explain the physical origin of this phenomenon and the 

concomitant observations. 

2.1.2 Brief History 

The genesis toward the eventual discovery of the shape memory behavior was 

laid down with the preliminary reports of shape memory-related phenomenon in Au-

47.5Cd alloy system by Ölander [1, 2] in 1932 who noted a rubber-like behavior* (see 

section 2.1.9 for its description); it is now known that the Au-Cd alloys exhibit rubber-

like behavior only upon aging of the martensite, freshly transformed specimen display 

only the shape memory effect (SME) [3].  This was followed by an observation by 

Greninger and Mooradian (in 1938) of the temperature dependent formation of the 

martensitic phase in a Cu-Zn alloy [4].   Within a decade, Kurdyumov and Khandros 

(1949) discovered the thermoelastic behavior of martensites that gave a 

crystallographic and kinetic basis for the thermal reversibility of the martensitic 

transformations, and which forms the basis of the shape memory effect [5].  Soon 

after, in 1950, twinned lamellar structures were observed in martensites of several 

alloys, including In-Tl and Au-Cd [6].   

Chang and Read (1951), subsequently performed remarkable experiments on 

banded martensite and showed that by applying shear forces, the twin layers could be 

forced all to one “hand” (as described by [7]), thus providing a crystallographic 

                                                 
* Some authors quote pseudoelasticity instead of rubber-like behavior.  Pseudoelasticity is a more 
generic term that encompasses both superelastic and rubber like behavior and hence an ambiguous term 
since it does not emphasize the phase (i.e., superelastic martensite or martensite) that is under 
investigation.  Refer to section 2.1.9 for more description. 
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explanation of the “rubbery” phenomena of Au-Cd martensite first described by 

Ölander [1, 2].  Additionally, they demonstrated that if a shear-deformed Au-Cd 

martensite (unaged) was heated to a critical temperature, it recovered its original 

shape, which was due to the reverse transformation from orthorhombic to parent cubic 

phase.   Analogous thermoelastic behavior was revealed in In-Tl [8] followed by the 

demonstration of shape memory in Cu-Zn (1953) (see [7] for a brief historical trace) 

and CuAlNi (1957), both of which vied for prospective engineering applications. 

Since the discovery of shape-memory effect (SME) in Au-Cd alloys more than 

50 years ago [1, 2], numerous alloy systems have been reported to exhibit SME 

behavior [9, 10].  However, after more than a decade of relative dormancy, research 

on SMA underwent a revival with the discovery of SME in NiTi by Buehler and his 

colleagues (in 1961) at the U. S. Naval Ordnance Laboratory (NOL) [11-14].  During 

an appraisal of different intermetallic materials as thermal shields that mandated 

stringent thermal property requirements, the oddity of NiTi exhibiting temperature 

dependent acoustic damping properties, surface relief, unusual micro-hardness 

indentation behavior, substantial ductility combined with high strength, good 

corrosion resistance and low density fostered further inquiries into its atypical 

properties.  Subsequently, shape memory was discovered when a bent corrugated strip 

of NiTi straightened out by heating it with a pipe lighter during a project review; this 

serendipitous discovery of shape memory and subsequently other related phenomenon 

in NiTi are described vividly in [15].  It was the ensuing efforts by Buehler and his 

colleagues, who coined the term “shape memory” and Nitinol (Ni+Ti+NOL), now 

ubiquitous, that propelled NiTi as an avant-garde engineering material.  
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Since then, there has been tremendous growth in investigations aimed at 

elucidating the basic mechanics of its behavior.  By the 1970s, the fundamental 

understanding of the origin of SME and the shape memory mechanism [16-19] 

followed by the crystallography of the stress-induced martensitic transformation (SIM) 

[20, 21] was ascertained for Cu-based alloys [10].  Due to the ease of processing 

single crystals of Cu-based alloys and also their relative low-cost, most of findings 

were based on these alloys.  However, due to the brittleness of Cu-based alloys, like 

Cu-Zn-Al and Cu-Al-Ni, in their polycrystalline state [22-24] and due to the 

superiority of Ni-Ti alloys in terms of their strength and ductility, corrosion resistance 

and biocompatibility, Nitinol alloys have been the chief materials for many shape 

memory applications.   

Notwithstanding the insight into the microstructural mysteries of shape 

memory effect in its minute details, the industry’s effort of engineering the Ni-Ti alloy 

sauntered behind.  Primarily, the unusual properties, such as sigmoid stress-strain 

curve (i.e., high non-linear), hysteresis, fatigue, adiabatic heating and cooling, 

confounded the product designers [25].  In addition, alloy melting procedures and 

subsequent processing steps posed a steep challenge in terms of overall economics 

compounded by the problem of reliability, resulting in the development of only a few 

products. Duerig et al. [25] point out that by the 1980’s, despite its allure and promise 

as a panacea in many applications due to its added functionalities, it was precisely 

these properties that have baffled the design engineers with the result that, by the 

1990s, many big companies had rescinded from investing in Nitinol based 

technologies due to a flagging economic recompense.  However, as they further point 
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out, Nitinol has reinvented itself as a household name in the medical community as a 

result of ever-growing roster of medical devices and applications.   To the question, 

‘what mobilized such a reversal?’ Duerig et al. [3, 25] advance, among many possible 

reasons, the medical community’s drive towards minimally invasive medical 

procedures.  A shift towards minimally invasive medical procedures necessitated the 

availability of novel medical instruments (with unconventional properties) and Nitinol 

was well suited for this task.  Compared to the cryogenic alloys required in couplings 

and fasteners, or high-Ms alloys necessary in actuator applications, the medical 

applications were based on implants that demanded optimal performance at/around the 

body temperature (37°C), the temperature window where the Nitinol alloys excelled.  

Additionally, instead of dealing with the complicated shape memory effect, interest 

was diverted towards superelasticity, a property that forms the basis of many medical 

devices. As early as the 1970s, reports of NiTi use as an implant material were 

burgeoning [26-28] and by the early 1980s orthodontic and orthopedic applications 

were realized [29-31]; however, it was only in the 1990’s that NiTi applications 

proliferated with the commercial breakthrough of stents that revolutionized the 

medical industry  [25, 31-43] (also refer to the thesis [44]).   Availability of 

microtubing and precision laser cutting of tubing also aided in the promulgation of the 

Nitinol superelastic technology [25].   

Given the importance of NiTi over Cu-based alloys, the basic understanding of 

the thermomechanical treatment [23, 45-47], deformation behavior [48-52], shape 

memory mechanisms [53-57], the occurrence of R-phase [58-64] (and its 

crystallography [65-69]) in Ni-Ti alloys were established in the 1980s [10].  
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Subsequently, the controversies associated with the Ni-Ti phase diagram were also 

eventually clarified [47, 70-73] and the crystal structure of metastable as well as the 

stable precipitates were obtained [70, 73-75] (section 2.3 discusses these issues in 

more detail).  

The alloys that exhibit shape memory function can generally be classified into 

Fe-based, non-ferrous and particularly NiTi-based, noble-metal based alloy systems 

and nonmetallic shape memory alloys like SM ceramics and polymers [23].  Despite 

the efforts by the research community to develop SMA for commercial applications, 

only a few alloys have found a niche in commercial markets; in 2001, 90% of all 

SMA-applications were based on NiTi or ternary NiTi-Cu/Nb alloys and other alloys 

like Cu-Al-Ni, Fe-Mn-Si, NiTi-Zr, Cu-Zr, Ni-Al were either being introduced into the 

market or promised interesting, but limited potentials [76].  While Copper based alloys 

like Cu-Zn-Al and Cu-Al-Ni are commercially available, these alloys exhibit less 

stability and are brittle in nature when compared with Ni-Ti and therefore, although 

less expensive, have been minimally accepted [23].  Some other ternary alloys like Ni-

Ti-Pd/Hf/Zr are being investigated as potential shape memory alloys for high-

temperature applications (that require higher transformation temperatures, >100°C), 

since Ni-Ti and Cu-based SMA exhibit transformation temperatures between –100°C 

and 100°C.  However due to the lack of minimum quality standards for stability, 

ductility, functional behavior and reliability issues, successful applications appear 

distant [77].  More recently, various Ni-free β-Ti alloys, such as Ti-Nb-X and Ti-Mo-

X (where X is a ternary additive) have been under consideration as non-toxic 

alternatives in bio-medical applications, since β-Ti alloys also exhibit biocompatibility 
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[78].  There has also been a moderate drive towards processing and studying the 

relevant SM and SE effects in nano-grain-sized Ni-Ti alloys [79-84]. 

While the development of NiTi in bio-medical applications such as stents and 

other implants, where its superelastic behavior is of primary importance, and the 

utilization of shape memory property in the advancement of smart actuators and other 

non-medical applications has occurred in large strides in the past two-decades.  More 

recent investigations (within the last decade) have looked at seismic protections of 

structures [85-88] and there is a growing interest in the exploitation of Nitinol towards 

high-strain rate applications such as energy-absorbing structures [89-91]. 

  While the origin and the development of Nitinol have been briefly recounted 

in the preceding paragraphs, an important auxiliary was delayed until now.  The early 

investigations at the NOL by Buehler and his colleagues [11-14] focused on a series of 

non-magnetic Ni-Ti alloys based on the ductile intermetallic compound NiTi that 

displayed two distinct sets of properties as a function of Ni composition and heat 

treatment. [13].  This division was initially based upon hardness measurements over a 

range of Ni composition, viz., 50 to 64 weight pct (remainder being titanium, see 

Figure 2.3).  It can be seen that equitomic and near-equiatomic (i.e., near 55 weight 

pct Ni) alloys exhibit minimum hardness and are relatively unaffected by cooling rates 

when cooled from 950°C.  By contrast, the alloys composed of Ni in excess of 55 

weight pct exhibit increasing hardness under quenched conditions.  A further mark of 

distinction was revealed in the microstructural differences during metallographic 

studies.  While 55-Nitinol (wt pct) was found to be single-phase alloy of NiTi (oxide 

and nitride impurities were present in minute quantities), Ni-rich NiTi alloys were 
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found to contain TiNi3 phase (in the form of precipitates) in equilibrium with the NiTi 

matrix phase.  It has been shown that a series of thermomechanical treatments, i.e., 

various combinations of solution-treatments combined with cold work and/or anneal 

heat-treatments etc., are required to optimize the SE and SM properties of equiatomic 

alloys [13, 23, 39, 46, 47, 92, 93].  However, departure from the 55-Nitinol (wt pct), 

i.e. near stoichiometric NiTi, towards the Ni-rich alloys leads to the second group of 

Nitinol alloys that are also non-magnetic, but are at variance with the former alloys in 

that the latter group can be thermally hardened by aging heat treatments to high 

hardness levels, viz., ~60 - 70 RC [13, 94-96].  The latter group, i.e., NiTi alloys 

spanning the composition range from 56 to 62 wt pct Ni (remainder being titanium) 

were generically designated as 60-Nitinol alloys (designated by wt pct) [13].  While 

both the 55-nitnol and 60-Nitinol possessed common unusual properties such as non-

magnetic character, marine corrosion resistance due to the difference in hardness, 

microstructural features and the general effect of heat treatment on their properties, 

55-Nitinol and 60-Nitinol were considered as separate and distinct alloy types [13].  

Furthermore, an additional divergence was seen among the 60-Nitinol alloys, namely, 

between the ‘quenched’ and ‘furnace cooled’ alloys, as shown in Figure 2.3.  While it 

was pointed out by Buehler and Wang [13] that  not only the high hardness ‘quenched’ 

or low hardness ‘furnace cooled’ 60-Nitinol alloys could be produced, but also 

indicated the possibility of attaining alloys with any desired intermediate hardness 

accomplished by either intermediate cooling rates or by utilizing some sort of 

‘overaging’ or pseudo-tempering’ post-quench heat treatment, later investigations   by 

Nitinol Technology Inc., Mountain View, WA, have attributed the SE and SM 
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behavior in 60-Nitnol alloys as directly resulting from this crucial difference in 

cooling rate, viz., quenching vs. furnace cooling, respectively [94, 97, 98]) .  In spite 

of many promising properties of 60-Nitinol alloys, such as high hardenability, ability 

to tailor hardness through aging heat-treatments only, high corrosion resistance, low 

susceptibility to stress corrosion failure, ‘they exhibited the most noteworthy 

engineering weakness, viz., notch sensitivity’ [13].  Due to the difficulties in forming 

and hot-working, machining and forming these materials into near-net shapes for 

practical applications became difficult and impractical [97].  Therefore, 55-Nitinol 

was eventually preferred over 60-Nitinol, as evidenced by the numerous products in 

bio-medical and sensor applications.  However, since the development of hot rolling 

methods for 60-Nitinol and special fabrication techniques (by Nitinol Technologies 

Inc., Mountain View, WA) [94, 97], a number of patents have emerged that exploit 

some of the afore-mentioned unique properties of the alloys  [94, 98-115].  A decade 

ago, it was shown that under special heat treatment conditions, both the SM and SE 

effects could be produced in the alloy from the same ingot without any additional 

mechanical processing [94, 97, 98].  Since then, the interest in the development of Ni-

rich 60-Nitinol alloys has seen a resurgence, although very little work exists on the 

mechanical properties of these alloys [95-97, 116-118]. 

With regards to the development and progress in understanding the behavior of 

Ni-Ti alloys, the current work finds its place in two significant ways.  The primary aim 

of the current work is the investigation of dynamic or high-strain rate behavior of 

equiatomic (or 55-Nitinol wt pct) alloys.  As pointed out in the preceding paragraphs, 

the interest in the dynamic response of Ni-Ti alloys has been gaining momentum 
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during the last decade and the current study involves a systematic evaluation of the 

dynamic properties in Ni-Ti alloys as a function of temperature, strain-rate and texture 

(see [89] for a perusal at the limited literature on the high-strain rate response of Ni-Ti 

alloys).  Additionally, with the significant development of methods to produce SE and 

SM 60-Nitinol products from the same ingot that obviates the need for cold-work in 

these alloys, the current work evaluates and assesses this alloy’s potential as a SE and 

SM material towards bio-medical and actuator applications and also investigates its 

dynamic mechanical properties that seeks to exploit them towards defense platforms.   

2.1.3 Thermoelasticity and Martensitic Transformations 

(a) General introduction 

The shape memory effect (SME) and superelasticity (SE) are unique properties 

of certain alloys systems that arise from a (reversible) thermo-elastic behavior of the 

alloy that has its basis in temperature-induced diffusionless, solid-solid first-order 

transformation (high-temperature austenite → low-temperature martensite), involving 

a change in crystalline symmetry [119].  The italicized terms will be discussed in 

sequence in the following paragraphs.  

Similar to the phase transformations occurring during melting of ice or 

evaporation of water†, these ‘first-order phase transformations’ lie at the core of the 

unique behaviors of SMA.  The first-order phase transitions are defined by the 

                                                 
† A phase transition/transformation is the transformation of a (thermodynamically defined) system from 
one phase to another due to the variation in a thermodynamic parameter (such as temperature) and it is 
usually accompanied by an abrupt change in one or more physical properties of the system; for e.g., 
variation of heat capacity or lattice parameter with temperature changes.  Many transformations such as 
solid ↔ liquid ↔ gases, amorphous ↔ crystalline ↔ different crystal structures, magnetic states 
(ferromagnetic ↔ paramagnetic), even superconductivity, illustrate some common examples. 
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characteristic presence of latent heat of the transformation that expresses the amount 

of (heat) energy required for a material to undergo a phase change.   

This is a solid-solid transformation in that, upon cooling, the crystal lattice 

structure changes abruptly from a high-temperature cubic austenite phase to a low-

temperature monoclinic martensite phase at some critical temperature (see Figure 2.4).  

The phase transition or the change in the lattice structure is quite abrupt and is 

accompanied by a considerable amount of unit cell distortion; however, there is no 

diffusion of the atoms involved and there is no change in the relative positions of the 

atoms during the transformation (refer to Bhattacharya [119] for an excellent 

introduction on the microstructures of martensite and their origin). 

These solid-solid phase transformations introduced in the preceding paragraph 

are known as martensitic phase transformations (after the German Scientist Adolf 

Martens, 1890) [120].  According to Wayman and Harrison [7],  

“The world’s most economically important metallurgical transformation is that 

of austenite to martensite during the quenching of steel. So important is this process 

that hundreds of man-years of sophisticated study have been devoted to its 

understanding…” 

Martensitic phase transformations have been observed in various metals, 

alloys, ceramics [23, 120, 121] and even biological systems [122], but the most 

significant understanding of martensitic transformations have come from the iron-

carbon (Fe-C) system and, by the 1930s, many basic features of the transformation 

were already understood (see [121] for an interesting synopsis of the history and 

numerous scientific studies of the martensitic phase transformations). Hitherto, 
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martensitic transformations, that were largely observed in the Fe-C system, were 

presumed to be irreversible (refer to Table 2.1 for a qualitative comparison between 

ferrous and non-ferrous martensites), however, thermally reversible martensitic 

transformations were first observed in Cu-Zn and Cu-Al-Ni alloys (during late 1930’s) 

[5, 123].  Thus, the concept of thermoelastic martensite gave a crystallographic and 

kinetic basis for understanding these phenomena [7].  A thermoelastic martensitic 

transformation is realized if the martensite nucleates and grows continuously in 

tandem with the lowering of the temperature and, per contra, shrinks and disappears as 

the temperature is raised [124-127].  There are no sudden appearances or 

disappearances of large groups of plates (“burst”), the transformation essentially 

proceeds in equilibrium between the ‘chemical driving energy’ (the difference 

between the free energies of austenite and martensite phases) and the ‘resistive elastic 

energy’ (due to the transformation) and often exhibits small local discontinuities or 

jumps during the growth of a martensite plate (termed as ‘degenerate elastic 

transformation’ by [125]).  Evidently, when the chemical driving force greatly exceeds 

the resistive elastic forces, the transformations are termed as ‘spontaneous’ or ‘burst’ 

[125].  A thermodynamic analysis of these transformations will be attempted shortly.  

Delaey [128] makes a distinction between the kinetics of a single martensite plate and 

the global kinetics, i.e., the volume fraction of the parent phase that is transformed: 

martensitic transformations can be either athermal, where the transformation proceeds 

with decreasing temperature; or isothermal, where the transformation proceeds with 

time at a constant temperature (refer to Figure 2.5), and, as alluded earlier, the growth 
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may be ‘thermoelastic’ or of the ‘burst’ type‡.  The unique behavior observed in NiTi 

is typically a thermoelastic martensitic transformation. 

Table 2.1 A brief qualitative comparison between martensites formed in ferrous 
and non-ferrous alloys [128]. 

 
Property 

 
Ferrous martensite 

 
Non-ferrous martensite 

Nature of alloying Interstitial and/or substitutional Substitutional 

Hardness Martensitic state in interstitial 
ferrous alloys is much harder 

than the austenite state 

Martensitic state is not much 
harder and may even be softer 

than the austenite state 

Transformation hysteresis Large Small to very small 

Transformation strain Relatively large Relatively small 

Elastic constants of the parent 
phase 

High values near the Ms Low values near the Ms 

Transformation enthalpy High Low to very low 

Transformation entropy Large Small 

Chemical driving force Large Small 

Growth character Self accommodation is not 
obvious 

Well developed self 
accommodating variants 

Kinetics High rate, “burst”, athermal 
and/or isothermal transformation 

Slower rate, no “burst”, no 
isothermal transformation, 

thermoelastic balance 

Growth front No single interface 
transformation observed 

Single interface possible 

Interface mobility Low and non-reversible High and reversible 

Damping capacity of martensite Low High  

 

 
                                                 
‡ In the non-thermoelastic martensitic transformation, the martensite phase, after nucleation, grows 
instantaneously to their final size and do not grow further as the temperature decreases.  However, 
during the reverse transformation, the martensitic phase does not shrink and revert back to the austenite 
phase (as it occurs in thermoelastic transformation); rather, the austenite phase is nucleated within the 
martensite phase and grows, similar to the martensite phase that nucleated and grew within the austenite 
phase.  Thus, reverse transformation is not reversible.   
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(b) Thermodynamics 

The thermoelastic martensitic transformations observed in NiTi are not 

associated with any compositional changes (since diffusionless), therefore, the free 

energy curves of both austenite and the martensite phases may be represented 

schematically as a function of temperature in the manner shown in Figure 2.6 (the 

discussion here will follow in the vein of [124, 130]. To represents the thermodynamic 

equilibrium temperature between the two phases, viz., martensite and austenite; 

    ∆Ga →m |M s
= Gm − Ga  is the driving force for the martensite nucleation, where Ga and 

Gm represent the Gibbs free energy of the austenite and the martensite phases, 

respectively.   

For a thermoelastic transformation, all the transforming interfaces necessarily 

reach equilibrium between the opposing forces at a given temperature (during 

cooling).  The driving force during martensite formation, as noted above, results from 

the lower energy of the martensite phase; this is opposed by the accompanying 

increase in elastic strain energy, interfacial energy and the resistive forces against 

interfacial motion. During its reverse transformation to austenite, the stored elastic 

energy provides the impetus along with the reverse transformation driving force; these 

are balanced by the resistive forces.  The total change in the free energy accompanying 

these forward (assuming an oblate-spheroid martensite particle of radius r and semi-

thickness c [131]) and reverse transformations can be written, respectively, as:  

    ∆G(T )m→a = ∆Gch
m→a (T ) + ∆Gel

m→a + ∆Gs
m→a   Equation 2.1 
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∆G(T )a →m = ∆Gch
a →m(T ) + (∆Gel

a →m + ∆Gs
a →m )

=
4
3

πr2c∆gch + (4
3

πr2c( A c
r

) + 2πr2σ)

= ∆Gch
a →m(T ) + ∆Gnc

a →m

  Equation 2.2 

where, a and m represent the austenite and martensite phase,  ∆Gch
a →m  is the change in 

the chemical free energy ( ma
chg →∆  is calculated per unit volume));   ∆Gel

a →m  is the elastic 

strain energy (equals elastic strain energy per unit volume times the particle volume; 

    ∆gel
a →m Vm = ( Ac / r )(4πr2c / 3))),  ∆Gs

a →m  corresponds to the interfacial energy between 

the two phases (these forces resist either the growth and shrinkage of existing 

martensite crystals or the creation and annihilation of new martensite crystals).  The 

elastic strain energy term implicitly assumes an elastic accommodation of the 

martensite.  Usually, the elastic energy and the interfacial energy terms are combined 

to represent the non-chemical free energy,  ∆Gnc
a →m  [130].  In most martensitic 

transformations,   ∆Gnc
a →m  is as large as  ∆Gch

a →m , and because of this, supercooling and 

superheating is necessary for the martensitic or the reverse transformation, 

respectively.  Due to similar reasons, Ms is not the same as Mf, since the elastic energy 

around the martensite phase resists any further growth of martensite unless the driving 

force is increased by further cooling.  In both the forward and the reverse 

transformations, a change in temperature alters the driving force and thus the 

equilibrium point is displaced resulting in the growth or shrinkage of the martensite 

phase.  For thermoelastic alloys, the driving force for the transformation is usually 

small since the interface between the austenite parent phase and the martensite phase 

is mobile during heating or cooling and the transformation itself is crystallographically 
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reversible, i.e., the martensite reverts back to the parent austenite in the original 

orientation.  From Equation 2.1, considering that the thermoelastic equilibrium is 

reached at a given temperature when the rate of growth of the martensite particle 

reaches zero, Kaufman and Cohen [132] derived that this occurs when the elastic 

strain energy balances the chemical driving force as: 

  ∆gch + 2∆gel = 0     Equation 2.3 

i.e., when the elastic strain energy per unit volume of the particle (stored in the matrix 

and the particle) approaches half the magnitude of the chemical driving force.  When 

the temperature is decreased at such an equilibrium, ∆gch increases relative to ∆gel and 

hence the martensite grows and vice versa.  Further, if (Af – Ms) is small and the 

degree of supercooling and superheating are very similar, then one can derive that To 

= (Ms + Af)/2 [124].  

The DSC thermal measurements of exothermic, QM and endothermic, QA heats 

can be related to the thermodynamics of the thermally induced thermoelastic 

martensitic transformations as follows [133, 134]: 

 −Qm = −∆Hch
a →m + ∆Hel

a →m +Wfr
a →m  Equation 2.4 

 Qa = ∆Hch
m→a − ∆Hel

m→a +Wfr
m→a   Equation 2.5 

where ∆Hch is the change in chemical enthalpy due to structure, ∆Hel is the elastic 

strain enthalpy stored in the specimen that accommodates the transformational shape 

and volume changes and Wfr is the work done to overcome frictional resistive forces 

opposing the motion of the interfaces.  Equation 2.5 has been modified to 

accommodate the influence of cold-rolling in martensitic NiTi alloys that leads to a 
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substantial decrease in the ∆H value of the first reverse martensitic transformation 

(and also between the first and second DSC runs) and further with increase in the 

degree of cold rolling [133, 134]: 

 Qa = ∆Hch − ∆Hel +Wfr − ∆HCR   Equation 2.6 

where ∆HCR is an extra term that takes into consideration defect recovery for cold-

rolled samples.  In NiTi alloys, factors such as work hardening [135-137], rolling 

temperatures, thickness reduction and heat treatment history [138, 139], were found to 

have significant impact on the heat of transformation [133].  The effect of the applied 

stress on the martensitic transformation and the effect of cold-work and thermo-

mechanical history on the phase transformation will be dealt in section 2.1.5 and 

section 2.4.2, respectively. 

(c)Transformation kinetics 

While the ‘burst’ type martensitic transformations are characterized by an 

autocatalytic nucleation and rapid growth (speeds can be greater than 103 m/s, about 

1/3 the speed of elastic waves in solids [124]) of a large number of martensite plates, 

typical ‘thermoelastic’ martensites exhibit parallel-sided or wedge-shaped pairs of 

plates that grow progressively as the temperature is lowered below Ms. This type of 

behavior is observed when the matrix accommodates the shape deformation of the 

martensite plate elastically in such a way that, at a given temperature, the 

transformation front of the martensite plate and the austenite matrix are in 

thermodynamic equilibrium.  Any variation in the temperature alters the plate growth, 

i.e., either grows or shrinks [124]. While, during non-thermoelastic transformations, 

new martensite crystals, once nucleated, grow almost instantaneously to their final size 
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and further growth does not occur upon decreasing the temperature or waiting longer 

times, during the thermoelastic transformations, the nucleated martensite crystals were 

found to grow at a velocity proportional to the cooling rate, some growth rates are 

even detectable with the naked eye [124].  In thermoelastic transformations, it was 

shown that the martensite plates that first formed when cooled near Ms are the last to 

reverse transform at Af [124].  Particularly, in Ni-Ti SMAs, the rate of transformation 

of austenite into martensite has been quantitatively described by empirical relations, 

such as [140]: 

  
f =1−

T − M f

M s − M f

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

n

    Equation 2.7 

where f is the volume fraction of the transformed martensite and n is a material 

dependent exponent, n = 3 for NiTi alloys. 

(d) Microstructure 

So far, only the thermodynamic and the kinetic aspects of the martensitic 

transformation have been introduced without any specific reference to the 

microstructure that is produced by the transformation.  As Bhattacharya [119] 

emphasizes, the characteristic observable feature of the martensitic transformation is 

the microstructure that it generates.  Typically, the high-temperature austenite phase 

has a greater crystallographic symmetry (with reference to the unit cell) than that of 

the low-temperature martensite phase, Figure 2.7(a) illustrates this by contrasting the 

square unit cell of the austenite versus the less symmetric rectangular unit cell of the 

martensite, Figure 2.7(b,c), (the discussion here follows in the vein of Bhattacharya 

[119]).  This transition suggests that multiple symmetry-related martensite variants are 
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possible.  Upon cooling, the square lattice transforms into the rectangular lattice, and 

since the latter lattice exhibits two variants, i.e., either is equally likely to be the 

transformation product, the transformed crystal is made up of a mixture of numerous 

variants.  Depending on the nucleation kinetics and the ability to form different 

shapes, different parts of the parent phase may transform into different variants. 

However, in the formation of the variant mixtures, the material cannot tear 

itself and, necessarily, the interfaces between the variants must maintain coherency 

with unbroken rows of atoms across the interface.  This unique combination of the 

tendency to form variant mixtures in the martensite microstructure combined with the 

necessity to impose coherency across the variant interfaces leads to the formation of 

complex and characteristic patterns at a very small length-scale (from a few nm to 

tenths of mm).  It is precisely this ability of a material to form unique martensite 

microstructures and their ability to transform it lends the martensitic materials their 

exclusive properties. 

(e) Hysteresis 

A corollary to the thermoelastic martensitic transformation observed in NiTi is 

the development of hysteresis.  As discussed previously, during the cooling and 

heating cycle, changes in the lattice parameter can be observed as a result of the 

martensitic transformation.  However, there is a difference between the temperature 

where austenite transforms to martensite and martensite transforms to austenite. The 

temperature difference between the forward transformation and the reverse 

transformation is known as hysteresis and it may vary between a few to hundreds of 

degrees Celsius [23, 141], depending on the material type; shape memory alloys 
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typically have small hysteresis (also refer to Table 2.1).  In the athermal mode of 

transformation, the amount of martensite formed is a function of only the temperature 

(i.e., an incremental change in temperature produces a proportionate change in the 

phase) to which the alloy is cooled and not the time of holding at that particular 

temperature.  When the austenite NiTi is cooled, it starts to transform at the martensite 

start temperature (Ms) and ends at the martensite finish temperature (Mf).  Typically, 

the entire austenite phase has transformed to martensite.  Upon heating, analogously, 

the martensite begins to transform into austenite at the austenite start temperature (As) 

and the transformation is complete at the austenite finish temperature (Af) [142], as 

indicated in Figure 2.8.  Typically, Ni-Ti based shape memory alloys have a hysteresis 

width of 30oC-50°C [143].   

One caveat should be noted: Not all diffusionless transformations can be 

termed as martensitic.  The term martensitic is reserved for transformation involving 

sufficiently large strains that the product domain structure must form by nucleation 

and growth [144].   Thus, martensitic transformations are: (i) shear-dominant i.e., the 

deviatoric/shear strain components are larger than the dilatational strain components.  

In the former case no undistorted line is seen and, in the latter case, an undistorted line 

exists.  (ii) Lattice-distortive (i.e., such displacements contribute to a homogeneous 

strain in the lattice).  (iii) Diffusionless transformations occurring by nucleation and 

growth.  See Figure 2.9 for the classification scheme of diffusionless/displacive phase 

transformations as proposed by Cohen [128, 144]. 
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2.1.4 Martensitic transformation in Ni-Ti alloys 

2.1.4.1 Crystal Structures of the austenite and the martensite phases 

(a) NiTi B2 austenite phase:  NiTi is a B2 (cubic) type ordered structure [145] 

that undergoes an order-disorder transition from B2 to BCC at 1090°C.  Upon 

quenching or slow cooling to room temperature, the phase is retained, and it is this 

phase that undergoes the martensitic transformation and the concomitant SM or SE 

effects.   

(b) NiTi B19’ martensite phase: Nitinol, NiTi, undergoes martensitic 

transformation to any of the following phases: trigonal R-phase or monoclinic B19’ 

phase or orthorhombic B19 phase [23, 47].  Both Michal and Sinclair (1981)  [67, 

146] and Kudoh et al. (1985) [67, 146] arrived at the correct space group P21/m 

monoclinic structure for NiTi martensite and the resulting crystal structure is 

schematically shown in Figure 2.10.   

 (c) NiTi R-phase: In 1985, Goo and Sinclair [147] arrived at the space group 

of R-phase as     P3 1m  using convergent beam electron diffraction (CBED); however, 

they did not arrive at any definite atomic positions.  By 1989, Wu and Wayman [148] 

suggested a trigonal distortion of the cubic structure such that the R-phase could be 

obtained by elongating the B2 cube along the body diagonal, see Figure 2.11.  About a 

decade ago (1997), Hara et al. [149] studied the R-phase structure using electron-

diffraction and powder x-ray diffraction and concluded that the crystal structure is P3.  

Recently, in 2003, Schryvers and Potapov [150] proposed yet another crystal structure 

for the R-phase, namely,     P3  based on dynamic nanoprobe electron diffraction and 
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least-squares minimization analysis.  Apparently, the difference between the two 

proposed structures, viz., P3 and   P3  is very minimal in that the former does not 

posses a center of symmetry.  Around the same time, Sitepu et al. [151, 152] 

combined refinements of the R-phase formed in Ti50.75Ni47.75Fe1.50 alloy using both 

neutron and diffraction data were carried out using three space groups, viz. P31, P3 

and     P3 . Their results indicated that the reasonable space group for R-phase is   P3 . 

More recently, in 2006, Gong et al. [153] suggested that the P31m space group is the 

correct crystalline ground state of R-phase.  They based their conclusions on ab-initio 

calculation of the electronic and crystal structure for the R-phase using the density 

functional theory (DFT) with plane-wave pseudopotentials.  Their calculations of 

geometry optimization between P3 and   P3  indicated that P3 structure changes to 

P31m structure and that it possesses a lower energy than that of     P3 .  Based on the 

lattice parameters computed from their calculations, the XRD spectrum corroborated 

well with the experimental XRD values.  Around the same time, Khalil-Allafi et al. 

[154] used neutron diffraction studies to redetermine the crystal structure parameters 

of the R-phase in a binary Ni50.8Ti49.2 shape memory alloy.  Several models with 

different space group symmetries such as   P3 , P3 and   P3 1m were refined against 

their neutron diffraction data and their results favored the   P3  symmetry, confirming 

the results of electron and X-ray diffraction studies [151, 152, 155, 156].  Due to the 

growing evidence for the support of   P3  symmetry of the R-phase, the crystal 

structure parameters calculated by Khalil-Allafi et al. [154] will be used to index the 

XRD patterns in the present work. 
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2.1.4.2 Twinning  

(a) General Introduction: 

When the martensite phase nucleates and grows during a thermoelastic 

martensitic transformation, it was stipulated that the microstructure so formed is 

actually a mixture of different symmetry-related variants of martensite that maintain a 

coherency across their interfaces; unique in terms of its complexity and fine length-

scale features [119].  However, while considering the unique microstructure of these 

martensites, two important features of the microstructure must be noted: what is the 

nature of this coherent interface between the variants, i.e., what is the mode of self-

accommodation? and what is the nature of the interface between the martensite and 

the parent austenite phases? It has been conclusively shown, based on continuum 

theories of crystalline solids [158] that the resulting martensitic microstructure is a 

result of energy minimization of the specimen that undergoes the martensitic 

transformation (the discussion henceforth will follow in the vein of Bhattacharya 

[119]).  Since the martensitic transformations observed in NiTi alloys is a lattice-

distortive and shear-dominant one, and since the driving force is essentially governed 

by the difference in free energy as a function of temperature, the total energy of a 

specimen subjected to a deformation y at a temperature T may be expressed as: 

∫
Ω

∇ dVT ),( yϕ     Equation 2.8 

where ϕ is the stored energy density (or the Helmholtz free energy) ∇y, the 

deformation gradient (measures the local distortion in the lattice).  The basic premise 

is that the specimen undergoing the martensitic transformation will occupy a state that 
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minimizes this total energy, and therefore, the microstructure and the concomitant 

behavior of the specimen is completely determined by this energy density.  It was 

found that the energy density has multiple minima (multi-well structure) that are 

related to the crystal structures of the austenite and the martensite.  Most importantly, 

it was shown that the consequence of the energy well structure leads to twinning in the 

martensite.  In other words, the twinning deformation mode arises out of the necessity 

to satisfy the energy minimization conditions; as a result, the martensite that forms 

during the transformation is internally twinned.  In order to arrive at this conclusion, a 

few preliminary results, gleaned from Bhattacharya [119], will be utilized. 

 

Result 1: The Cauchy-Born Hypothesis [159]  

The Cauchy-Born hypothesis essentially links the lattice deformation to the 

continuum deformation.  Consider a crystalline solid occupying a region Ω in a 

reference configuration where at each point x ∈ Ω, a Bravais lattice with lattice 

vectors {ei
o(x)} may be constructed.  Now, if the solid undergoes some deformation 

y(x) due to the decrease in temperature (such that the deformation gradient is given by 

F(x) = ∇y(x)), and at the same point x the distorted lattice is now spanned by the 

lattice vectors {ei(x)}, the Cauchy-Born hypothesis essentially states that the 

deformation of the lattice vectors is governed by the deformation gradient as: 

       e i(x) = F(x) e i
o(x)    Equation 2.9 

In other words, the lattice vectors behave like infinitesimal line elements of the 

continuum.  Therefore, for a Bravais lattice ℑ(ei , o), the energy density of the lattice at 
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a given temperature T may be rewritten as ),(ˆ Tieϕ  i.e., the energy density depends on 

the lattice vectors and the temperature. 

 

Result 2: Symmetry group of the lattice 

If two Bravais lattices ℑ(ei , o) and ℑ(fi , o) spanned by the lattice vectors {ei} 

and {fi}, respectively, exist, then there exists a matrix F (det F ≠ 0) such that 

  fi = Fe i     Equation 2.10 

then we may regard the ℑ(fi , o) as a deformation of the lattice ℑ(ei , o) through the 

deformation gradient F.  Furthermore, if the deformation F maps the lattice back to 

itself, then the following relation holds true: 

  fi = α i
je i     Equation 2.11 

for some 3 x 3 integer matrix  α i
j  such that det [  α i

j] = 1.  Thus, a matrix M maps a 

Bravais lattice ℑ(ei , o) back to itself if and only if  

  M ei = α i
je j     Equation 2.12 

such that det [  α i
j] = 1.  Therefore, 

       Γ(e i )  = {H: Hei =  α i
jej, such that det [  α i

j] = 1}  Equation 2.13  

represents a set of deformations that map a lattice back into itself and is termed a 

symmetry group of the lattice.  This set    Γ(e i )contains both shears and rotations (i.e., it 

can be decomposed into a pure distortion and rotation, according to Polar 

Decomposition theorem [160]).  Whereas, shears typically cause large distortions of 
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the lattice and are usually associated with plasticity (or slip), rotations do not lead to 

any distortions or strains in the lattice.  Since in martensitic phase transformations 

observed in SMAs, plasticity is very limited, a smaller group    ℘(e i ) may be defined 

that includes only the rotations, but excludes any distortive large shears: 

      ℘(e i )={R | R is a rotation and Rei =  α i
jej, such that det [  α i

j] = 1} Equation 2.14 

      ℘(e i ) is called the point group of a lattice and is defined as a set of rotations that map 

a lattice back to itself.  It can be shown that there are seven groups that arise in Bravais 

lattices (i.e., they describe seven different symmetries) and there are fourteen distinct 

Bravais lattices types.  The relationship between the seven point groups is shown in 

Figure 2.12 and the total number of elements within each point group is indicated in 

the parenthesis.   

 

Corollary: If we assume that the point group of the austenite phase is ℘a and 

the martensite point group is ℘m, then ℘m is a subgroup of the austenite point group 

℘a, i.e., the austenite lattice has greater symmetry than the martensite lattice.  

Moreover, the number of variants of martensite that form upon transformation from 

austenite phase is given by: 

  
N =

#rotations in ℘a

#  rotations in ℘m

   Equation 2.15 

where the # rotations in either lattice are given in Figure 2.12.  Consequently, the 

number of variants formed in the transformation from cubic B2 NiTi to monoclinic 

B19’ NiTi are 24/2 = 12 variants.  It should be noted that the 12 variants have the 

same crystal structure, i.e., B19’ monoclinic (P21/m), but they are all oriented 
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differently with respect to the austenite lattice and hence called correspondence 

variants of martensite or simply variants of martensite.  Also, each variant exhibits a 

specific lattice correspondence, which expresses the relationship between the unit 

cells (in terms of corresponding directions or planes) that describe the two lattices B2 

and B19’ (see section 2.1.4.3). 

 

Result 3: Kinematic Compatibility 

If we consider the deformation shown in Figure 2.13, where the lower portion 

of the body (Ω2) is sheared in the opposite way compared to the upper portion (Ω1) in 

such a way that the body remains unbroken, a straight reference line is kinked but 

remains unbroken.  This is an example of continuous deformation, where the 

deformation gradient suffers a jump across the interface.  Such deformations have 

been shown to describe coherent interfaces and hence are invaluable in studying 

martensitic transformations.  If the deformation is a continuous one, Bhattacharya 

[119] argues that the deformation gradient jump cannot be arbitrary, since, if the body 

should not tear itself, then the interfacial plane should suffer the same deformation 

with respect to both portions of the body (i.e., Ω1 and Ω2), and this restricts the 

deformation gradient from being arbitrary.  

If the deformation of the body in Ω1 and Ω2 is given by: 

   

y = Fx + c x ∈ Ω1

y = Gx + d x ∈ Ω2

    Equation 2.16 

where F, G are constant matrices and define the deformation gradient in Ω1 and Ω2, 

respectively, and c, d are constant vectors, then F and G must satisfy [119]: 
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naGF ˆ⊗=−      Equation 2.17 

where a, n̂  are some vectors.  Moreover, the interface must be a plane with a 

reference normal n̂  and this condition is known as kinematic compatibility condition.  

This is also known as the invariant plane condition, since for any vector v lying on the 

interface (i.e., on the invariant plane), thus satisfying v . n̂  = 0, we see that: 

GvFvnvavnaGvFv =⇒==⊗=− 0)ˆ.()ˆ(    Equation 2.18 

which suggests that the vector v is deformed equally by F and G, i.e., the plane n̂  is 

an invariant plane. 

 

Result 4: Martensitic phase transformation: Bain or Transformation matrix 

As specified earlier, the martensitic transformation involves a diffusionless 

solid-solid phase transformation where the austenite lattice stable at high temperature 

changes its structure to a martensitic lattice stable at low temperature; one can obtain 

this transformation by deformation only without any rearrangement of the atoms. If 

      {e1
a ,e2

a ,e3
a} and       {e1

m ,e2
m,e3

m} represent the lattice vectors of the austenite and the 

martensite lattices, respectively, we can describe the transformation between the 

lattices using a matrix U1 (also called Bain or transformation matrix) such that it 

describes a homogenous deformation that maps the martensite lattice to the austenite 

lattice as: 

   e i
m = U1e i

a      Equation 2.19 

Thus, Ui (I = 1 - 12) describe the transformation matrices of the variants of martensite.   
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2.1.4.3 Twinning and Twins in NiTi 

The Bain transformation matrices Ui (for all the 12 martensite variants) are 

given in  Figure 2.14, assuming that the lattice constants are a = 2.889 Å, b = 4.12 Å, c 

= 4.622; β = 96.8° [161].  The variables α, γ, δ, and ε depend on the lattice geometry 

as follows [119]:  

    

α =
1

2 2a0

c(c + 2a sinβ)

2a2 + c2 + 2 2acsinβ
+ b

⎛ 

⎝ 

⎜ 
⎜ 

⎞ 
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⎟ 
⎟ 
; γ =

1
a0

a(csinβ + 2a)
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1

2 2a0
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2a2 + c2 + 2 2acsinβ
− b

⎛ 
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⎜ 
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1
2a0

accosβ)

2a2 + c2 + 2 2acsinβ
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    Equation 2.20 

It should be noted that one can rotate the parent austenite lattice through some 

rotation R and then transform it to any one of the 12 martensite variants by applying 

the corresponding Bain transformation matrix, Ui.  Since all the 12 variants are related 

by symmetry, they all possess the same energy: 

    ϕ (U1 ,θ) = ϕ (U2,θ) = ... = ϕ (UN ,θ)    Equation 2.21 

Given that there are 12 variants possible when the austenite transforms to 

martensite upon cooling, we will first study a deformation involving only two variants 

(since an interface is necessarily formed between two surfaces only), i.e., we seek to 

find a deformation y such that the deformation gradient in one part of the body Ω1 

(martensite I) and the deformation gradient in the other part of the Ω2 (martensite J) is 

given as follows: 
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∇y = Q1 U1 in Ω1

∇y = Q2 U2 in Ω2

   Equation 2.22 

where Q1 and Q2 are constant rotations, and UI and UJ are given in Figure 2.14.  

Although the deformation gradient suffers a discontinuity across the interface, it has to 

satisfy the kinematic compatibility condition: 

nbUQUQ 2211 ˆ⊗=−     Equation 2.23 

where b and n̂  are some vectors, and the interface between the two martensite variants 

is a plane described by the normal n̂ .  This can be rewritten as: 

naUUQ 21 ˆ⊗=−      Equation 2.24 

where Q = Q2
T Q1 and a = Q2

T b, and the above equation is called the twinning 

equation [119], since it can be shown that the above equation describes a deformation 

where the lattice on one side can be obtained by either a simple shear or rotation of 

the lattice on the other side, and this planar defect in the crystal is termed as a twin 

[119].  Thus, the twinning elements with respect to the martensite lattice, viz., 

twinning shear s, shear direction η1 and the twin plane K1, are given by: 

nU
nU

a
anUa

1
J

1
J1

J ˆ
ˆ

ˆ 11 −

−
− === Ks η    Equation 2.25 

When the twinning Equation (2.22) is solved completely (for certain conditions 

discussed in [119]), i.e., for each given UI and UJ, solving for Q, a, n̂  that satisfy 

Equation (2.22), one obtains two distinct solutions, i.e., if the variants I and J form a 

twin, they form two different kinds of twins.  In other words, according to 

Bhattacharya [119], for every twin, there is a reciprocal twin that connects the same 
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set of variants.  These solutions also lead to the classification of twins into three types, 

namely: Type I (where the twinning plane is rational and the shearing direction has 

irrational indices), Type II (where the twinning plane is irrational and the shearing 

direction has rational indices) and Compound twins (where both the twinning plane the 

shearing directions have rational indices).  In this manner, one can choose different 

combinations of variants and solve the twinning Equation (2.22) and calculate all the 

(theoretically) possible twins and twinning elements.   

For example, in the Ni-Ti system, if we solve the twinning Equation (2.22) to 

compute the possible twins between variant 1 and the remaining variants 2 through 12 

that may arise during a cubic – monoclinic transformation, we find that four distinct 

twinning modes are possible, as shown in Figure 2.16.  Each mode consists of a Type I 

and Type II twin or two Compound twins.  Among the eight possible twins (or four 

twinning modes) and the corresponding twinning elements listed in Figure 2.16 and 

Figure 2.17, only the twins that are listed in Table 2.2 have been observed 

experimentally to date (refer also to [47, 119, 163].  Additionally, the lattice 

correspondence between each of the 12 B19’ martensite variants and the B2 matrix is 

given in Figure 2.15. 

Based on the calculations of Equation (2.24), it has been shown that variant 1 

can form twins with variants 2, 3, 4, 5, 8, 9 and 11; however, it cannot form twins with 

variants 6, 7, 10 and 12 unless the lattice constants satisfy some stringent conditions: 

  δ(γ − α + δ) − ε2 = 0   Equation 2.26 
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which is a very special criterion that is typically not satisfied by many materials.  

Special materials that do exhibit such twins are termed non-generic twins [170].  If 

one repeats the above calculations beginning with different variants, the various 

twinning possibilities that arise from such computations are listed in Figure 2.18.  

Table 2.2 Twins observed experimentally in B19’ martensite [119]. 

Mode Twin type Observed in experiments 

Mode A (001) Compound 

(100) Compound 

Yes [65, 164-169] 

{011} Type I Yes [164, 165, 168, 169] Mode B 

<011> Type II Yes [55, 56, 65, 67, 165, 166, 168, 169] 

{111} Type I Yes [67, 68, 168, 169] Mode C 

<211> Type II No 

{-111} Type I Yes [161, 164-166, 168, 169] Mode D 

<-211>Type II No 
 
The twins obtained by solving the twinning equations considered only a single 

twin interface; however, in materials such as NiTi [168, 169] and Cu-Al-Ni [119]., 

many parallel twin planes that separate alternating regions of two variants are 

observed; these microstructures are termed as twin laminates or fine twins (see also 

Figure 2.19). 

Additionally, crossing twins, such as those illustrated in Figure 2.20 [119], are 

observed in NiTi (see also Figure 2.19) ; they are formed when a twin plate zigzags 

through a region of twin laminates (see Table 2.3).  The important features of this 

microstructure are its four-fold corner, where four interfaces that separate four variants 

meet.  The entire microstructure can be reproduced by replicating such a four-fold 
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corner.  This type of crossing twins have been incontrovertibly verified in NiTi by 

Nishida et al. [168, 169].  In their high-resolution TEM images, Nishida et al. [168, 

169] shows that the twin boundaries are sharp and remain straight even at the corner.  

Figure 2.19 also shows that the interface alternates between Type I and Type II twins 

(either can be substituted with a compound twin) as shown in Figure 2.20.   

Table 2.3 Twin crossings in NiTi B19’ [119, 168, 169]. 

Type I twin Type II twin 

{100} Compound <011> 

{011} {001} Compound 

{111} <011> 

{-111} <011> 

2.1.4.4 Classification of twin types 

When one cools the austenite B2 phase past the Mf temperature, the martensite 

that forms is self-accommodated (discussed subsequently), i.e. no shape-change 

occurs.  However, at a microstructural level and at the atomic level, the structure has 

undergone a tremendous change.  The crystal structure has changed from B2 cubic to 

B19’ monoclinic structure; B19’ is a distorted orthorhombic B19 structure.  The 

martensite now consists of all the 12 variants of martensite that can form from 

austenite due to group-sub-group symmetry considerations.  These 12 variants are 

arranged in such a way that each variant of a group of variants accommodate the large 

strains due to the other variants and in total effect, the net macroscopic strain is zero, 

i.e., no shape change.  The variants themselves are not simply arranged, they bear twin 

relationship between different variants, i.e., a set or sets of variants are related by 
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different modes of twins. Each of the four twinning modes, briefly named A, B, C and 

D, is made of either Type I twin or Type II twin or compound twins. Based on their 

physical origin, these twins are further subject to classification as listed in Figure 2.21 

[158]; the relevant ones being: (a)  lattice-invariant twin, (b) variant accommodation 

twin and (c) deformation twin.  

Lattice-invariant twin forms without any change in the crystal structure of the 

martensite.  When the variants of martensite are accommodated in such a way that the 

elastic strain due to one set of variants is accommodated by the other set, then the 

twinning plane is a accommodation twin.  Deformation twins have no solution in the 

phenomenological theory of twinning and form only upon deformation. If the stress 

for yielding is greater than the stress for twinning under deformation, then the material 

deforms by deformation twinning.   

2.1.4.5 Austenite-martensite interface 

When the martensite phase forms or grows within the austenite matrix, the 

austenite-martensite interface, also known as habit plane, is typically an irrational or 

high index plane that is dependent on material.  It should be noted at the outset that the 

notion of habit plane is adopted from the steel literature, where the martensitic 

transformation is accompanied by considerable plastic deformation and the 

microstructure (including habit plane) is frozen intact [119].  The austenite-martensite 

interface is not reversible upon unloading or removal of external stress.  Transposing 

this notion to Ni-Ti shape memory alloys that exhibit thermoelastic martensitic 

transformation can be very misleading for many reasons [119]: 
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(a) The martensitic transformation is not accompanied by plastic deformation 

and, subsequent to the transformation, the newly formed “microstructure” can change 

freely, since the interfaces are mobile.  

(b) austenite-martensite interfaces are therefore transient or metastable states 

and thus the concept of habit plane is irrelevant. 

(c) As will be discussed later, either during the deformation of thermally-

induced martensite (TIM, that forms when the material is cooled below Mf) or stress-

induced martensite (martensite formed when external stress is applied on austenite), 

only single-variants are preferred states either due to detwinning of TIM or due to the 

growth of single-variant martensite that accommodates the maximum shape change 

accompanying the external stress.  

(d) As will be discussed shortly, Ni-Ti theoretically has 192 austenite-

martensite interfaces and not 24 as many assume in the literature [119]; 

notwithstanding, only 24 interfaces have been identified to date. 

Materials where a planar interface separate the austenite phase and exactly one 

variant of martensite phase are very rare; only Ti-29%Ta [171] and Ti-Ni-Cu [119] 

alloys have this exact austenite-martensite interfaces.  Typically, the interface is 

between austenite on one side and fine twins of two variants of martensite on the 

other, the interface being not atomically sharp, as shown in Figure 2.22 [119].   

The twins produce a uniform deformation gradient on an average with a 

continuous deformation across the interface.  These conditions can be represented 

mathematically as below [119]:  
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   Equation 2.27 

where A and B are deformation gradient in martensite variants I and J, respectively, 

that can form an interface, and a, b and m̂  are some vectors, and 0 ≤ λ ≤ 1.  Equation 

(2.27) can be rewritten as follows [119]: 
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         Equation 2.28 

where Q’, Q are rotation matrices, UI and UJ are Bain matrices given in Figure 2.14, 

a, b, n̂  and m̂  are some vectors.  Equation 2.28 (a) is the familiar twinning equation, 

while Equation 2.28 (b) is called the austenite-martensite interface equation [119].  It 

can be shown [119] that Equation 2.28 (b) simplifies as: 

 R SB = I + p⊗ d           Equation 2.29 

where B is the Bain distortion, S is a lattice-invariant shear and R is a rotation; which 

is in essence the statement of the phenomenological theory of martensite (PTM) [172-

175].  Equation (2.28) can be solved to calculate the austenite-martensite interfaces 

and it is shown by [119] that for each pair of variants I and J, it is possible to form up 

to eight austenite-martensite interfaces.  It can be further shown that it is not possible 

to form the austenite-martensite interface using twins of Mode A and D (Figure 2.16), 

whereas, 96 austenite-martensite interfaces can be formed using twins of Mode B and 

an additional 96 using twins of Mode C.  Thus, there are 192 distinct austenite-

martensite interfaces that can form theoretically, in particular Ti-49.8 at.% Ni [119, 
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162, 163, 176].  As alluded earlier, while 192 habit planes can be found for a 

particular Ti-49.8 at.% Ni alloy, only 24 have been unambiguously observed in 

experiments.  Hane and Shield [162]  further point out that while Ti-49.8 at.% Ni 

theoretically exhibits only 192 habit planes, for other choices of lattice parameters, a 

general Ti-Ni alloy may possess as many as 528 habit plane solutions.  Since one of 

the reasons that Ti-Ni is a good contender as a shape memory material is the large 

number of variants, i.e., more number of ways available for deformation, they 

recommend further studies to find out the lattice parameter(s) that may allow more 

habit planes and hence better shape memory properties. 

 As indicated above, the austenite-martensite transformation creates a shape-

memory material where the martensite variants arrange themselves in such a fashion 

that no macroscopic change in shape of the specimen occurs.  However, at a 

microstructural level, the structure has undergone a tremendous change, i.e., it exhibits 

deformation.  However, these 12 variants are arranged in such a way that each variant 

of a group of variants accommodate the large strains due to the other variants in such a 

way that there is no shape change at a macroscopic level.  This is known as self-

accommodation.  A self-accommodating microstructure is a coherent arrangement of 

martensitic variants occupying a region whose boundary suffers no displacement with 

respect to the austenite; a material forming such a microstructure is called a self-

accommodating material [177].  It should be noted that not every material that 

undergoes martensitic transformation is self-accommodating.  Saburi and Wayman 

[178] have emphasized the importance of self-accommodation to the SME and noted 

that it plays a crucial role in rendering the transformation thermoelastic or reversible.  
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Specifically, they argue that only in a self-accommodating material, martensite can 

nucleate in the interior of a specimen (surrounded by a sea of austenite) in a coherent, 

stress-free manner.  Bhattacharya [177] shows that the necessary and sufficient 

condition for a material to exhibit self-accommodation is dependent on the symmetry 

of the parent lattice, although it is the martensite variants that participate in forming 

the microstructure.  It is further shown that for cubic materials the requirement is 

simply volume preservation.  In Ni-Ti, the volume decreases by a very small amount 

during the martensitic transformation from austenite, ~0.023% (calculated) [177].   

A clarification is due with regards to the literature pertaining to self-

accommodating structures proposed by various authors in Ni-Ti alloys.  These 

structures include wedge, triangle, and diamond (which is nothing but two wedges 

back to back), and are shown in Figure 2.23.  However, calculations by Bhattacharya 

[177] and James and Hane [176] show that wedges and diamond structures are not 

possible in Ni-Ti.   

Saburi and Wayman [178] have proposed a diamond microstructure in Ni-Ti 

and call this morphology a self-accommodating plate group.  According to them, a 

plate group is formed by four habit planes symmetrically arranged about a pole 

(typically around {110} family of planes in cubic austenite) , i.e., m̂  in Equation 

(2.28) is close to some permutation of {1, ±1, 0}( there are six permutations possible 

in cubic austenite) in such a manner that the average shape deformation is nearly equal 

to the identity matrix [176, 177].  Additionally, James and Hane [176] point out that 

often in the literature a micrograph of certain martensitic microstructure is described 

by corresponding strain matrices and the argument of self-accommodation is justified 
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on the basis that the weighted average (with respect to four variants of a plate group) 

of the respective strain matrices sums to nearly zero.   They argue that the diamond 

morphology is possible only for very special lattice parameters and that “the strains 

listed in the literature do not correspond to the picture that is drawn” [176].  

According to their calculations, these strains would necessarily represent a 

microstructure that required either gaps or exhibit interpenetration of matter and hence 

incompatible.  Bhattacharya [177] and James and Hane [176] also point out that the 

analysis of self-accommodating plate group verifies only the first of the three 

compatibility conditions and suggest that there is no necessity for these special 

microstructures to satisfy the remaining two.  Miyazaki et al. [55, 56] similarly 

propose triangle morphology to model microstructures in Ti-Ni SMA.  However, Hane 

and Shield [162] show that the proposed microstructure is not an energy minimizing 

structure.  Evidently, the observed microstructures may be more complicated than 

those analyzed in the literature.  So, the argument that these special microstructures 

are desirable for the manifestation of shape-memory effect should be taken with a 

certain caution, since there is compelling evidence that such structures are not possible 

in Ni-Ti alloys.  Further clarification on these complicated microstructures remains to 

be solved. 

Summary: Martensitic transformations were described as being displacive 

solid state transformations requiring no long range atom movements, in contrast to 

long range diffusional transformations that require atomic migration that is dependent 

on both time and temperature.  In displacive transformations the atoms rearrange into 

a stable crystal lattice structure in a cooperative manner without changing the 
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chemical nature of the matrix; this displacive reaction is a time-independent 

transformation with the motion of the interface limited only by the speed of sound in 

the solid.  These transformations are athermal due to their time-independent nature, 

but are typically dependent on the temperature in a linear fashion.  While the terms 

austenite and martensite originally referred to the high-temperature parent phase and 

low temperature transformed product phase in steels, they are now generalized to 

identify phases participating in a specific class of transformation rather than the 

material itself.  Martensitic transformations are first order transformations, in that they 

are exothermic reactions, which release heat when martensite forms as a result of the 

transformation.  Moreover, materials undergoing these transformations exhibit 

hysteresis behavior and there is a temperature range within which both austenite and 

martensite phases co-exist.  The martensitic phase volume fraction increases as the 

temperature is reduced and vice versa, with the volume fraction being independent of 

time.  The martensite phase inherits the composition and the atomic order of the parent 

phase, and in fact, austenite-martensite maintains a certain group-subgroup point 

symmetry relationship.   

At the microscale, the transformation crystallography may be envisioned as a 

combination of Bain strain and lattice-invariant shear. Bain stain is the lattice 

deformation necessary to produce the new crystal lattice structure from the parent 

lattice and the lattice invariant shear is an accommodation process, as explained in 

what follows.  While martensite in steel undergoes both volumetric and shape 

changes, the martensite in SMA like Ni-Ti undergoes only shape change (the volume 

changes are extremely low, -0.003%) and the martensite accommodates this shape 
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change without either tearing the matrix or interpenetrating it by introducing either 

internal slip or twinning.  While slip is a permanent process, twinning accommodates 

shape changes (it cannot accommodate volume changes) in a reversible manner, thus 

being the dominant accommodation process in shape memory effect as discussed in 

the next section.     

Until now, the nature of thermoelastic martensitic transformations, its 

thermodynamics, and its kinetics have been discussed.  This was followed by the 

introduction of martensite microstructure that is a consequence of energy 

minimization of the austenite-to-martensitic transformation. Thereupon, twinning and 

twins in Ni-Ti SMA were shown to be the dominant deformation mode as an outcome 

of energy minimization.  Finally, the internally twinned martensite interface, the 

austenite-martensite interface (habit plane) and the concept of self-accommodation 

was highlighted.  All of these features were discussed with respect to the B2 

(austenite) to B19’ (martensite) transformations only.  As pointed out earlier, in some 

cases, B2→R-phase martensitic transformation also occurs.  However, before 

discussing the B2→R-phase transformation, based on the above concepts, the main 

properties of Ni-Ti materials such as shape memory and superelasticity will be dealt 

with.  

2.1.5 Effect of stress on the martensitic transformation 

It has been shown that the martensitic transformations can be induced at 

temperatures greater than Ms by applying stress to the material [23, 141].  As early as 

1932, it was pointed out by Scheil [179] that the stress required to induce a martensitic 



69 

transformation decreased with decreasing temperature until none is needed at Ms. 

Later, Burkart and Read [8] and Patel and Cohen [180] tried to quantify the effects of 

the stress on the martensitic transformation.  The effects of an applied stress aids in 

elucidating additional information on the nucleation kinetics in martensitic 

transformations.  External applied stress typically can affect the nucleation in several 

ways [181]:  

(a) hydrostatic pressure alters the equilibrium temperature To according to the 

Clausius-Clapeyron relation, 

(b) shear stress interacts with the stress fields of the sub-critical nuclei and may 

either favor or impede their subsequent growth, and 

(c) plastic deformation due to the applied stress may introduce extra nucleation 

sites or even destroy the existing ones. 

Patel and Cohen have extensively considered (a, b) cases in their now famous 

work [180], where they have considered both the cases of uniaxial tension and 

compression stress that induce shear as well as volume stresses in the specimen.  They 

essentially equate the work done by an external stress on the system to the change of 

the free energy of the system.  The work done on a system by an applied stress that 

produces shape strain is a function of stress and the orientation of the transforming 

martensite plate, and is given by [127]: 

  W = ∆Gσ
a →m

= τ γ0 + σε0    Equation 2.30 

where τ is the shear stress (resolved along the transformation shear direction in the 

martensite habit plane) and σ is the normal stress (resolved perpendicular to the habit 
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plane), and εo and γo are the dilatational component of the transformation shape strain 

and the transformation shear strain (along the transformation shear direction in the 

habit plane), respectively.  For uniaxial tension and compression, one can derive 

(using Mohr circle calculations or otherwise) the resolved shear and normal stresses in 

terms of the angle between the specimen axis and the normal to any potential habit 

plane (θ), given by: 

    
τ=

1
2

σa sin2θ, σ = ±
1
2

σa (1+ cos2θ)   Equation 2.31 

where σa is the absolute value of the applied stress (tension or compression).  Thus,  

    
W = ∆Gσ

a →m
=

1
2

σa[γ0 sin2θ ± ε0(1+ cos2θ)]  Equation 2.32 

When a martensitic transformation begins by stressing a polycrystalline parent 

austenite phase (with random texture), a martensite plate whose orientation maximizes 

‘W’ forms first [182].  The maximum orientation effect is obtained for the 

transformation shear system for which dW/dθ  vanishes, thus giving the condition for 

the direction of the applied stress to the shear system that is most prone to 

transformation: 

 
tan2θ = ±

γ0

ε0

     Equation 2.33 

Analyzing Equation (2.30), we find that by convention, σ is positive for tensile 

stress and negative for compressive stress, ε0 = ∆V/V is negative in most martensitic 

transformations (except for typical ferrous martensites).  Thus, the second term σε0 

depends upon the sign of the stress, while the sign of the first term τγ0 is always 
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positive, since when stress is applied to the specimen, the habit plane that is optimally 

oriented (i.e., that best accommodates for relieving the stress) is selectively formed 

throughout the specimen regardless of the sign of the applied stress.  This implies that 

the shear stress component always aids the transformation, whereas the normal 

component may aid or hinder the transformation.  For the case of hydrostatic pressure 

p (p > 0),     ∆Gσ
a →m

= − pε0, and thus the sign of ∆G depends on ε0, volume change.  To 

date, there have been restricted studies on the effect of hydrostatic pressure on the 

transformation behavior in SM alloys [183-185], especially Ni-Ti [186-189].  Jacobus 

et al. [188] studied the effect of stress state (or hydrostatic pressure, see Figure 2.24) 

on the character and extent of the stress-induced martensitic transformation in 

polycrystalline Ni-Ti shape memory alloy and calculated the volume change as being 

between -0.0037 and –0.0031.  This result agrees exceptionally well with the 

theoretical value of –0.0034 calculated from the lattice constants.   

(a) Clausius-Claperyon Equation 

Thermodynamically, alloy phases undergoing diffusionless transformations 

may be considered as one-component systems and the free energies of the martensite 

and the austenite phases can be schematically represented by Figure 2.25a.  

While the individual free energies as a function of temperature G(T) are not 

known, the change in free energy,  ∆G a →m (T) can be derived as follows [127]: 

  ∆Ga →m = Gm − G p = ∆H a →m − T∆S a →m   Equation 2.34 
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where   ∆H a →m  and   ∆S a →m  are the enthalpy and entropy of the transformation.  At 

equilibrium temperature To,  ∆Ga →m  = 0.  ∆H a →m  is typically measured using 

calorimetric methods, and To is estimated using the following [190, 191]: 

22
fs

o
ss

o

AM
Tor

AM
T

+
=

+
=    Equation 2.35 

However, there has been sufficient controversy on the calculation of To with regards to 

whether To is greater or less than Af [127, 190-193], also see [124].  Hence, it is 

possible to compute [127]: 

  
  

∂∆Ga →m

∂T
=

∆H a →m

T0

= ∆S a →m   Equation 2.36 

The change in entropy,   ∆S a →m , is an important term, since it gives the rate of change 

of free energy as one deviates from the equilibrium temperature To and, additionally, it 

is every useful in quantifying the transformation behavior when an applied stress acts 

on the specimen.  At the critical stress, σc, the parent austenite will begin to transform 

to martensite in order to accommodate the strain and this is represented as the equality 

between the Gibbs free energy per unit volume of the austenite (GA) and the martensite 

(GM) phases.  Assuming that  ∆Ga →m(T) and  ∆Gσ
a →m (T) are linear functions, we can 

assume that the slopes of these functions are equal [127]: 
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Also, from Equation 2.32 ,  
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00  Equation 2.38 
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where    εa →m is the total strain of the transformation. Thus, we have [127]: 
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00  Equation 2.39 

Thus, we see that  ∆Ga →m  is displaced as a function of stress to produce 

  ∆Gσ
a →m , as shown in Figure 2.25b; its magnitude (of displacement) is inversely 

proportional to the transformational entropy.  Thus, from a knowledge of   ∆S a →m , it is 

possible to calculate the stress effects on the transformation characteristics.  Equation 

2.39 may be rewritten as [127]: 

    

∂σa →m
a

∂T0

=
ρ

εa →m

∆H a →m

T0

=ρ
∆S a →m

εa →m

   Equation 2.40 

where the equation has been corrected for density (ρ) to maintain consistent units, 

while adapting the DSC measurements, which measures energy/mass, instead of 

energy/volume.  This is the well known Clausius-Claperyon equation that quantifies 

the effect of stress on the martensitic transformation for an uniaxial stress loading 

condition.  It has been used, particularly, to calculate the magnitude of reversible 

strains accompanying the superelastic Nitinol.  However, using the To values given by 

Equation (2.35) in Equation (2.40) has led to large errors (60%) in the estimation of 

enthalpies [190, 194].  Recently, McKelvey and Ritchie [194] have provided an 

alternative approach in estimating the reversible transformation strains of a uniaxially 
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loaded specimen in tension using the Clausius Claperyon equation by avoiding the 

calculation of the equilibrium temperature, To: 

 Assuming that at some critical stress, σc, the parent austenite will begin to 

transform to martensite in order to accommodate the strain, and this is represented by 

Equation (2.41a) below.  At equilibrium, Equation (2.41b) is valid. 

    (a) GA = GB ; (b) ∂GA = ∂GB   Equation 2.41 

By utilizing the Gibbs-Duhem equation, the partial Gibbs free energies are given by: 

    

−S adT − εa dσ = −S mdT − εm dσ

⇒ dσ
dT

= −∆S
εa →m = −1

εa →m

∆H
T

   Equation 2.42 

where S, H are the molar entropy and enthalpy per unit volume, respectively, εi is the 

strain in either phase, and dσ/dT is called the stress rate, a very important descriptor 

of superelastic behavior and typically varies between 3 to 20 MPa/°C [195].  At 

constant pressure, utilizing the relationship between the enthalpy and entropy leads to 

the last line in Equation (2.42).  McKelvey and Ritchie [194] call this an alternative 

expression for the Clausius-Claperyon equation, where the conventional pressure and 

volume terms are replaced with the conjugated variables stress and strain.  Again, 

correcting for the units (for using the enthalpy values from the DSC) and integrating 

the Equation (2.42): 

    

dσ
dT

=
−ρ

εa →m

∆H
T

⇒ σc − σ0 =
−ρ∆H
εa →m ln T

T0

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟    Equation 2.43 
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(b) Orientation dependence of the transformation: The transformation strain 

alluded to earlier also depends on the orientation of the specimen.  Otsuka et al. [196] 

give the following relationship for the transformation strain [124, 197, 198]: 

εc = (m1
p sinχ)2 + 2m1

p sinχ cosλ +1 −1+ m1
n sin2 χ   Equation 2.44 

where     m1
p  and     m1

n  are the shear (γ0) and dilatational component (ε0), respectively, of 

the transformation strain (also called as invariant plane strain) included in Equation 

(2.30), see  Figure 2.26.  The angles χ and λ are the angles between the tensile axis 

and the habit plane (p1), and the shape strain direction (d1), respectively.  In 

thermoelastic alloys, typically   m1
n  <<   m1

p  and (m1
p sinχ)2  << 1; thus yielding: 

εc ~ m1
p sinχ cosλ     Equation 2.45 

2.1.6 Pseudoelasticity and Superelasticity 

The discussion on pseudoelasticity will follow that of Duerig and Zadno [195].  

Duerig and Zadno define that any non-linearity in the unloading portion of the stress-

strain curve is termed pseudoelasticity, see Figure 2.27.   

The curve in Figure 2.27 for 50.8-NiTi indicates that the material recovers 

completely a total strain of nearly 6% upon unloading, whereas, the curve for 55-NiTi 

recovers only 3.5% upon unloading.  This second case of pseudoelasticity is termed as 

superelasticity and is perhaps the most useful manifestation of pseudoelasticity that 

has been exploited to date in a variety of applications [25, 31, 36, 38, 200].  

Specifically, any pseudoelastic material that shows a plateau during unloading is 

termed superelastic.  Pseudoelasticity may be caused through twinning or by stress-

induced martensitic (SIM) transformation.   
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(a) Superelasticity 

 Wasilwski and Honma [201-204] were among the early workers who observed 

superelasticity in Ni-Ti alloys.  Superelasticity typically occurs when a material is 

deformed above As, where external applied stress induces the transformation of the 

parent austenite phase to a martensitic phase.  Normally, austenite is the stable phase 

under stress-free conditions, however upon the application of a critical stress, the 

austenite yields and starts transforming to the martensite phase at a constant stress 

(this ‘plateau’ stress is a strong function of temperature), thus producing a stress 

plateau.  The plateau is a consequence of the martensite phase’s ability to form 

variants during the transformation. The selection of the variants essentially depends on 

the loading direction and the crystal orientation or the texture (in the case of a 

polycrystalline specimen).  Specifically, the particular variant of martensite activated 

is stress-induced based on which variant is oriented to accommodate the maximum 

strain due to the applied stress.  At a certain strain value, the stress plateau terminates, 

and the new martensitic phase now elastically deforms according to the martensite 

modulus.  However, this martensite becomes unstable upon the removal of the stress; 

hence during unloading, the martensite phase reverse transforms to the austenite phase 

and at zero load the material should be entirely austenitic with the specimen 

recovering its original undeformed shape (see Figure 2.28).  Superelasticity typically 

occurs if the specimen temperature is between Af < T < Md.  If the temperature is 

above Md, the stress level needed to induce martensite is greater than the stress 

required to introduce slip in austenite and hence SIM does not occur. By contrast, if 

the temperature is below As, the SIM remains stable since austenite is not the stable 
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phase and hence, above Af, the unloading plateau will not be observed.  The 

temperature dependency of superelasticity is schematically shown in Figure 2.29.  

Between Af and Md, the yield stress to induce martensite (or the plateau stress) 

increases linearly with temperature, and the slope, dσ/dT (stress rate) is given by the 

Clausius-Claperyon equation introduced earlier. 

It should be noted that it is nearly impossible to observe SE in Ni-Ti single 

crystal alloys under solution-treated (ST) condition since the critical stress for slip is 

lower than the critical stress for SIM transformation [47].  Therefore, superelasticity is 

typically observed in single crystals for aged Ni-rich Ni-Ti alloys, where the critical 

stress for slip is increased due to precipitation hardening or by cold working (or proper 

thermomechanical treatment) of Ni-Ti alloys that introduce sufficient dislocation 

density and increase the critical stress for slip.  The largest recoverable strains (elastic 

+ SE) observed in polycrystalline Ni-Ti alloys to date is 11% and are typically less 

than 8%.  Clearly, if the material is strained beyond a critical strain limit (beyond SE 

limit), slip will be introduced into the material, thus leading to unrecoverable plastic 

strains.  While the effect of temperature on SE will be discussed in section 2.4.1, it 

should be noted that the total plastic strain (say after 8% tensile deformation of 

50.8Ni-Ti cold worked to 40% and annealed at 375°C for 30 minutes) is dependent on 

the temperature, and it is a minimum within a narrow window of 60°C (10oC to 70°C).  

While this ‘useful’ SE window may be raised using many thermomechanical 

treatments, the maximum range observed so far in Ni-Ti alloys has been less than 

80°C [195]. 
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(b) Pseudoelasticity by twinning 

Reversible motion of twin boundaries leads to twinning pseudoelasticity [195].  

In some materials, deformation of the austenite phase well above Md (where SIM is 

not possible) leads to the formation of twins that are unstable and hence there is a 

driving force to return to the original condition by the shrinking or disappearance of 

the twins during unloading.  This type of mechanical twinning perturbs the lattice 

ordering and is therefore different from conventional twinning; it is termed 

pseudotwinning.  Upon unloading, the material attempts to return to the preferred 

lattice ordering by shrinking of the twins.  This is depicted by the non-linear unloading 

of the stress-strain curve in Figure 2.27.  Few other materials that are in their 

martensitic state also exhibit twinning pseudoelasticity (martensitic pseudoelasticity), 

where the deformation occurs by the motion of the martensite twin boundaries.  

Unlike the above case, conventional twin motion does not cause disorder.  

Nonetheless some driving force impels the twins to return to their original position 

upon unloading; the mechanism was not clear until recently (see the discussion in 

section 2.1.9) [3].  Both kinds of twinning pseudoelasticity appear to be minor effects 

that have little engineering value [195]. 

2.1.7 Shape memory effect: Origin and mechanisms   

Otsuka and Ren [16, 47, 125, 205, 206] point out that both superelasticity and 

shape memory effect are characteristic of thermoelastic alloys.  When the parent cubic 

austenite is cooled below Mf, the entire specimen undergoes martensitic 

transformation without any shape change that is achieved through self-accommodation 
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(as discussed in section 2.1.4.5 earlier).  When such a self-accommodated martensite 

is deformed by an external stress, the material deforms through the motion of the twin 

boundaries, where one particular martensite variant, that is most favorably oriented to 

the applied stress, grows at the expense of other variants.  If sufficient strain is 

introduced into the specimen, it is possible to produce a single crystal of the most 

favorably oriented variant of martensite; such deformation mechanism where several 

variants coalesce into a single variant is termed detwinning (see Figure 2.30).  The 

twins here refer to both the boundaries between the martensite plates (habit plane 

variants, h.p.v) and the boundaries (correspondent variants, c.v.) within individual 

martensite plates.  Subsequent heating of the specimen above Af temperature 

transforms the material back to the original austenite phase due to lattice 

correspondence.  Since the martensite can be transformed to a single crystal of the 

most favorably oriented variant with respect to the applied stress, the maximum 

recoverable strain is the same as that observed in the superelastic condition [18]. 

It has been proposed [16, 17] that the basic requirements for shape memory 

effect and superelasticity are: (a) the thermoelastic nature of the martensitic 

transformation, (b) ordering and (c) group-subgroup relationship between the parent 

austenite and the martensite (this condition leads to twinning) [119, 207].  The 

thermoelastic nature (as discussed in section 2.1.3) leads to a mobile boundary 

between the austenite and the martensite phases, small temperature hysteresis, and 

avoiding the introduction of irreversible slip, thus leading to a crystallographic 

reversibility of the transformation.  It was argued that ordering or unique lattice 

correspondence confines the reverse transformation uniquely, thus guaranteeing the 
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reversibility of the thermoelastic transformation.  Bhattacharya et al. [119, 207], 

propose a general group-subgroup relationship (see Figure 2.12) between the two 

phases as a condition for the transformation to be reversible.  Otsuka and Ren [47] 

point out that while this is a necessary condition, it is not sufficient, since no SE and 

poor SME is observe in solutionized (ST) 50-NiTi, unless the material is 

thermomechanically treated; since slip is easily introduced in the ST condition, as 

discussed earlier.   

The foregoing explanation of the shape memory effect may be summarized as 

shown in Figure 2.31. Figure 2.31a shows the behavior of a typical metal/alloy upon 

cooling or deformation, where irreversible slip is introduced after the initial Hookian 

elasticity of few percent (<1%); further heating does not result in a ‘remembering’ of 

the original shape.  Figure 2.31b schematically illustrates the shape memory effect, 

where upon cooling, the self-accommodated twinned martensite variant structure is 

formed; further deformation leads to the formation of a ‘single crystal’ of the 

favorably oriented martensite variant through the movement of twin boundaries.  

Upon subsequent heating, the material ‘remembers’ the original shape and returns to 

the original austenite parent phase through lattice correspondence.  Figure 2.32 

schematically captures both the superelastic effect and the shape memory effect in Ni-

Ti alloys in a stress-strain-temperature space [24, 208]. 

2.1.8 One-way, Two-way and All-round shape memory effect 

The shape memory effect introduced in the previous subsection can also be 

termed ‘one-way’ shape memory effect, since it spontaneously ‘remembers’ its original 
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parent shape when heated above a critical temperature, Af.  However, the material has 

to be deformed first to a new shape and the component recovers its original shape on 

heating; hence in order to start a new shape memory cycle, the materials should be 

deformed again.  ‘Two-way’ shape memory (TWSM) effect occurs when there is a 

spontaneous shape change of a material on both heating and cooling; i.e., the material 

remembers both the high temperature and the low temperature shape (as well as all the 

shapes in between these two extremes) [209].   In TWSM, no external force is required 

to achieve any shape change, and the specimen simply bends in two different ways 

upon heating or cooling.  Notwithstanding its usefulness, TWSM strains are 

significantly less (~2-4%) compared to the ‘one-way’ shape-memory effect.  

Additionally, TWSM is not a natural behavior of the material; rather the material 

should be ‘trained’ to exhibit the TWSM through special thermomechanical processes.  

Perkins and Hodgson enumerate various applications of the TWSM in [209].  The first 

report of TWSM was by Wang and Buehler [210].  Subsequent reports [211, 212] 

described the phenomenon in more details for Ti-Ni and other SM alloys, where 

TWSM (also called as reversible SME) is obtained when the specimen is deformed 

severely below the Ms temperature.  Later on, various processes were described to 

induce TWSM in the alloys, such as: plastic deformation, constraint aging, thermal 

cycling, etc. [213-215].  The idea is straightforward [47]: in order to train the material 

to remember the martensitic phase shape, certain martensite variants need to be 

selected, and since the martensitic transformation strongly interacts with stress, the 

external applied stress automatically selects specific variants that contributes a specific 

shape of the martensite.  In other words, the fully self-accommodated martensite 
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selects specific variants upon loading; cycling through this process a few times 

repeatedly introduces the low temperature shape into the specimen and the alloy learns 

the microstructural pattern during the TWSM “training” [209].  Perkins and Hodgson 

[209] list five methods to leave some “reminders” of the deformed low temperature 

conditions (deformed martensite): 

(a) Over-deformation while in martensitic condition: Cool the alloy below Mf 

and bend (or deform) it severely beyond the shape memory recoverable strain limit.  

When the specimen is heated above Af, the material will not recover the original shape 

completely, however, if cooled below Mf again, the component moves partly toward 

the over-deformed shape. 

(b) Shape memory (SME) cycling (Cool-Deform-Heat): Cool the alloy below 

Mf, deform below SM strain limit, heat to recover the parent phase shape – repeating 

this cycle for 5-10 times, the specimen begins to spontaneously change shape on 

cooling to trained, deformed geometry.  The TWSM strain is ~ 1/4 or 1/5 (1-2%) of 

the training shape strain (6%). 

(c) Pseudoelastic (PE) cycling (Load-Unload): Repeatedly load and unload the 

austenite phase at a temperature above Af, but below Md.   

(d) Combined SME+PE cycling: Combining (b) and (c) above has been shown 

to be a very effective training schedule.  It consists in deforming the parent austenite 

by introducing SIM, followed by a cooling cycle below Mf at constant strain induced 

in the sample.  Subsequently, the specimen is heated to recover the original shape and 

this cycle is repeated a few times until TWSM behavior is manifested in the material 

upon cooling and heating.   
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(e) Constrained thermal cycling of deformed martensite: This is the most 

common and effective method used in training a SMA to exhibit TWSM and is 

relatively less elaborate than training (d).  The sample is typically deformed below Mf 

leading to the development of stress-biased martensite due to the reorientation of 

several martensite variants.  Subsequently, the sample is constrained in the deformed 

condition and heated to T > Af followed by thermal cycling between Mf and Af several 

times.  The sample is constrained in the original deformed configuration throughout 

the cycling schedule. Perkins and Hodgson [209] highlight that TWSM application has 

four intrinsic limitations: the typical reversible strain limit has a low bound (maximum 

observed for NiTi is ~4%), temperature hysteresis between heating and cooling 

transformation cycles, low transformation forces on cooling (more efficient in pushing 

during heating than cooling cycles), and a upper temperature limit where higher 

temperature application may eliminate the training memory through an ‘all-out’ 

annealing treatment. 

Similar to the TWSM, another unique SM behavior termed ‘all-round’ shape 

memory effect (ARSME) was discovered by Nishida et al. [216-218] in 1984; it is 

reported to be a particular case of TWSM effect.  The similarity is with respect to the 

deflection in different directions upon heating and cooling cycling; however, the 

physical basis and the training schedule have been shown to be different from that of 

TWSM.  The ARSME is achieved in Ni-Ti alloys with Ni concentration greater than 

50.5 at.%, i.e., those alloys susceptible to precipitation upon aging.  A typical cycling 

routine consists of aging the sample around 400°C (~ 50 hours) or 500°C (for 1 hr) in 

a constrained geometry (that is usually the high temperature shape).  Upon aging, 
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coherent Ti3Ni4 intermetallic phase precipitates along the {111} plane of the parent 

phase creating a tensile stress normal to the habit plane as shown in Figure 2.42b.  

When a specimen of Ni-rich NiTi alloy is constrained in a bent geometry, tensile and 

compressive stresses arise on the outer and the inner surfaces, respectively.  The 

bending stresses are thus relieved only when the precipitates form parallel and normal 

to the tensile and compressive stress, respectively.  Such an arrangement was indeed 

confirmed by TEM studies [219-221] and is schematically shown in Figure 2.33. 

These precipitates create sufficient back-stress to create a deflection in the opposite 

direction when the specimen is released and cooled. 

It should be noted that maximum reversible strains in ARSME are limited to 

~1% and the higher Ni composition in Ni-Ti alloys utilized to precipitate Ti3Ni4 

lowers the Ms and hence not particularly attractive for many applications.  

2.1.9 Rubber-like effect and Pseudoelasticity 

Although rubber-like behavior (RLB) is not found in Ni-Ti alloys, for the sake 

of completeness, it will be discussed in this section.  This RLB is a type of 

pseudoelasticity, introduced in Section 2.1.6 and has been given several others names 

in the literature, such as ferroelasticity (due to some similarities with magnetism) or 

twinning pseudoelasticity.  It should be duly noted that RLB is different from the two 

other kinds of pseudoelasticity: SIM transformation and pseudo-twinning (see Section 

2.1.7).  Even though RLB has been known since 1932 in many alloys such as Au-Cd, 

Au-Cu-Zn, Cu-Zn-Al, Cu-Al-Ni, the origin of such behavior and the influence of 

aging remained unsolved until a decade ago [2, 3, 9, 206, 213, 222-231].   
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It has been discussed in Section 2.1.7, that upon deformation of a thermally-

induced martensite (whose microstructure is made up of several twin-related 

martensite domains exhibiting self-accommodation) and subsequent unloading to a 

stress-free state, the original domains do not revert back, thus leading to an irreversible 

strain that may be recovered completely only by heating the specimen above Af.  

However, certain shape memory alloys in their stable or equilibrium martensitic state 

are known to exhibit strain recovery of a few percent upon unloading, even though no 

martensitic transformations have occurred, i.e., they can be deformed like a soft and 

pseudo-elastic rubber and hence a rubber-like behavior (RLB).  Such phenomenon 

usually occurs in alloy martensites that are aged, although some alloys exhibit RLB 

without any need for aging. Martensite aging is also known to cause martensite 

stabilization (increase in As) that may be detrimental in actuator applications that 

depend on the SME.  The puzzling questions naturally were: why should there be a 

restoring force if there is no phase transformation involved, and what is the role of 

aging that leads to martensite stabilization and RLB even though the average 

martensite structure (as revealed by XRD results) does not show any detectable 

changes?  Ren and Otsuka [3], based on sensitive electrical resistivity measurements, 

proposed that this behavior does not involve any long-range order (LRO)  changes, 

rather, it arises due to the atomic rearrangements at a sub-lattice level of the 

imperfectly order alloy during martensite aging.  They based their conclusions on the 

principle of symmetry-conforming short-range ordering (SRO), which requires that 

the symmetry of the configuration of lattice imperfections in equilibrium conform to 

the symmetry of the crystal.   



86 

In essence, when the higher symmetry austenite phase of an imperfectly 

ordered A-B alloy transforms to a lower symmetry martensite phase, the stable SRO 

of the austenite lattice that is inherited by the martensite lattice becomes an unstable 

configuration for the martensite, since it does not satisfy the martensitic symmetry.  

This results in an atomic rearrangement during aging that alters the inherited SRO to a 

stable SRO that satisfies the symmetry conditions of the martensite.  These changes in 

SRO affect the deformation process of martensite in such a way that, upon the removal 

of the external stress, a restoring force tends to revert the deformed martensite domain 

back into the pre-deformed state through de-twinning.  This symmetry-conforming 

SRO theory also provides a way, from a thermodynamic viewpoint, to account for the 

martensite stabilization, i.e. increase reverse transformation temperature (As).  Refer to 

Otsuka and Ren [3, 232] for further details. 

2.2 R-phase Transition 

In Ni-Ti alloys under certain conditions, a competing martensitic 

transformation occurs prior to the B2 → B19’ martensitic transformation; it is termed 

the R-phase transition [233].  This B2 → R-phase transformation is characterized by a 

small temperature hysteresis (1-10oC) compared to the B2 → B19’ (typically 20-50oC) 

and also a very sharp increase in the electrical resistivity [47, 234]. The noticeable 

feature in the electron diffraction pattern of the R-phase is the appearance of sharp 

superlattice reflections at 1/3 positions along <110> and <111> directions of the 

parent phase in reciprocal space [149], see Figure 2.34.  The appearance of the R-

phase also leads to the (110) peak splitting of the B2 lattice upon cooling [59, 60]; it is 
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observable on a X-ray diffraction (XRD) scan, as shown in Figure 2.35 [235].  The R-

phase lattice may be visualized as a B2 cubic lattice by stretching its unit cell along 

one of the body diagonals; the cube angle (α) was found to decrease with temperature 

indicating that the lattice distortion increases as temperature decreases [59, 60, 233].   

For a long time, the R-phase phenomenon was considered to be a precursor/ 

pre-martensitic and even a distinct second-order transformation [236-238]; however, it 

is now confirmed that the formation of R-phase from B2 is a distinct martensitic 

transformation; furthermore, the shape memory and superelastic effects are observed 

in the R-phase, thus confirming the B2→R-phase transformation as thermoelastic in 

nature [58, 64].  This implies that the B2→R-phase transformation is a competing 

transformation that appears before the transformation into B19’ martensite, i.e., the 

complete transformation is B2→R→B19’.  A detailed crystallographic analysis of the 

B2→R→B19’ phase transformations has been presented elsewhere in the literature 

[163] and will not be considered here.  

The R-phase can be realized by several methods, which would suppress the 

formation of B19’ martensite directly from B2 austenite, see Figure 2.36 [47].  They 

include [233]: 

(a) Introduction of dislocations through cold-working + 400oC-500oC aging, 

(b) Introduction of precipitates in Ni-rich NiTi by aging (400oC-500oC), or 

(c) Ternary alloying with elements such as Fe, Al, etc.   

Thus, the stress fields of the defects or the secondary phases interfere with the 

direct B2→B19’ transformation, since it involves larger transformation strains (~ 6-



88 

10%) compared to the B2→R-phase (~1-2%).  The presence of the R-phase can be 

detected as a double-peak in the cooling cycle of a DSC scan, see Figure 2.37.    

Figure 2.37 shows two DSC scans identifying the R-phase: (a) Asymmetric 

DSC trace, where the forward transformation sequence is B2→R→B19’, and the 

reverse transformation sequence is B19’→B2, and (b) Symmetric DSC trace with 

forward and reverse transformations B2↔R↔B19’.  As mentioned above, the 

thermoelastic nature of the transformation gives rise to shape memory and superelastic 

properties [60-63, 239], as observed from the stress-strain behavior shown in Figure 

2.38 [63]; the dashed lines indicates that the specimen recovers the loading strains 

upon heating.  The recoverable strains are of the order 0.5-1%, much smaller than the 

B2↔B19’ transformation strains.  Since the shape memory strains are a function of 

the angle α, which decreases with decreasing temperatures, the recovery strains are 

also temperature dependent [63, 163, 233].  It has been shown that thermomechanical 

treatment affects the shape memory and superelasticity associated with the R-phase 

[64]: (a) ST at 1000oC + age at 400oC leads to lower critical stresses (i.e., 

transformation stresses) compared to (b) cold-worked and annealed (400oC) alloy.  

Cold-working not only increases the resistance to slip deformation, but also resists the 

twin boundary motion.  This indicates that dislocations have a greater impact on 

functional properties associated with the R-phase transformation compared to simple 

aging heat-treatments [64, 233].   

Even though the transformation strains involved in the R-phase transformation 

are small, they have been successfully used in actuator applications, especially those 
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requiring high cyclic loading stability.  Indeed, it has been shown that the deflection 

vs. temperature response is nearly unchanged, even after 0.5 million cycles [58]. 

2.3 Physical Metallurgy and Processing of NiTi alloys 

2.3.1 Phase diagram 

The phase diagram is critical for understanding the microstructure-properties 

of alloys, especially, if one desires to tune the properties of the alloy through heat-

treatment procedures towards specific applications (e.g. SM in actuators vs. SE in 

biomedical stents).  The phase diagram of NiTi has been controversial for nearly three 

decades before some consensus was established (the discussion here will follow that 

of Otsuka and Ren [47]).  The Ni-rich solid solutions were initially studied by Hunter 

and Bacon [240] who measured the conductivity of some Ni-Ti alloys.  Later, Ni-rich 

alloys in the range 70-100 wt.% Ni, were studied in terms of their microstructure 

constitution, and Vogel and Wallbaum [241] reported that Ni-rich solid solutions form 

eutectic with the compound TiNi3.  It was Laves and Wallbaum [242, 243] who first 

reported through X-ray investigations that, besides TiNi3, additional compounds of 

TiNi (55.06 wt.% Ni) and Ti2Ni (38 wt.% Ni) were also present in the Ni-Ti system.  

Particularly, they recognized that TiNi was single phase near the equiatomic 

composition.  However, numerous controversies transpired, largely regarding the 

presence [244-248] or absence [70, 71, 249-253] of an eutectoid reaction TiNi → 

Ti2Ni + TiNi3.  Duwez and Taylor [245] initially reported the decomposition of TiNi 

into Ti2Ni and TiNi3 at 800°C and Poole and Hume-Rothery [244] made a thorough 

study of the solubility limits of TiNi above 900°C using metallographic techniques.  
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They concluded that the boundary on the Ti-rich side close to 50:50 NiTi ratio is quite 

steep, while on the Ni-rich side, the solubility decreases rapidly as temperature drops.  

Based on these works [244, 245], the first phase-diagram of Ni-Ti binary alloy 

system was prepared by Hansen [254].  Margolin et al. [249] and Purdy and Parr [246] 

however have not found any evidence corroborating the proposed eutectoid reaction.  

Furthermore, Purdy and Parr [246] corroborated the solubility limits computed by  

Poole and Hume-Rothery  [244] and found that the NiTi phase transforms at a low 

temperature (and hence diffusionless transformation) to a π phase (indexed as a 

hexagonal phase at 36°C) in a reversible manner.  This was basically the first 

observation of martensitic transformation in Ni-Ti, although the authors did not quote 

the term.  Almost a decade after the discovery of SME in 1963, Wasilewski et al. 

[252] re-examined the Ni-Ti phase diagram and using metallography, XRD and 

electron probe micro analysis (EPMA), identified a new phase Ti2Ni3 and proposed 

the inclusion of a peritectoid reaction at 625°C.  They also established the presence of 

a near vertical boundary on the Ti-rich side for the solubility range of NiTi,  and a 

large solubility limit on Ni-rich side that reduces rapidly to an insignificant amount 

below 500°C [252, 253].  However, the proposed peritectoid reaction was never 

confirmed by other researchers.   

Around the same time, Koskimaki et al. [248] observed plate-shaped 

precipitates (using an electron microscope) in a Ni-Ti specimen aged below 625°C, 

and incorrectly indexed it as a FCC structure;  this “X-phase” would later be identified 

as Ti11Ni14 (actually Ti3Ni4) [74, 216, 255, 256].  So, different phases such as Ti2Ni, 
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TiNi3 (1938), Ti2Ni3 (1971), X-phase (Ti3Ni4) (1969), and ‘π’-phase have been 

identified over many decades and were inducted into the Ni-Ti phase-diagram as 

constituents of various phase reactions (such as eutectoid and peritectoid).   

However, it was not until the work of Nishida et al. [70] and Kainuma et al. 

[71], that many of the afore-mentioned inconsistencies were resolved; their 

investigations are detailed in the following section.  Regarding the important 

properties of interest (SM and SE) in Ni-Ti alloy system, the region of interest in its 

phase diagram is bounded by the phases Ti2Ni and TiNi3, especially between 55 wt.% 

and 65 wt.% Ni composition, since alloys with these range of composition exhibit 

promising SM and SE phenomenon that can be tailored by various thermo-mechanical 

procedures, such as cold (or hot)-rolling, solution-treatment (ST), aging, etc. 

2.3.2 Precipitation in NiTi alloys 

Nishida et al. [70] performed aging heat-treatment studies on Ni-rich Ti-52Ni 

alloy to investigate the diffusion-controlled transformations using metallographic, 

TEM, SEM and EDS techniques.  Their observations suggested that three phases, viz., 

Ti3Ni4, Ti2Ni3 and TiNi3, precipitate in sequence, depending on the aging temperature 

and time.  In other words, at low temperature and shorter aging time, Ti3Ni4 phase 

precipitates, while at higher aging temperature and longer aging times TiNi3 phase 

appears and at intermediary aging temperatures and time, Ti2Ni3 phase precipitates.  

Additionally, upon continual aging, the prior-formed Ti3Ni4 dissolves into the matrix, 

and the Ti2Ni3 phase increases in both percentage and the of the precipitates.  

Continuing the aging further, Ti2Ni3 is reabsorbed by the matrix and is replaced by 
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TiNi3 precipitates.  These observations debunk many of the earlier observations or 

suggestions regarding the nature of various phases identified in the Ni-Ti alloy system, 

and indicate that Ti3Ni4 and Ti2Ni3 are only intermediary phases with TiNi3 being the 

equilibrium phase: 

NiTi B2 parent phase → α1 + Ti3Ni4 → α2 + Ti2Ni3 → α3 + TiNi3, 

where α1, α2, α3 are matrices with different Ni concentration.  Nishida et al. [70] 

summarized the aging studies using a time-temperature-transformation (TTT) 

diagram, as reproduced in Figure 2.39.  Further corroborative work was accomplished 

by Kainuma et al. [71] who provided the TTT diagrams for Ti-(52, 54, 56)Ni, these 

are recomputed and plotted in Figure 2.40.   

In the light of all the above investigations the most reliable Ni-Ti phase 

diagram, according to Otsuka and Ren [47], is shown in Figure 2.41; it is similar to 

Massalski et al. [257] except that in the latter, a possible eutectoid reaction at 630°C is 

included.  Additionally, a possible (unconfirmed) order-disorder transition from B2 to 

BCC at 1090°C is included by Otsuka and Ren [47]. 

2.3.3 Crystal structure of different precipitates 

There are several phases that are observed in the Ni-Ti system; three of the 

phases are formed through martensitic transformation from the parent cubic austenite 

phase, viz. monoclinic B19’ martensite, trigonal R-phase and orthorhombic B19 

phase.  In addition, several other phases are formed during the aging processes in Ni-

rich alloys as a result of precipitation.  The crystal structure and relevant 

crystallographic information of various precipitates encountered during the aging of 
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Ni-rich Ni-Ti alloys are summarized in Table 2.4; refer to [23, 47] for additional 

details. 

Table 2.4 Summary of the crystallographic information on various phases found 
in Ni-Ti alloy system [47] 

Phase Crystal 
structure 

SG 
(atoms/ 

Unit cell)

Lattice parameters Ref. 

NiTi 
Austenite 

Cubic 
B2 

Pm-3m a = 3.015 Å [145] 

NiTi 
Martensite 

Monoclinic 
B19’ 

P21/m a = 2.898 Å, b = 4.108 Å,  
c = 4.646, β = 97.78° 

[67, 146] 

Ni40.5Ti49.5
Cu10 

 

Orthorhombic 
B19 

Pmma a = 2.881 Å, b = 4.279 Å,  
c = 4.514 

[258] 

NiTi 
R-phase 

Trigonal P3 or P-3  [154] 

Ti2Ni Cubic 
 

Fd-3m a = 11.32 Å [259] 

Ti3Ni4 Rhombohedral 
 

R3 a = 6.70 Å, α = 113.8° [255, 256] 

Ti2Ni3 Tetragonal,  
Orthorhombic 

I4/mmm 
Bbmm 

a = 3.095 Å, c = 13.585 Å 
a = 4.398 Å, b = 4.370 Å,  

c = 13.544 Å 

 
[72, 73] 

TiNi3 Hexagonal 
DO24 

P63/mmc a = 5.1010 Å, c = 8.3067 Å [145] 

 

(a) Ti3Ni4: Ti3Ni4 is a very important phase since it affects the shape memory 

characteristics in Ni-rich Ni-Ti alloys [64, 216, 219, 220, 235, 260, 261].  The shape 

of Ti3Ni4 is typically lenticular, as shown in Figure 2.42(c).  While Nishida et al. [255] 

and Saburi et al. [256] calculated the lattice parameters for a rhombohedral Ti3Ni4 (a = 

6.70 Å, α = 113.8°), Tadaki et al. [74] and Saburi et al. [256] determined the crystal 

structure as R3.  The atomic arrangement in the until cell may be described by 
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utilizing the hexagonal axes, according to Saburi et al. [256].   In the B2 cubic 

austenite, the (111) planes consist of alternating Ti and Ni hexagonal layers and a set 

of six layers define one period.  In Ti3Ni4, however, the excess Ni atoms are 

distributed in each original Ti layers leading to a sequence as shown in Figure 2.42a.  

Accordingly, the orientation relationship between the matrix and the precipitate is 

given as (001)h || (111)B2, <010>h ||<-2 –1 3>B2, and the habit plane of the precipitate is 

given as {111}B2, see Figure 2.42(b,c) [256].  Using this structure and atomic stacking, 

Tadaki et al. [74] calculated the lattice strain that accompanies the precipitation of 

Ti3Ni4 in the surrounding NiTi B2 matrix.  In the direction of the habit plane normal, 

the strain is –2.3% and –0.5% in the habit plane.  

 (b) Ti2Ni3:  As discussed above, Ti2Ni3 is the second metastable precipitate 

that forms at intermediate temperatures or at low temperatures for longer aging times. 

Nishida and Wayman [72] studied the phase transformations associated with Ti2Ni3 

precipitates in an aged 52-NiTi alloy using in-situ TEM with a heating specimen 

holder; they reported two main findings: (i) The precipitate shows two step 

transformation; tetragonal high temperature phase to a orthorhombic intermediate 

phase and finally to a monoclinic low-temperature phase. (ii) These phases differed in 

their morphologies; the intermediate orthorhombic phase exhibited an antiphase-like 

contrast and the monoclinic phase exhibited a needle-like domain contrast; the needle-

like domain contrast is apparently caused by twins.  However, they do not provide any 

crystal structure lattice parameters, instead they report that the diffraction patterns for 

the tetragonal high-temperature Ti2Ni3 phase were similar to Ti2(Ni, Cu)3 patterns (as 

reported by Van Loo et al. [262]) and that the lattice parameters of the latter could be 
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used to index the patterns from the former.  Therefore, they concluded that the crystal 

structures of both the above phases are identical.  A decade later, Hara et al. [73] 

studied the structure of Ti2Ni3 precipitate in detail along with Ti2(Ni, Cu)3 by utilizing 

various diffraction techniques in order to determine its crystal structure and the nature 

of the transformation in the precipitate from a crystallographic point of view and also 

examine the similarity between Ti2Ni3 and Ti2(Ni, Cu)3.  They reported that the 

precipitate has two phases as a function of temperature, and that the phase 

transformation occurs martensitically through the formation of an intermediate phase, 

similar to the R-phase transition observed between the transformation from B2 NiTi 

austenite to B19’ NiTi martensite.  The higher temperature phase (stable above 100°C) 

was found to exhibit a tetragonal structure with space group I4/mmm and lattice 

parameters a = 3.095 Å, c = 13.585 Å (at 100°C); the lower phase has an 

orthorhombic structure with space group Bbmm and lattice parameters a = 4.398 Å, b 

= 4.370 Å, c = 13.544 Å (at 25°C) [73].  However, they do not report the structure of 

the low temperature monoclinic phase.   

(c) TiNi3: Taylor and Floyd investigated the structure of TiNi3 and reported a 

hexagonal DO24 type ordered structure with space group P63/mmc. The lattice 

constants are a = 5.1010 Å, c = 8.3067 Å [145]. 

2.3.4 Processing of Ni-Ti alloys: Effect of Ni composition 

Since the binary Ni-Ti alloys are overwhelmingly the preferred material choice 

for many medical devices, it is important to understand the challenges in alloy 
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fabrication.  The distinction presented here will be in terms of a comparison between 

near equiatomic alloys and Ni-rich (56 wt.% - 62wt.%) Ni-Ti alloys. 

(a) Melting practices and contaminants 

A précis from Schetky and Wu [263] and Otsuka and Wayman [264] will be 

provided here.  Typical fabrication route involves melting and casting followed by 

primary metal working (forging and hot rolling), secondary metal working (cold 

working and forming) and finally a heat-treatment (solution-treatment, annealing, 

aging etc.) that imparts the Ni-Ti alloy with its SE or SM properties.  The melting and 

casting of NiTi ingots is frequented by the following challenges: Ni/Ti ratio, 

interstitial contamination by oxygen and carbon requiring solidification conditions to 

minimize segregation at both microscale and macroscale and finally avoidance of non-

metallic inclusions. Since molten Ti is extremely reactive to oxygen, the most 

successful melting procedures used for the production of NiTi are: vacuum induction 

melting (VIM) for the primary alloy preparation followed by vacuum arc melting 

(VAR) that imparts microstructural homogeneity. The segregation characteristics are a 

function of solidification rate; smaller dendrite arm spacing is favored by faster 

cooling rates and is responsible for minimum segregation. Faster cooling rates also 

promote particulate (such as carbides and other intermetallic compounds) dispersion.  

Since VIM uses graphite crucibles, oxygen contamination is negligible, but carbon ties 

up Ti preferentially in the form of TiC inclusions. This selective leaching of Ti leads 

to a Ni-rich matrix and, as will be discussed in the next section, leads to a lowering or 

suppressing of Ms; a one percent deviation in Ni content results in a decrease of Ms by 

nearly 100°C.  It is not clear whether carbon has any proven detrimental effect on the 
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properties.  Earlier melting procedures required that the melt temperature should be 

maintained below 1450°C and the carbon levels achieved were in the range of 200 – 

500 ppm.  Oxygen also ties up Ti in a similar, but disproportionate manner (especially 

with Ti2Ni, which has a high solubility for oxygen and forms Ti4Ni2O inclusions), thus 

leading to a depression in Ms (NiTi however does not have any solubility for oxygen 

at 900°C).  The stoichiometry of the oxide is such that a relatively small amount of 

oxygen forms a large weight of oxide, with the oxide to oxygen weight being ~20:1.  

The current state of art Ni-Ti alloy melting procedures  typically achieve less than 30 

ppm of carbon and less than 300 ppm of oxygen (more recent standards achieve even 

lower oxygen content); the general requirements on Nitinol chemistry and trace 

elements (contaminants) are delineated in the ASTM standard, F2063-00 [265].  

Another advantage of induction melting is the reliable control of chemical 

composition, and in a small VIM ingot, the transformation temperature variation (due 

to Ni composition variation) can be held to ±5 °C. Segregation problems compound 

with increasing ingot size, and usually for larger ingots, multiple VAR melting 

practices have achieved more homogeneous chemistry distribution along the ingot. 

Schetky et al. [263] point out that the benefits of high purity Nitinol are yet to be 

proven. Notwithstanding the evidence that subsurface inclusions promote fatigue 

crack nucleation, the purity levels with respect to carbon between VIM-VAR and 

multiple VAR processes do not result in a measurable difference in fatigue resistance.  

(b) Primary and secondary metal working 

Most medical devices are fabricated from wire, strip or tube; investment 

casting is used for implantable orthopedic devices.  The primary metal working 
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involves a hot break down through hot forging or hot rolling; the hot working breaks 

down the cast structure and provides a usable size/shape (such as a bar or a slab) for 

subsequent cold drawing. Based on the high-temperature tensile strength of NiTi, the 

optimal hot working is carried out a temperature of 800°C, a temperature that enables 

good workability and also minimizes oxide buildup, thus avoiding severe oxidation.  

Subsequent to the hot working, the rod is cold-worked to the final dimension followed 

by a suitable heat treatment to achieve the desired mechanical and physical properties.  

However, compared to the hot-working, cold-working Ni-Ti is very difficult due to its 

high work hardening coefficient, thus limiting the cold reduction achievable in one 

pass: yield strength of fully annealed NiTi is less than 100MPa, after deformation, 

tensile stresses rise rapidly beyond the stress plateau to a high value of 1-1.5GPa at ~ 

40% strain.  Hence, interpass annealing at 600°C – 800°C is typically performed.  

Nitinol tube and sheet morphologies have become the most sought after product due to 

its use for the production of stents. Currently, tubes with outer diameters ranging 

between 0.25 mm and 5 mm are being produced; the problems often encountered 

include tube concentricity and surface finish.  Due to rapid work hardening of the 

alloy, machining of Nitinol is extremely difficult; stent manufacturing typically 

utilizes Nd:YAG laser cutting and machining.  

(c) Ni-rich Ni-Ti alloys 

The processing specifications for 55 at.% NiTi (60 wt.%) are summarized from 

Buehler and Wang [13] and Julien [94], see Table 2.5.  The melting practices for 60-

Nitinol (wt.%) is similar to 55-Nitinol (wt.%), where the Ni-rich alloys are melted in a 

draw-down graphite crucible vacuum furnaces for casting into a billet or ingot suitable 



99 

for hot working. Buehler and Wang [13] note that, “60-Nitinol alloys have been found 

to be more difficult to hot work directly from the cast ingot; however, a long time high 

temperature soaking treatment leaves the ingot much more amenable to the initial 

stages of hot working”. Hence, the ingots are soaked in a furnace to a working 

temperature of nearly 900oC – 950°C for at least one hour until the heat has penetrated 

the work piece.  Subsequently, the work piece is subjected to hot working by rolling, 

forging etc.  “It has been observed that once the cast structure of a 60-Nitinol ingot has 

been ‘broken down’, little if any further cracking (hot tearing) is encountered” [13].  It 

is necessary that the ingot work piece temperature be maintained above 900°C while it 

is being worked, since otherwise, it would lose malleability thereby increasing the 

susceptibility to cracking.   

Table 2.5 Primary working characteristics of various Ni-Ti alloys as a function of 
Ni composition [266, 267]. 

Ni Composition,  
at.% (wt.%) 

Working parameters 

 
50 - 51  

(55 – 56) 

Hot working through rolling, forging, etc., possible directly from 
vacuum melted ingot.  Hot working Temperature ~ 700–900 °C.  
Working at room temperature is possible with intermediate 
anneals at 800 °C. 

 
51 – 52.5  

(56 – 57.5) 

(transitional composition range) Some forms of hot working 
possible directly from the melted ingot.  Hot working temperature 
~ 800-950 °C.  Limited room temperature working. 

 
53 – 56 

(58 – 62) 

Thorough homogenization of chemical composition through 
thermal treatment prior to any break down of the cast structure is 
mandated.  The ingot structure needs to be broken down by hot 
extrusion or press forging.  Hot working temperature ~ 900-950 
°C.  Several cycles of high temperature soaking followed by hot 
rolling is recommended. 
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Additionally, the strain rate of the hot working should be maintained moderate 

to slow, since 60-Nitinol ingots, being a strain rate sensitive material, has been 

observed to shatter catastrophically upon impact, thus posing a safety concern.  Julien 

[94] suggests that optimum rolling conditions typically limit the thickness reduction to 

about 0.1 – 0.5 mm (5 – 20 mils), preferably 5 mils per roller pass.  After the initial 

hot working, the plate is reheated to the working temperature of 900°C – 950°C in a 

furnace for a second hot-rolling pass.  Subsequent to a few rolling and reheating 

cycles, the plate can be soaked at lower temperatures, viz. 800°C – 900°C.  These 

lower temperature passes seem to proceed without any cracking, and the rolling is 

repeated until the plate is reduced to the desired dimensions.  It should be noted that 

the afore-mentioned heating and hot rolling cycles produce a very hard and brittle 60-

Nitinol.  Subsequent heat-treatment is necessary to impart the important SE or SM 

properties, this will be discussed below. 

(d) Heat Treatment 

Optimal superelastic properties are typically achieved through a combination 

of cold work and ageing heat treatments for equiatomic and near equiatomic Nitinol 

alloys [195, 268].  A thorough understanding of the effects of various factors involved 

in thermomechanical treatments allow the engineer to exercise precise control over the 

reproducibility of mechanical properties and transformation temperatures in Nitinol 

alloys. 

Typical thermomechanical history for most medical devices that use SE 

Nitinol involves 30-40% cold work followed by heat treatment at 500°C and for shape 

memory, the preferred heat treatment range is 350oC – 450°C (the influence of cold 
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work, annealing heat treatments on the transformation temperature will be presented in 

Section 2.4.2).  It should be emphasized that the thermomechanical routes a particular 

Nitinol alloy is subjected to is dependent on the Ni composition since aging of Ni-rich 

alloys (Ni > 50.6 at.%) causes precipitation of Ni-rich intermetallic compounds [70] 

that usually harden the matrix and make primary or secondary working difficult at 

lower temperatures.  An excellent case study on the optimization of processing and 

properties of a medical grade 50.8 at.% Nitinol wire is presented by Pelton et al. [39]. 

For Ni-rich alloys, such as 55-NiTi investigated in the current thesis, Julien 

[94]  recommends the following heat treatment schedule.  As mentioned above, the hot 

rolled plate produced by a series of heating and rolling cycles is extremely hard and 

brittle.  To impart superelastic properties, the work piece is then heated in an oven 

between 500oC and 700°C for a period of 15min to several hours and subsequently 

quenched to room temperature.  An optimal hardness (50-55RC), strength (~900MPa – 

1050MPa), and elastic strains between 3-6% can be achieved using this heat treatment.  

To obtain the shape memory effect, the hot rolled plate is heated in a furnace to a 

temperature between 500oC and 800°C, until thermal equilibrium is attained, and 

subsequently the work piece is furnace cooled (a full anneal) at a slow rate (~1-2 

°C/min) so that the work piece cools down to room temperature over a period of 10-15 

hours.  The shape memory alloy thus obtained has low hardness (25-35RC) and low 

yield strength (~300-400 MPa) and a reasonable tensile strength (~800-950 MPa).  

The transition temperatures for the shape memory parts range between 25oC and 85°C 

and the material exhibits high ductility.  The transition temperature can be altered by 

cooling the work piece from different temperatures.   
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2.3.5 Tailoring transformation temperatures: Effect of various parameters 

Since superelastic and shape memory behaviors typically occur within a 

temperature ‘window’ dictated by the transformations temperatures (like Rs, Ms, Af, 

etc.), control over these transformation temperatures is very crucial in the application 

of Ni-Ti alloys.  Over the decades, several factors were found to influence the 

transformation temperatures [269].  Among them, the most important ones are: (1) Ni-

composition, (2) ternary alloying elements, (3) precipitation in Ni-rich NiTi alloys, (4) 

aging heat-treatments, and (5) point defects and dislocations 

The effect of Ni composition on the martensite start temperature (Ms) is shown 

in Figure 2.44 [270]; it can be seen that Ms is very sensitive to the Ni content.  A 

change in Ni concentration from 50.5 to 51.5 at.% reduces the Ms from room 

temperature (20oC) to below -173oC [47, 270, 271] for a fully homogenized alloy 

(solution treated, ST).  This suggests that the most effective way of changing Ms is 

through Ni composition changes.  Figure 2.44 also indicates that the transformation 

temperature on the Ti-rich side is nearly constant (~50oC), probably due to the limited 

solubility of NiTi on the Ti-rich side (the solvus line is near vertical).   

Another method to vary the Ni-content is through tertiary alloying elements, as 

shown in Figure 2.45.  Among the elements that increase the transformation 

temperature, Pt, Zr, Hf, Pd and Au are the prominent ones.  In fact, Ti-Ni-(Hf, Zr, Pd) 

are considered as probable candidates for high-temperature shape memory 

applications [47, 76, 272-277].   

Since the transformation temperatures are very sensitive to the Ni-composition 

and furthermore, since the Ni-rich NiTi alloys exhibit precipitation of Ni-rich phases 
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such as Ti3Ni4 with aging, another way to manipulate the transformation temperature 

is through the control of aging parameters (temperature and time) of different Ni-rich 

alloys.   

Figure 2.46 shows the effects of aging on the transformation temperatures of a 

Ni-rich 51-NiTi alloy fully annealed at 800oC for 2hrs followed by a water quench 

[234].  In Figure 2.46(a, b), the aging temperature is maintained constant at 500oC and 

400oC, and the aging duration is varied between 0.1hr and 250 hrs (~10 days).  It can 

be seen that within the first 15-min, there is a rapid increase in the Ms with the 

appearance of an intermediate phase (R-phase) identified by its start transformation 

temperature Ms’; thus indicating a 2-stage transformation.  The reason behind the 

formation of multiple transformation stages will be discussed in the following section.  

The transformation temperatures Ms and As increase until 10-hrs of aging before they 

saturate.   

By contrast, the aging effects at 400oC, shown in Figure 2.46(b) indicate that, 

after an initial drop, the transformation temperatures continue to increase up to 100 

hours of aging and beyond [234].  This may be explained by the formation of 

hardening Ti3Ni4 precipitates that siphon excess Ni from the matrix, thus reducing the 

overall Ni content of the matrix.  Since the transformation temperatures are very 

sensitive to the Ni content, as indicated in Figure 2.44, the formation of precipitates is 

accompanied by a corresponding increase in the transformation temperatures [39]. 

While the controlled aging of Ni-rich NiTi is plausible, it is desirable for many 

applications to use an alloy whose transformation temperatures are made insensitive to 

the composition after the initial aging heat-treatment.  It has been reported that an 
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alternating aging between 440oC and 550oC leads to an alternating change in the 

transformation temperatures, as shown in Figure 2.47 [269].  Furthermore, the 

transformation temperatures were governed by the aging temperatures and not the 

number of aging cycles.   

The nature of the phenomenon was clarified by Zhang et al. [278], who 

suggested that the behavior is dictated by the equilibrium between the stable NiTi 

phase and the metastable Ni-rich precipitate Ti3Ni4.  Aging between 440oC and 550oC 

leads to an alternating variation of Ni composition between 50.13 and 50.33 atomic 

percent; which in turn influences the variation in the transformation temperatures 

between set values [278].  Therefore, Otsuka and Ren [47] note that, although the 

shape memory properties are due to the diffusionless martensite transformation, the 

control over it can be achieved through diffusional precipitation reactions.   

The traditional view of the martensitic transformations occurring in NiTi alloys 

involves only 1-stage (B2→B19’) transformation or 2-stage transformation involving 

the intermediate R-phase.  However, over the past decade, multiple-stage 

transformations (MST) have been reported quite frequently; the mechanisms behind 

these MST are now discussed. 

2.3.6 Multiple-stage Transformations (MST) 

While the traditional simplified view of phase transformations occurring in Ni-

Ti alloys involves only one-stage cubic austenite (B2) to monoclinic (B19’) martensite 

transformation (transformation strains ~ 6-10%), the influence of cold work, i.e., high 

density of dislocations [279-281] and the presence of Ni-rich precipitates in Ni-rich 
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(Ni > 50.6at.%) Ni-Ti alloys contribute to a more complex two-stage, three-stage or 

even four-stage transformations, collectively termed ‘multiple stage transformation’ 

(MST) [47, 270, 281-294].  It is now known that the introduction of a dislocation 

network/substructures or precipitates into the Ni-Ti matrix can act as obstacles to the 

direct B2-B19’ transformation [281, 286, 288, 292].  As a result of this barrier, a 

competing martensitic transformation, B2→R-phase that involves lower 

transformation strains (~1-2%), becomes feasible and dominant.  Further 

transformation occurs as R-phase converts to B19’, thus leading to a two-step process, 

that is seen as a double peak (two-stage) on the differential scanning calorimetry 

(DSC) trace.  The heating cycle however, involved only one large peak indicating that 

the B19’→B2 transformation occurred in one step.  Yet, it was observed that aged Ni-

rich NiTi alloys exhibited three DSC peaks during cooling from austenitic phase, 

instead of a two-stage transformation [279, 280, 295-299].  Since the Ni-Ti alloy did 

not exhibit any competing martensitic transformation, other than to R-phase and B19’ 

phase, there was uncertainty with regards to the correct interpretation of the multiple-

stage transformation (MST).  Furthermore, according to Carroll et al. [286], the DSC 

peaks evolve from one or two peaks after short aging times to three peaks after 

intermediate aging times and back again to two peaks or one peak after long term 

aging, a behavior termed as ‘2-3-2’ transformation by Allafi et al. [282].   

Bataillard et al. [299, 300] cite the influence of local coherency stress fields 

around the Ni-rich Ti3Ni4 precipitates on the transformation sequence in such a way 

that the B2 matrix initially transforms to R-phase near the regions affected by the 

coherency stresses followed by the second transformation R-phase→B19’.  This 
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second transformation occurs in two steps, one near the precipitate and the other in the 

Ni-Ti matrix volume unaffected by the coherency.  Subsequently, Allafi et al. [282] 

have proposed that the 3-stage transformation was due to localized composition 

inhomogeneity in the austenite  due to the precipitation of Ni-rich Ti3Ni4 precipitates 

that deplete Ni from the surrounding matrix, see Figure 2.48.  They implied that since 

the transformation temperatures depend strongly on the Ni composition of the matrix, 

the composition (chemical) inhomogeneity in the volume surrounding the precipitates 

would result in a single B2→R transformation followed by two R→B19’ 

transformations occurring near and away from the precipitates, respectively [286].   

Recently, in situ TEM studies [282, 301] of transformations occurring in aged 

Ni-rich Ni-Ti alloys suggested that, due to the preferential precipitation of lenticular 

Ti3Ni4 at the grain boundaries, the first DSC peak corresponds to the B2→R-phase 

transformation near the grain boundary (GB) followed by the R-phase→B19’ 

transformation.  Furthermore, the third peak then corresponds to the direct B2→B19’ 

transformation in the precipitate free grain interior (GI) region.  Thus, a large scale 

inhomogeneity in the microstructure due to preferential precipitation of phases near 

the grain boundary was suggested as the main cause behind the multiple-stage 

transformations. 

All of the above theories, i.e., local-scale inhomogeneity in either coherency 

stress fields and chemical composition, or the large-scale microstructural 

inhomogeneity (due to preferential GB precipitation) indicate that the 3-stage 

transformation is the norm rather than the exception [47]. However, Fan et al. [287] 

point out that, typically, single crystals of Ni-rich NiTi alloys with different Ni 
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compositions and Ni-rich (e.g., 51.5Ni-Ti) polycrystalline alloys exhibit the normal 2-

stage transformation, whereas only the near equiatomic polycrystalline alloys capable 

of undergoing precipitation reactions (e.g. 50.6-NiTi), exhibit 3-stage transformations.   

Their study suggested that, while the presence of grain boundaries is a 

necessary condition to create microstructural inhomogeneity due to preferential 

precipitation, it is not a sufficient condition for the 3-stage transformation.  Instead, 

they invoke that it is the degree of supersaturation, which is high in Ni-rich alloys such 

as 51.5-NiTi, that governs the nucleation kinetics of the Ti3Ni4 precipitation and thus 

the MST.  In particular, if the degree of supersaturation is high, as in the case of 51.5-

NiTi, the precipitation process is less sensitive to the presence of grain boundaries, and 

thus results in a homogeneous precipitation and only a 2-stage transformation.  If the 

degree of supersaturation is low, as in the case of 50.6-NiTi, the precipitation is 

severely affected by the presence of grain boundaries (GB), since the GB nucleation 

rate is substantially greater than in the grain interior.  This leads to large-scale 

heterogeneity in microstructure and chemical composition between the grain 

boundaries and the grain interior [287].  Thus, they conclude the two opposing factors, 

viz., presence of grain boundaries that instigate preferential precipitation due to 

favorable energetics and the Ni supersaturation level that dictates the nucleation rate, 

govern the distribution of the precipitates and thus the nature of MST, i.e., 2-stage vs. 

3-stage.  They also exclude the possibility of 3-stage transformations in single crystals 

devoid of GBs or in microstructures with small-scale heterogeneities.  

More recently, Michutta et al. [293] studied the transformations in aged single 

crystals of 51.3-NiTi and observed that 3-stage transformations can indeed occur in 
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aged Ni-rich single crystals that exhibit homogeneous distribution of the metastable 

Ti3Ni4 precipitates provided that the interparticle spacing is greater than a critical 

value (~ 200 nm).  The three peaks on the DSC trace correspond to the formation and 

growth of R-phase from all the precipitate/matrix interfaces, followed by the 

formation and growth of B19’ phase along the same interfaces.  The final 

transformation peak corresponds to the B2-B19’ transformation.  Thus, Michutta et al. 

[293] put forward a general proposal regarding the MST: (a) MST occur in Ni-rich 

NiTi alloys that exhibit large scale (10µm) microstructural heterogeneities (due to 

preferential precipitation near GBs in polycrystalline Ni-Ti, differences between the 

dendritic and inter-dendritic regions in cast single crystals, heterogeneous distribution 

of oxide and carbide inclusions and variable grain sizes across the specimen cross 

section). (b) MST can also occur in the absence of large-scale microstructural 

heterogeneities, for example in aged Ni-rich NiTi single crystals with a homogeneous 

distribution of the precipitates, provided that the interparticle spacing is greater than a 

threshold value (~ 200 nm).   

In the above discussion, whether the microstructure is heterogeneous (due to 

preferential GB precipitation) or homogeneous (with interparticle spacing greater than 

200 nm), the 3-stage transformation was identified as the B2→R phase transformation 

near the precipitates followed by the R→B19’ transformation, and the final peak was 

identified as B2→B19’ transformation in the precipitate free matrix [281, 282, 284, 

287, 288, 290, 293, 301].  Additionally, as mentioned earlier, Bataillard et al. [300] 

suggested an alternative sequence for the 3-stage transformation based on the effect of 

coherency stresses around Ti3Ni4 precipitates: the first step consists of B2→R phase 
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transformation nucleating at the precipitate/matrix interfaces and growing into the 

matrix. The second peak corresponds to the transformation of R→B19’ near the 

precipitate region affected by the coherency stresses followed by the R→B19’ peak 

representing the transformation in the matrix; thus totaling one B2→R and two 

R→B19’ (1R-2M) transformations.  More recently, it has also been reported that 3-

step transformations in deformed and low-temperature (200oC-300oC) aged (i.e., with 

prior thermomechanical history) 50.6-NiTi alloy may consist of two B2→R phase 

transformation followed by one R-phase→B19’ transformation (2R-1M) [302-304] or 

even two B2→R-phase and two R→B19’ phase transformations (2R, 2M) (in total, 4-

stage transformation) [303, 305] that was rationalized by invoking the inhomogeneous 

distribution of dislocations or grain size, as discussed below.    

Chrobak et al. [303] considered a cold-rolled (15% cold-work) 50.6-NiTi aged 

at 400oC for very short times (0.25-0.5hrs); they explain the 3-stage transformation 

based on the heterogeneous distribution of dislocations in a cold-rolled NiTi: The first 

R-phase forms in low dislocation density regions followed by the R-phase in high 

dislocation density before finally transforming into B19’ (see Figure 2.49).  In another 

study, Chrobak et al. [281] examined cold-rolled 50.6-NiTi for shorter aging times 

between 5-15 min at 400oC and proposed that a combined influence of two intertwined 

processes of dislocation density and precipitate growth influences the MST.  Aging 

influences both the processes of dislocation annihilation (recovery during annealing) 

and precipitate growth.  Aging heat treatment of a cold-rolled sheet material is likely 

to produce a complex microstructure containing relatively large densities of 

dislocations and precipitates that are interwoven in such a way that precipitation may 
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occur mainly on dislocations, act as obstacles for dislocation movement, and may 

hinder the recovery process (see Figure 2.50).  This scenario is indeed supported by 

some studies in the literature [281, 303, 306], which showed intricate microstructures 

containing dislocations decorated with precipitates.  Thus, the heterogeneity of both 

the dislocations and precipitate distribution leads to the inhomogeneity of Ni 

composition in the matrix and lead to two R→M (M1, M2) transformations [281]. 

More recent results have also indicated additional complexity in the 

transformation sequence: Neutron and X-ray diffractions studies indicate that in some 

alloys, the first DSC peak corresponds to the formation of both the R-phase and the 

B19’ martensitic transformation; thus a single DSC peak is not necessarily tied to a 

single martensitic transformation event [307, 308].  In another study of MST in single 

crystal NiTi alloys with compositions: 50.1, 50.4, 50.8 and 51.5 at.% Ni, Johnson et 

al. [290], first reported the occurrence of an unprecedented MST in 50.1-NiTi alloys 

and suggest that they are associated with single crystal defects such as dendrites and 

low-angle boundaries.  They observe, in addition to the 2/2-stage B2→R→B19’ 

transformations, the 3/2-stage, 3/3-stage and even 4/4-stage transformations.  

Furthermore, the presence of the same defects in higher Ni content single crystals does 

not elicit similar MST.   

Thus it can be summarized [286] that the occurrence of MST is governed by 

local or small-scale inhomogeneity (coherency stress fields, compositional fluctuation, 

precipitation with a critical interparticle spacing) associated with the precipitation of 

metastable phases such as Ti3Ni4, large-scale inhomogeneity characterized by 

preferential grain-boundary precipitation and precipitate free matrix, presence of 
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single crystal defects such as dendrites and low-angle boundaries, and the 

thermomechanical process that cause heterogeneity of both dislocations and 

precipitate distribution. 

2.4 Deformation behavior of NiTi alloys 

The origin and the characteristics of the phase transformations observed in 

NiTi alloys have been discussed so far.  This section will discuss the deformation 

behavior of NiTi alloys with particular emphasis on temperature effects.  Further, the 

influence of thermomechanical treatment on the overall mechanical behavior and the 

superelastic and shape-memory characteristics will be discussed in section 2.4.2.  

2.4.1 Effect of temperature 

The stress-strain curves of NiTi alloys are dependent on the relation between 

the test temperature (T) and the transformation temperatures.  Typically, the stress-

strain behavior has been classified into five types, as shown in Figure 2.51 [234]. 

(1) T < Mf (Martensite finish temperature): Below the martensite finish 

temperature (Mf), the NiTi alloy is entirely in the martensitic phase.  Typically, the 

thermally-induced martensite (formed when cooled below Ms) in NiTi is made of 

twinned martensite variants with <011> type II, {11-1} type I and (001) compound 

twins co-existing in the microstructure; among these the <011> type II twin is more 

frequently observed [56, 65, 164, 166, 169, 309].  

The tensile deformation of the twinned martensite proceeds through (a) elastic 

deformation of the martensite, (b) plateau region corresponding to martensite 

reorientation and detwinning process, (c) elastic deformation of reoriented martensite 
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and further detwinning, and finally (d) plastic deformation.  Liu et al. [309] (who 

studied NiTi bar annealed at 600oC for 0.5-hr) have shown that during stage (a), the 

martensite deforms uniformly along the gage length with the inelastic arrangement of 

some martensite twins and the generation of dislocations within the (11-1) type I 

twins.  Stage (b), which corresponds to the constant-stress plateau region, involves the 

martensite reorientation and detwinning of <011> type II twins following the 

formation of mobile (100) compound twins between the type-II twins, in addition to 

the rearrangement of dislocation substructures.  During stage (c), further reorientation 

and detwinning of unfavorably oriented martensite twins occur with increasing stress 

along with the generation of high density of dislocations [309]; concluding with the 

plastic deformation of unfavorably oriented martensite plates [309-312].  Zheng and 

Liu [310] have suggested two detwinning mechanisms, namely, domino and assisted 

detwinning.  They argued that the domino detwinning, once initiated in a finite 

volume, proceeds at a constant external stress in a self-propagation manner, whereas 

the assisted detwinning necessitated increasing loading to trigger further detwinning.  

Furthermore, they suggested that the end of the plateau region corresponds to the 

cessation of the domino detwinning mechanisms, while assisted detwinning occurs 

beyond the plateau region.  At T << Mf, under tensile deformation, the martensite 

would deform elastically followed by work-hardening plastic deformation without the 

reorientation of martensite plates due to the immobility of the martensite interfaces at 

low temperatures [313].   
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(2) Mf < T < Ms: The overall deformation of the alloy now proceeds through 

the deformation of existing martensite, as explained above, and the formation and 

growth of new stress-induced martensite.  

(3) Ms < T < Af: Deformation in this temperature range leads to the 

irreversible stress-induced martensite; although the overall stress-strain curve would 

be similar to the stress-induced martensite (SIM), the specimen will not recover the 

loading strain upon unloading.  However, the transformation strain can be recovered 

upon heating above a certain temperature, which is due to the shape memory effect 

[313].   

(4) Af < T < Md: This is the superelastic range, where the material can exhibit 

reversible stress-induced martensitic phase transformation.  The material is thus 

termed superelastic austenite; superelasticity occurs only between a narrow window of 

temperatures (Af < T < Md) with the variation of the superelastic plateau stress with 

respect to the temperature (also termed stress-rate, dσ/dT) ranging between 3 and 

20MPa/oC [195].  The superelastic window is typically about ~50-80oC for the NiTi 

alloys.   

Generally, it is agreed that the elastic deformation of austenite (stage a) is 

followed by the stress-induced martensitic transformation (SIM) (stage b) represented 

by the flat plateau.  Subsequently, the SIM reorients (stage III) before plastic 

deformation of martensite begins (stage c) [314].  The stress-induced martensitic 

(SIM) transformation that is responsible for the plateau region, and hence 

superelasticity, occurs through the formation of martensitic variant(s) [119].  It was 

suggested that the formation of SIM during uniaxial tension is governed by the variant 
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group(s) that will accommodate the largest tensile strains for a given loading direction 

[315] and that this variant(s) will then grow during subsequent loading.  It is known 

that the largest recoverable strains in single crystals are possible due to SIM formation 

when the loading directions are parallel to <111>B2 followed by <110>B2 and <100>B2.  

Furthermore, different variants recover different transformation strains [133, 316].  

The degree of the role of intergranular constraint on the properties of polycrystalline 

SMA has also been invoked by several investigators to explain the observed SE strains 

[119, 133, 316, 317].   

(5) Md < T: Above a certain temperature, Md, the stress to induce martensite 

transformation is greater than the stress to introduce slip in to the austenite matrix and 

hence, the specimen deforms as a stable austenite, i.e. in a fully austenitic condition. 

Funakubo [234] report the superelastic stress-strain behavior of three near equi-atomic 

alloys, viz., 50-NiTi, 50.5-NiTi and 51-NiTi, solution treated at 800oC; the behaviors 

of 50-NiTi and 51-NiTi are shown in Figure 2.52 and Figure 2.53, respectively.  All 

the specimens were loaded to 5% strains and unloaded and heated above Af 

temperature to recover the strains.   

In Figure 2.52, the minimum yield stress can be found near 66oC, consistent 

with the martensite start temperature, Ms = 69oC.  The yield stress increases above 

66oC, with recovery of strains above 84oC being incomplete, i.e., permanent plastic 

deformation has been introduced into the specimen.  Above 125oC, there is no 

recovery with specimen exhibiting only pseudoelastic behavior.   

Figure 2.53 shows the stress-strain curves for 51-NiTi that exhibits 

superelasticity between -44oC and -21oC, with complete recovery of the 5% loading 
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strains; the specimen also recovered the loading strains between -74oC and -49oC upon 

heating [234].  The variation of the yield stress with temperature for these three alloys 

is summarized in Figure 2.54.   

It can be seen that variation of Ni by 0.5 at.%, changes the superelastic window 

towards the body temperature (37oC) or greater (especially, for the 51-NiTi); thus 

Nitinol alloys with Ni content between 50.5 and 51 are widely commercialized, 

particularly 50.8-NiTi [39], although the alloys undergo prior thermomechanical 

treatment to fine-tune the transformation temperatures and the overall mechanical 

properties.  A collage of the stress-strain curves for the popular 50.8-NiTi alloy is 

shown in Figure 2.55; the temperature is varied between -100oC and 150oC, with the 

superelastic window between 0oC and 60oC centered on the body temperature (37oC), 

which is ideal for biomedical applications.  The Af temperature is 11oC and Md 

temperature is between 100oC-150oC; the stress-rate calculated between these two 

temperatures is 6.1MPa/oC [39].  As shown in Figure 2.56, the tensile strength (UTS) 

decreases from -100oC to 150oC, with the plateau stress and the UTS curves meeting 

around ~150oC, suggesting that the Md ~ 150oC. 

2.4.2 Effect of thermomechanical treatment 

It has been indicated in the previous section that the fully-annealed 50-NiTi 

alloy does not exhibit fully recoverable superelastic strains, i.e. it exhibits irreversible 

slip that cannot be recovered either by unloading or heating.  This has been shown to 

be due to the ease of introducing slip into the austenite [47] that leads to partial 

pseudoelasticity.  Thus, in order to improve the SE and SM properties, the critical 
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stress for slip has to be increased through any of the following methods: (i) work-

hardening, (ii) grain-refinement (iii) precipitation-hardening, or a combination of 

these.  The influence of cold-work on the pseudoelasticity and the grain-refinement is 

shown in Figure 2.57(a) and Figure 2.57(b), respectively.  It can be seen that 

increasing cold-work from 6% to 25% improves the pseudoelastic strains and 

approaches ideal superelastic ‘flag’ for large cold-working [92].  Figure 2.57(b) shows 

the grain-size effect on the pseudoelastic behavior of 50.5-NiTi fully-annealed at 

800oC (1hr) followed by water quench; the tensile tests are conducted at 40oC (10oC 

greater than Af).  It is clear that refining the grain size improves the pseudoelasticity 

[318, 319].   

 (a) Cold-work + Annealing: Figure 2.58 shows the influence of 

thermomechanical treatment on the stress-strain behavior of 49.8-NiTi as a function of 

temperature [45].  Figure 2.58(a) shows a series of stress-strain curves for a fully-

annealed alloy (800oC) followed by a low temperature anneal (400oC) for 1hr.  Since 

this alloy does not exhibit any precipitation hardening, the low temperature anneal 

would not alter the ST microstructure.  This specimen shows permanent strains during 

tensile testing at all temperatures; it does not exhibit superelasticity in any temperature 

range since the resistance to slip is low in the ST material.   

By contrast, Figure 2.58(b) shows a second series of stress-strain curves for a 

cold-worked + annealed (400oC for 1hr) without any homogenizing heat-treatment 

[45].  It can be seen that the specimens not only exhibit large superelastic strains, but 

also the best SE and SM characteristics.  This has been explained by Otsuka and Ren 

[47], who report different thermomechanical treatments on the NiTi alloys.  They 
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argue, based on the TEM micrographs shown in Figure 2.59, that the cold-worked 

alloy exhibits large amount of tangled dislocation networks.  The specimen annealed 

at 400oC exhibited re-arranged dislocations, i.e., it is recovered.   

However, the annealing treatment at 400oC did not recrystallize the alloy.  The 

specimens in this heat-treatment condition not only exhibit a clean martensitic 

transformation, but also maintain sufficient strength due to the re-arranged 

dislocations.  Figure 2.59(c) shows the TEM image annealed at 500oC; 

recrystallization is now evident.  The specimens annealed at 400oC exhibited superior 

superelasticity than the specimens annealed at 500oC.  The specimens annealed at 

600oC exhibited grain growth following recrystallization, and the superelastic 

behavior was inferior [47].  

(b) Precipitation-hardening: Age-hardening by Ti3Ni4 precipitates has been 

shown to affect the shape memory and superelastic properties [45, 46].  Figure 2.60 

shows the stress-strain behavior of 50.6-NiTi alloy, solution-treated at 1000oC for 1hr 

followed by an intermediate temperature aging at 500oC, as a function of test 

temperature.  This behavior is compared with the corresponding observations for the 

same alloy aged at a lower temperature of 400oC, as shown in Figure 2.61.  In the 

specimens aged at 500oC, although superelasticity is observed, it is in a very narrow 

temperature ‘window’; shape memory effect is also incomplete due to the permanent 

residual strains even after heating.  By contrast, the specimen aged at 400oC exhibits 

superior SM and SE characteristics, with a large superelastic temperature ‘window’.  

This can be rationalized from the observation that high-density precipitate formation 

increases the critical stress for slip considerably.  
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As the TEM micrographs, shown in Figure 2.62, indicate, aging at 400oC 

produces high density of small sized Ti3Ni4 precipitates, whereas at 500oC, the 

precipitates are larger and density is lower.  At 600oC, the precipitates are not 

observed at all [47].  This is confirmed by the TTT data reported by [39, 268], where 

the optimal precipitation kinetics are exhibited at 400oC.  Aging at 300oC, however, 

does not improve the SE characteristics since the precipitation kinetics are sluggish at 

this temperature, thus requiring longer aging times for high-density of precipitate 

formation and thus high-resistance for slip. 

 (c) Work-hardening + precipitation-hardening: Both work-hardening and 

precipitation hardening has been shown to improve the SE and SM characteristics.  It 

has been further shown that combined usage of both types of hardening mechanisms is 

more effective to improve the critical stress for slip, thus making it possible to achieve 

SE at higher stress levels compared to that achievable with either work-hardening or 

age-hardening alone [47].  Indeed, as Figure 2.63 shows, complete and stable SE is 

observed for a cold-worked and aged 50.6-NiTi alloy; even at high stress levels of 

~800MPa.   

Thus, thermomechanical treatment is very useful in improving the overall SE 

and SM characteristics of the NiTi alloys.  Typically, the recovery temperature for 

cold-worked NiTi alloys is between 400oC and 500oC.  Aging heat treatment of a cold-

worked Ni-rich NiTi alloy is likely to produce a complex microstructure containing 

relatively large densities of dislocations and precipitates that are interwoven in such a 

way that precipitation may occur mainly on dislocations, act as obstacles for 
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dislocation movement, and may hinder the recovery process (see Figure 2.50); thus the 

recovery temperature is likely to be ~500oC. 

2.5 Summary of Objectives 

The preceding sections introduced various concepts concerning diffusionless 

(martensitic) and diffusion-based phase transformations in NiTi alloys.  Additionally, 

the quasi-static response of NiTi in shape-memory (martensite) and superelastic 

(austenite) conditions were discussed.  For further development of Ni-Ti based shape 

memory alloys in structural and impact related fields, two Ni-rich NiTi alloys are 

systematically investigated in this study.  The objectives of the current work are 

summarized in Figure 2.64. 

2.6 Figures 

 

Figure 2.1 Stress-strain curves of superelastic (SE) and shape-memory (SM) NiTi 
alloys juxtaposed with the corresponding curves of conventional alloys 
of Ti, Ni-based superalloys and steels.  The SM alloy recovers the 
apparent permanent strain of 6% upon heating beyond 60°C. 
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Figure 2.2 (a) Yield stress vs. Elastic strain and (b) Elastic modulus vs. yield stress 
comparison between Ni-Ti alloy and various common medical alloys§ 
(Redrawn, courtesy Neil Morgan). 

 

 

Figure 2.3 Variation of hardness in Ni-Ti alloys as a function of Ni composition in 
furnace cooled and quenched conditions (from 950°C). Adapted from 
[13]. 

 
                                                 
§ L605 is a solid-solution strengthened Co-base alloy (Co-Cr-Ni-W-3% Fe); MP35N is a nonmagnetic, 
ultra high strength, corrosion resistant Ni-Co-Cr-Mo alloy; Phynox is a age hardenable Co-Cr-Ni alloy 
with a good combination of high strength, ductility, corrosion resistant, excellent fatigue life and 
nonmagnetic properties; 316LVM is a Cr-Ni stainless steel alloy with 8% Ni and 2-3% Mo addition to 
improve corrosion resistance in human body.  Ti-6Al-4V is a α+β alloy known for its biocompatibility 
and good combination of mechanical properties, such as high strength and ductility. 
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Figure 2.4 Crystal structure of (a) cubic parent austenite phase (after the British 
scientist Sir W. C. Roberts-Austen, 1898) and (b) monoclinic low 
temperature martensite phase (after the German Scientist Adolf 
Martens, 1890). 

 

Figure 2.5 Kinetic modes of martensite growth: (a) athermal, (b) isothermal and 
(c) burst [129]. 

 

Figure 2.6 Schematic representation of free energy curves for austenite and 
martensite phases.  ∆Ts is the supercooling required for the martensitic 
transformation [125]. 
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Figure 2.7 Schematic illustration of the martensitic phase transformation: (a) 
austenite unit cell and (b,c) variants of the martensite phase. (d) 
Alternating variants of the martensite are arranged coherently resulting 
in no net shape change [119]. 

 

Figure 2.8 DSC trace of fully annealed (800oC, 0.5-hr) 50.8-NiTi and the 
corresponding transformation temperatures, Ms, Mf, As and Af. 
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Figure 2.9 Classification scheme/criteria for diffusionless phase transformations 
proposed by Cohen et al. [128, 144]. 

 

 

Figure 2.10 Schematic illustration of the crystal structure of NiTi (a) B19’ 
monoclinic unit cell (adapted from [47]) and (b) B2 cubic unit cell of 
NiTi austenite. 
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Figure 2.11 Lattice distortion from B2 to R-phase.  The axes a’, b’, c’ represent the 
principal axes in the lattice distortion [157]. 

 

Figure 2.12 The seven symmetries with the total number of elements within each 
point group is indicated in the parenthesis.  The group at the bottom of 
a connecting line is a subgroup of that on the top [119]. 

 

Figure 2.13 Schematic illustration of kinematic compatibility [119]. 
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Figure 2.14 Bain transformation matrix for 12 martensite variants theoretically 
possible in Ni-Ti. α = 1.0243, γ = 0.9563, δ = 0.058, and ε = -0.0427 
[65, 162] 

 

Figure 2.15 The lattice correspondence variants (LCVs) for B2-B19’ in NiTi [163]. 
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Figure 2.16  Twinning modes and twinning elements theoretically possible in a B2-
B19’ transformation in NiTi [119]. 
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Figure 2.18 The various twinning modes possible between different combinations 
of 12 variants taken in pairs.  A, B, C and D represent the twinning 
modes as indicated in Figure 2.16 and N represents a non-generic twin 
[119], although none have been observed to date. 
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Figure 2.19 Various twins observed in B19’ martensite upon transformation from 
B2 – B19’ [168, 169]. 
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Figure 2.20  Schematic illustration of crossing twins (reproduced from [119]). 

 

Figure 2.21 Classification of twins based on their physical origin [158]. 

 

Figure 2.22 (a) Schematic illustration of austenite-martensite interface (habit plane) 
showing the twin relationship of variants I and J (b) A, B are the 
deformation gradients (reproduced from [119]). 
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Figure 2.23 Schematic illustration of wedge, triangle and diamond microstructures.  
The grey areas may be internally twinned also [176]. 

 

Figure 2.24 Variation of effective stress for transformation as a function of (a) 
temperature and (b) hydrostatic stress component at transformation for 
differing stress states at 20 °C [188]. 

 

Figure 2.25 Free energies of the austenite and martensite phases as a function of 
temperature (a) in the absence of stress and (b) in the presence of an 
applied stress [127]. 
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Figure 2.26 Schematic illustration of the transformation (or invariant plane) strain 
into its components. P1 is the habit normal, m1 is the magnitude of 
shape strain, d1 is the shape strain direction (redrawn from [199]) . 

  

Figure 2.27 Pseudoelasticity in Ni-Ti alloys 

 

Figure 2.28 Schematic illustration of superelastic effect. 
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Figure 2.29 σ-T phase diagram of Ni-Ti indicating the SE window  [195]. 
 
 

 

Figure 2.30 Mechanism of shape-memory effect (SME). (a) austenite, (b) self-
accommodated martensite, (c-d) deformation of martensite through 
variant coalescence, (d) reverse transformation [198]. 
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                                 (a)                                                                (b)     

Figure 2.31 (a) Deformation of conventional alloy vs. (b) shape memory alloy 
[119]. 

 

 

Figure 2.32 Three dimension stress-strain-temperature schematic for shape memory 
alloys (adapted and reproduced from Duerig et al., and Ryhänen [24, 
208]). 
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Figure 2.33 Mechanism of all-round shape memory effect (ARSME) [219-221]. 

 

Figure 2.34 Simulated electron diffraction pattern of R-phase (space group P-3). 
Pattern indexing is with respect to <001> zone. The pattern is 
calculated using Crystal Maker’s Single Crystal software program. 
Compare the pattern with that of Hara reproduced in [47]. 
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Figure 2.35 X-ray peak splitting due to the transformation from B2 - R-phase [235]. 

 

Figure 2.36 Transformation path for martensitic transformations possible in NiTi 
alloys [47]. 

 

Figure 2.37 R-phase transformation identified on a DSC scan : (a) Asymmetric 2-
peak/1-peak transformation and (b) Symmetric 2-peak/2-peak 
transformation. 
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Figure 2.38 Stress-strain curves of 50.5-NiTi single crystals aged at 400oC (1-hr) 
after solution-treatment (ST).  The alloy exhibits both shape memory 
and superelasticity [63]. 

 

Figure 2.39 TTT diagram computed after the aging behavior of Ti-52Ni at.% 
(reproduced from Nishida et al. [70]) 
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(a)  
 

(b)  
 

(c)  

Figure 2.40 TTT diagram computed after the aging behavior of Ti-(52, 54, 56 at.%) 
Ni (adapted and redrawn from Kainuma et al. [71]). 
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Figure 2.41 Phase diagram of Ni-Ti binary alloy [47, 257]. 
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Figure 2.42 (a) The atomic arrangement of Ni and Ti atoms in a single unit cell of 
Ti3Ni4 precipitate composed of six layers, (b) lattice distortion of the 
matrix surrounding the precipitate, (c) TEM micrograph of Ti3Ni4 
formed during the aging of Ti-51Ni at 500°C for 150 hrs [256]. 

 

Figure 2.43 Crystal structure of orthorhombic Ti2Ni3 (at 20°C). Space group is 
Bbmm and the lattice parameters are a = 4.398 Å, b = 4.370 Å, c = 
13.544 Å (at 25 °C) [73]. 
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Figure 2.44 Effect of Ni concentration of the martensite start temperature, Ms [270]. 

 

Figure 2.45 Effect of different alloying elements on the martensite start temperature 
in NiTi alloys: Al, Au, Co, Cr, Fe, Hf, Mn, Pd, Pt, V, Zr. Adapted from 
[47]. 
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Figure 2.46 Effects of aging time on the transformation temperatures of 51-NiTi (a) 
aging at 500oC, (b) aging at 400oC. (c) Effect of aging temperature on 
the transformation temperatures of 51-NiTi (aged for 1hr) [234]. 

 

Figure 2.47 Variation of transformation temperatures with number of aging cycles 
between 440oC and 550oC for 51-NiTi alloy. The aging time at 440oC 
is 24hrs and at 550oC is 10min/1hr/24hrs/48hrs [47, 269, 278]. 

 



143 

 

Figure 2.48 Preferential precipitation of Ti3Ni4 phases at the grain boundary (GB) 
and near the Ti4Ni2O in the grain interior (GI) after aging for (a) 1hr, 
(b) 10hrs.  Heterogeneous precipitation magnified near the grain 
boundary after aging for (a) 1hr, (b) 10hrs [270]. 

 

Figure 2.49 Cold rolled (15%) 50.6-NiTi exhibiting (a) slip bands and (b) 
martensite plate along with high dislocation density.  Annealing at 
400oC for (c) 15 min and (d) 20 min leads to the formation of well 
developed dislocations cells that grow with increasing annealing time 
[303]. 
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Figure 2.50 Cold-worked (10%) + annealed (400oC) 50.6-NiTi alloy structure after 
(a) 0.5hr, (b) 2hrs and (c) 4hrs.  The Ti3Ni4 precipitates decorate the 
dislocations in the alloy after annealing at 400oC for (d) 2hrs and (e) 
4hrs, the dislocations can be seen to bend at the precipitates.  The 
selected area diffraction in (f) shows the extra sports from the 
precipitates [281]. 

 

Figure 2.51 Different types of stress-strain curves observed in NiTi alloys [234]. 



145 

 

Figure 2.52 Stress-strain curves for 50-NiTi as a function of temperature [234]. 

 

Figure 2.53 Stress-strain curves for 51-NiTi as a function of temperature [234]. 
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Figure 2.54 Yield stress versus temperature for 50-NiTi, 50.5-NiTi and 51-NiTi 
[234]. 

 

Figure 2.55 Temperature effects on the SE behavior of commercial 50.8-NiTi [39] 
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.Figure 2.56 Variation of the superelastic characteristics such as plateau stress and 
the tensile strength of 50.8-NiTi as a function of temperature [39]. 

 

Figure 2.57 (a) Improvement in pseudoelasticity with work-hardening followed by 
annealing at 400oC for 1hr (tests were conducted at 50oC). [92]. (b) 
Effect of grain size on the pseudoelasticity of 50.5-NiTi [318]. 
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Figure 2.58 Influence of thermomechanical treatment on the mechanical behavior 
of 49.8-NiTi as a function of temperature: (a) ST at 1000oC (1hr) + 
annealing at 400oC (1hr). (b) Cold-work + annealing at 400oC (1hr) 
[45]. 

Figure 2.59 TEM images of 49.8-NiTi as a function of annealing temperature for 
1hr: (a) cold-rolled, (b) 400oC, (c) 500oC, (d 600oC [47] 
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Figure 2.60 Stress-strain curves of 50.6-NiTi alloy aged at 500oC for 1hr after 
1000oC solution-treatment for 1hr [47]. 

 

Figure 2.61 Stress-strain curves of 50.6-NiTi alloy aged at 400oC for 1hr after 
1000oC solution-treatment for 1hr [47]. 
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Figure 2.62 TEM images of 50.6-NiTi solution-treated at 1000oC for 1hr followed 
by a second aging treatment at (a) 400oC, (b) 500oC and (c) 600oC [47]. 

 

Figure 2.63 Stress-strain curves of 50.6-NiTi alloy cold-worked + aged at 400oC for 
1hr [47].  
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3 EVOLUTION OF MULTIPLE-STAGE 

TRANSFORMATIONS (MST) IN NICKEL-RICH 50.8-NiTi: 

EFFECTS OF AGING AND COOLING RATE ON THE SHAPE 

MEMORY CHARACTERISTICS 

3.1 Abstract 

Ni-rich 50.8 at.% NiTi has become the workhorse of the Nitinol superelastic 

applications in the medical industry for either guide-wire applications or superelastic 

stents.  Reversible superelastic strains and mechanical properties of this alloy are 

typically optimized using a series of thermomechanical treatments [1] during the 

production and component manufacturing cycles.  While the effect of aging heat 

treatments for short (1-15min), intermediate (0.5-10hrs) and prolonged (24-100hrs) 

aging times on the transformation temperatures and the superelastic properties of the 

50.8-NiTi has been extensively investigated in the past, the influence of cooling rate 

(at the end of the aging schedule) viz., water quenched (WQ), air cooled (AC), and 

furnace cooled (FC), on the transformation behavior has not been given sufficient 

attention, especially in Ni-rich Ni-Ti alloys.  The importance of the cooling rate stems 

from its influence on the multiple-step martensitic (MST) transformations in Ni-rich 

NiTi alloys and hence on the transformation temperatures.  In the present work, it is 

shown that the cooling rates indeed have sufficient impact not only on the 

transformation temperatures, but also on the transformation sequence of various 

phases involved in the martensitic transformations.  Thus, a systematic treatment of 
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the effects of aging treatments (300-700oC) and cooling rate on the phase 

transformations is presented.  The current work also investigates the evolution of MST 

in 50.8-NiTi alloy under aging at low (300-400oC) and intermediate temperatures 

(500-700oC) by varying the aging times (0.5, 1, 5hrs).  The evolution of the 

martensitic transformation was accomplished through a series of partial transformation 

cycles using differential scanning calorimetry (DSC) methods.  Finally, the effects of 

aging temperature, time and the rate of cooling on the superelastic properties, such as 

plateau stress, and on the mechanical properties, such as tensile strength and ductility, 

are examined. 

3.2 Introduction 

From an engineering point of view NiTi, popularly known as Nitinol, is an 

advanced functional alloy whose distinctiveness stems from its unique ability to 

‘memorize’ predetermined shape(s): even after severe deformation of several (strain) 

percent they are capable of returning spontaneously to their original, pre-deformed 

shape upon certain thermal conditions [2-4].  This phenomenon, termed ‘shape 

memory’ (SM) behavior, is both thermal and mechanical in nature.  Additionally, the 

alloy exhibits another remarkable property, namely superelasticity (SE), where the 

material exhibits an ability to deform to very high strains of 6-10% and recover the 

original pre-deformed shape spontaneously upon unloading.  Unlike the shape 

memory behavior, materials exhibiting superelasticity do not require any thermal 

changes to display superelasticity; however, ambient temperature can affect SE.  It is 

now known that the SM effect and SE are unique properties of certain alloy systems 
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that arise from a (reversible) thermo-elastic behavior of the alloy that has its basis in a 

temperature-induced diffusionless, solid-solid first-order transformation (high 

temperature austenite to low-temperature martensite) involving a change in crystalline 

symmetry [4].  Since the 1990’s, the demand for Nitinol products has seen resurgence, 

especially in the medical community, as a result of the ever growing roster of medical 

devices and applications [5-9].  To the question, ‘what mobilized such a growth?’, 

Duerig et al. [6] advance, among many possible reasons, the medical community’s 

drive towards minimally invasive medical procedures [10, 11] and the commercial 

breakthrough of the stents that revolutionized the medical industry [6, 12-14].  A shift 

towards minimally invasive medical procedures necessitated the availability of novel 

medical instruments with unconventional properties, and Nitinol specifically 

addressed itself to this task.  Compared to the cryogenic alloys required in couplings 

and fasteners [15, 16], or high-Ms alloys necessary in actuator applications [17], the 

medical applications were based on implants that demanded optimal performance at or 

around the body temperature (37oC); this is the temperature window where the Nitinol 

alloys excelled, in addition to having excellent biocompatibility [18].   

The current industry standard Nitinol alloy is the near-equiatomic 50.8 at.% 

NiTi alloy (henceforth designated as 50.8-NiTi) that has become the workhorse of 

most superelastic medical applications [1, 19, 20].  It is known that Ni-rich NiTi alloys 

with Ni composition greater than 50.6 at.% undergo precipitation reactions, where 

metastable phases such as Ti3Ni4, Ti2Ni3 and TiNi3 precipitate in seriatim during aging 

between 300oC and 800oC [21-23].  The nature of the phases that precipitate is a 

strong function of Ni composition and aging parameters (temperature and time) [23, 
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24]. However, the most important impact of the Ni composition on the usage of a 

particular Ni-Ti alloy is its influence on the transformation temperatures; it is known 

that an increase in Ni composition by 1% from 50.5 to 51.5 at.% decreases the Ms 

(martensite start temperature) to below 100 K (in solution treated condition) [25, 26].  

Since the transformation temperatures (especially Af, the austenite finish 

temperature) are an important indicator for the type of application of a certain Ni-Ti 

alloy, several studies [27] on the influence of thermomechanical treatments, 

specifically, either cold work or aging, or a combination of both, are extant in the 

literature [15, 22, 28].  While the traditional simplified view of phase transformations 

occurring in Ni-Ti alloys involves only one-stage cubic austenite (B2) to monoclinic 

(B19’) martensite transformation (transformation strains ~ 6-10%), the influence of 

cold work, i.e., high density of dislocations [29-31] and the presence of Ni-rich 

precipitates in Ni-rich (Ni > 50.6at.%) Ni-Ti alloys contribute to a more complex two-

stage, three-stage or even four-stage transformations, collectively termed ‘multiple 

stage transformation’ (MST) [22, 26, 27, 31-43].  It is now known that the 

introduction of a dislocation network/substructures or precipitates into the Ni-Ti 

matrix can act as obstacles to the direct B2-B19’ transformation [31, 35, 37, 41].  As a 

result of this barrier, a competing martensitic transformation, B2→R-phase that 

involves lower transformation strains (~1-2%), becomes feasible and dominant.  

Further transformation occurs as R-phase converts to B19’, thus leading to a two-step 

process that is seen as a double peak (two-stage) on the differential scanning 

calorimetry (DSC) trace.  The heating cycle however, involved only one large peak 

indicating that the B19’→B2 transformation occurred in one step.  Yet, it was 
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observed that aged Ni-rich NiTi alloys exhibited three DSC peaks during cooling from 

austenitic phase, instead of a two-stage transformation [29, 30, 44-48].  Since the Ni-

Ti alloy did not exhibit any competing martensitic transformation, other than to R-

phase and B19’ phase, there was uncertainty with regards to the correct interpretation 

of the multiple-stage transformation (MST).  Furthermore, according to Carroll et al. 

[35], the DSC peaks evolve from one or two peaks after short aging times to three 

peaks after intermediate aging times and back again to two peaks or one peak after 

long term aging, a behavior termed as ‘2-3-2’ transformation by Allafi et al. [26].   

Bataillard et al. [48, 49] cite the influence of local coherency stress fields 

around the Ni-rich Ti3Ni4 precipitates on the transformation sequence in such a way 

that the B2 matrix initially transforms to R-phase near the regions affected by the 

coherency stresses followed by the second transformation R-phase→B19’.  This 

second transformation occurs in two steps, one near the precipitate and the other in the 

Ni-Ti matrix volume unaffected by the coherency.  Subsequently, Allafi et al. [26] 

have proposed that the 3-stage transformation was due to localized composition 

inhomogeneity in the austenite  due to the precipitation of Ni-rich Ti3Ni4 precipitates 

that deplete Ni from the surrounding matrix.  They implied that since the 

transformation temperatures depend strongly on the Ni composition of the matrix, the 

composition (chemical) inhomogeneity in the volume surrounding the precipitates 

would result in a single B2→R transformation followed by two R→B19’ 

transformations occurring near and away from the precipitates, respectively [35].  

Recently, in situ TEM studies [26, 50] of transformations occurring in aged Ni-rich 

Ni-Ti alloys suggested that, due to the preferential precipitation of lenticular Ti3Ni4 at 
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the grain boundaries, the first DSC peak corresponds to the B2→R-phase 

transformation near the grain boundary (GB) followed by the R-phse→B19’ 

transformation.  Furthermore, the third peak then corresponds to the direct B2→B19’ 

transformation in the precipitate free grain interior (GI) region.  Thus, a large scale 

inhomogeneity in the microstructure due to preferential precipitation of phases near 

the grain boundary was suggested as the main cause behind the multiple-stage 

transformations.  

All of the above theories, i.e., local-scale inhomogeneity in either coherency 

stress fields and chemical composition, or the large-scale microstructural 

inhomogeneity (due to preferential GB precipitation) indicate that the 3-stage 

transformation is the norm rather than the exception [22]. However, Fan et al. [36] 

point out that, typically, single crystals of Ni-rich NiTi alloys with different Ni 

compositions and Ni-rich (e.g., 51.5Ni-Ti) polycrystalline alloys exhibit the normal 2-

stage transformation, whereas only the near equiatomic polycrystalline alloys capable 

of undergoing precipitation reactions (e.g., 50.6-NiTi), exhibit 3-stage 

transformations.  Their study suggested that, while the presence of grain boundaries is 

a necessary condition to create microstructural inhomogeneity due to preferential 

precipitation, it is not a sufficient condition for the 3-stage transformation.  Instead, 

they invoke that it is the degree of supersaturation, which is high in Ni-rich alloys such 

as 51.5-NiTi, that governs the nucleation kinetics of the Ti3Ni4 precipitation and thus 

the MST.  In particular, if the degree of supersaturation is high, as in the case of 

51.5Ni-Ti, the precipitation process is less sensitive to the presence of grain 

boundaries and thus results in a homogeneous precipitation and thus only 2-stage 
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transformation.  If the degree of supersaturation is low, as in the case of 50.6Ni-Ti, the 

precipitation is severely affected by the presence of grain boundaries (GB), since the 

GB nucleation rate is substantially greater than in the grain interior.  This leads to 

large-scale heterogeneity in microstructure and chemical composition between the 

grain boundaries and the grain interior [36].  Thus, they conclude the two opposing 

factors, viz., presence of grain boundaries that instigate preferential precipitation due 

to favorable energetics and the Ni supersaturation level that dictates the nucleation 

rate, govern the distribution of the precipitates and thus the nature of MST, i.e., 2-

stage vs. 3-stage.  They also exclude the possibility of 3-stage transformations in 

single crystals devoid of GBs or in microstructures with small-scale heterogeneities.  

More recently, Michutta et al. [42] studied the transformations in aged single 

crystals of 51.3-NiTi and observed that 3-stage transformations can indeed occur in 

aged Ni-rich single crystals that exhibit homogeneous distribution of the metastable 

Ti3Ni4 precipitates provided that the interparticle spacing is greater than a critical 

value (~ 200 nm).  The three peaks on the DSC trace correspond to the formation and 

growth of R-phase from all the precipitate/matrix interfaces, followed by the 

formation and growth of B19’ phase along the same interfaces.  The final 

transformation peak corresponds to the B2-B19’ transformation.  Thus, Michutta et al. 

[42] put forward a general proposal regarding the MST: (a) MST occur in Ni-rich NiTi 

alloys that exhibit large scale (10µm) microstructural heterogeneities (due to 

preferential precipitation near GBs in polycrystalline Ni-Ti, differences between the 

dendritic and interdendritic regions in cast single crystals, heterogeneous distribution 

of oxide and carbide inclusions and variable grain sizes across the specimen cross 
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section). (b) MST can also occur in the absence of large-scale microstructural 

heterogeneities, for example in aged Ni-rich NiTi single crystals with a homogeneous 

distribution of the precipitates, provided that the interparticle spacing is greater than a 

threshold value (~ 200 nm).   

In the above discussion, whether the microstructure is heterogeneous (due to 

preferential GB precipitation) or homogeneous (with interparticle spacing greater than 

200 nm), the 3-stage transformation was identified as the B2→R phase transformation 

near the precipitates followed by the R→B19’ transformation, and the final peak was 

identified as B2→B19’ transformation in the precipitate free matrix [26, 31, 33, 36, 

37, 39, 42, 50].  Additionally, as mentioned earlier, Bataillard et al. [49] suggested an 

alternative sequence for the 3-stage transformation based on the effect of coherency 

stresses around Ti3Ni4 precipitates: the first step consists of B2→R phase 

transformation nucleating at the precipitate/matrix interfaces and growing into the 

matrix. The second peak corresponds to the transformation of R→B19’ near the 

precipitate region affected by the coherency stresses followed by the R→B19’ peak 

representing the transformation in the matrix; thus totaling one B2→R and two 

R→B19’ (1R-2M) transformations.  More recently, it has also been reported that 3-

step transformations in deformed and low-temperature (200oC-300oC) aged (i.e., with 

prior thermomechanical history) 50.6-NiTi alloy may consist of two B2→R phase 

transformation followed by one R-phase→B19’ transformation (2R-1M) [51-53] or 

even two B2→R-phase and two R→B19’ phase transformations (2R, 2M) (in total, 4-

stage transformation) [52, 54] that was rationalized by invoking the inhomogeneous 

distribution of dislocations or grain size.  
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More recent results have also indicated additional complexity in the 

transformation sequence: Neutron and X-ray diffractions studies indicated that in 

some alloys, the first DSC peak corresponds to the formation of both the R-phase and 

the B19’ martensitic transformation; thus a single DSC peak is not necessarily tied to a 

single martensitic transformation event [55, 56].  In another study of MST in single 

crystal NiTi alloys with compositions: 50.1, 50.4, 50.8 and 51.5 at.% Ni, Johnson et 

al. [39], first to report the occurrence of an unprecedented MST in 50.1-NiTi alloys 

and suggest that they are associated with single crystal defects such as dendrites and 

low-angle boundaries.  They observe, in addition to the 2/2-stage B2→R→B19’ 

transformations, the 3/2-stage, 3/3-stage and even 4/4-stage transformations.  

Furthermore, the presence of the same defects in higher Ni content single crystals does 

not elicit similar MST.   

Thus it can be summarized [35] that the occurrence of MST is governed by 

local or small-scale inhomogeneity (coherency stress fields, compositional fluctuation, 

precipitation with a critical interparticle spacing) associated with the precipitation of 

metastable phases such as Ti3Ni4, large-scale inhomogeneity characterized by 

preferential grain-boundary precipitation and precipitate free matrix, presence of 

single crystal defects such as dendrites and low-angle boundaries, and the 

thermomechanical process that cause heterogeneity of both dislocations and 

precipitate distribution.   

The above introduction is not only meant to aid in the analysis of the MST 

observed in the current work, but also to point out that there exists no uniform 

description of the causes of MST observed in several Ni-Ti alloys.  Furthermore, as 
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Fan et al. point out [36], the sequence of the transformations may vary with 

composition, aging temperature and time and prior thermomechanical treatment.  

Carroll et al. [35] summarize that it is a challenging task to differentiate between the 

relative importance or degree of influence of each of the above mechanisms on the 

multiple phase transformations.  In all likelihood, the multiple mechanisms could be 

concomitantly affecting the MST; but whether the multiple transformations occurring 

concurrently are synergistic or independent, or if they are interfering with each other is 

still unclear.  

While the effect of aging heat treatments for short (1-15min), intermediate 

(0.5-10hrs) and prolonged (24-100hrs) aging times on the transformation temperatures 

and the superelastic properties of the 50.8-NiTi has been extensively investigated in 

the past [1, 57], the influence of cooling rate (at the end of the aging schedule) viz., 

water quenched (WQ), air cooled (AC), and furnace cooled (FC), on the 

transformation behavior has not been given sufficient attention.  The few known 

studies [19, 58] have focused on equiatomic rather than the Ni-rich Ni-Ti alloys.  The 

importance of the cooling rate stems from its influence on the multiple-step 

martensitic (MST) transformations in Ni-rich NiTi alloys and hence on the 

transformation temperatures.  In the present work, it is shown that the cooling rates 

indeed have sufficient impact not only on the transformation temperatures, but also on 

the transformation sequence of various phases involved in the martensitic 

transformations.   

Thus, a systematic treatment of the effects of aging treatments (300-700oC) 

and cooling rate on the phase transformations and the superelastic and mechanical 
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properties is presented.  Typical applications of 50.8NiTi involving small geometry 

parts such as wires or stents may not show much variation in their transformation 

characteristics with respect to cooling rates between AC and WQ, since the smaller 

volume parts cool rapidly to the room temperature under both AC and WQ conditions.  

However, with burgeoning interest in the Ni-Ti alloys for seismic [59-61] and other 

structural and dynamic impact applications [62-66], which will necessarily entail 

larger parts and/or intricate geometries, their functional characteristics may certainly 

be affected by the difference in cooling rates during various cycles of 

thermomechanical heat treatments.  Indeed, as Figure 3.1 indicates (adapted from [67, 

68]), the difference in cooling rates affect the hardness of the Ni-rich alloys.  

Furthermore, recent studies on Ni-rich 55-NiTi alloys [23, 69-72] have shown that by 

varying the cooling rates, one can produce shape memory or superelastic Nitinol from 

the same ingot without any additional thermomechanical treatments, indicating a 

considerable influence of cooling rates on the transformation temperatures.  Therefore, 

as the interest in newer Ni-rich NiTi alloys is seeing resurgence, it is timely that a 

systematic study of the cooling rate effects is undertaken.   

The current work also investigates the evolution of MST in 50.8-NiTi alloy 

under aging at low (300-400oC) and intermediate temperatures (500-700oC) by 

varying the aging times (0.5, 1, 5hrs).  The evolution of the martensitic transformation 

was accomplished using partial transformation using differential scanning calorimetry 

(DSC) methods.  DSC is the most routinely used method to characterize the phase 

transformation temperatures occurring in bulk NiTi shape memory alloys.  While early 

DSC traces exhibited only single or double peaks, indicating 1-stage or 2-stage 
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transformation corresponding to straightforward B2→R and R→B19’ transformations, 

with the discovery of the aforementioned multiple stage transformations, the 

interpretation of the DSC peaks and the transformation sequence has become non-

trivial.  Thus, partial DSC cycles are becoming commonplace in elucidating the nature 

of the MST [33, 36, 40, 43, 47, 73].  Finally, the effects of aging temperature, time and 

the rate of cooling on the superelastic properties such as plateau stress, and on the 

mechanical properties (UTS, ductility) are examined here. 

3.3 Experimental 

3.3.1 Materials and microstructure 

The near-equiatomic 50.8 at.% NiTi Nitinol material used in the current work 

was obtained in the form of 1mm thick sheet from Johnson Matthey (San Jose, CA). 

The sheet material was obtained in a flat annealed condition (typically aged at ~510–

525oC for 5-10 min following a routine 10-30% cold rolling process) that optimizes its 

superelastic strains.  Numerous dog bone tensile specimens of a 25 mm gage length 

and measuring 6.4 mm width x 1 mm thickness were cut from these sheets and aged 

between 300±5oC and 700±5oC for 0.5hr, 1hr and 5 hr.  At the end of each aging 

condition (temperature and time), three sample sets were prepared by water quenching 

(WQ), air-cooling (AC) and furnace cooling (FC) the specimens, respectively. Each of 

these processes typically involved cooling rate of the order ~ 103 oC/sec, 1 oC/sec and 

0.01oC/sec, respectively. 

Figure 3.2(a, b) shows the optical microstructures of the as-received (AR) and 

the solution-treated (ST at 800oC, 1hr) 50.8NiTi.  Figure 3.2(c) indicates the DSC 
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curves for AR and ST 50.8-NiTi alloy.  The AR sheet material exhibits B2→R→B19’ 

multiple-stage transformation (MST), whereas the ST alloy shows a 1-stage forward 

B2→B19’ and reverse B19’→B2 martensitic transformations, with a hysteresis of 

~40oC [37, 41].  The presence of MST and the sequence of martensitic transformations 

in the AR material are discussed in detail in the following section.  Based on the DSC 

results, the AR material was in superelastic-austenitic condition at room temperature 

(RT ~ 20oC); the specific transformation temperatures are indicated in Table 3.1.  It 

should be noted that the NiTi sheet material used in the current work is similar to the 

sheet material studied in a recent investigation by Robertson et al. [74, 75], who report 

that, although the apparent grain size of the sheet NiTi was measured as ~15-20 µm, 

TEM observations revealed the existence of sub-grain structure of the order ~10nm.   

3.3.2 Texture Measurements 

Texture measurements of the 50.8-NiTi sheet in as-received and aged 

conditions were measured with SCINTAG X1 X-ray diffraction (XRD) system with 4-

circle goniometer utilizing Cu-Kα (λ=1.5405 Å) radiation source (40kV, 20mA).  

Samples measuring 15mm x 15mm x 1mm were cut from the as-received sheet and 

were aged at 550oC (10 min) and 800oC (1hr) followed by WQ.  The samples were 

then polished to diamond finish and prepared for optical microscopy examination.  

The optical micrographs, shown in Figure 3.2, reveal the presence of ‘needle’ 

martensite in some grains produced due to the stresses applied during mechanical 

polishing.  Prior to the X-ray texture measurements, the samples were heated above 

60oC and gradually cooled back to room temperature (20oC) ensuring that the material 
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is fully cubic austenite condition.  Since 50.8-NiTi is a Ni-rich Nitinol, aging this alloy 

between 300oC and 600oC leads to the precipitation of Ni-rich metastable phases such 

as Ti3Ni4 and Ti2Ni3 [1, 21-24].  However, the precipitation kinetics are such that the 

precipitation of the Ti3Ni4 phase is optimized between 300oC and 500oC, with peak 

values around 400oC [1, 76] for 50.8-NiTi.  Aging between 500oC and 550oC brings 

about the gradual dissolution of Ti3Ni4 along with the activation of recovery processes 

(dislocation annihilation) [1, 76]; with further aging leading to the formation of the 

second metastable phase Ti2Ni3. Since the aging leads to the precipitation of Ni-rich 

phases, a concomitant increase in the transformation temperatures (Af) is observed in 

the alloy due to the removal of Ni from the matrix [32], thus making the martensitic 

phase stable at room temperature.  However, 50.8-NiTi aged at 550oC for 10min 

adjusts the matrix Ni concentration such that the alloy is in the austenitic state; thus 

this aging treatment was chosen to measure the texture evolution of the austenitic 

phase.  Additionally, annealing at 800oC homogenizes the alloy and causes 

recrystallization and grain growth, evident in Figure 3.2(b); once again producing an 

austenitic phase.   

The crystallographic texture of the austenitic phase was determined from three 

‘incomplete measured’ pole figures of 110, 200 and 211, similar to Robertson et al. 

[75, 77].  The X-ray intensities were background corrected and the orientation 

distribution function (ODF) was obtained using the popLA (preferred orientation 

package – Los Alamos) software package.  The ODF were then used to calculate the 

100, 110 and 111 pole figures (PF) and inverse pole figures (IPF), as shown in Figure 

3.3 (equal area projection).  As the data indicate, the sheet material exhibited typical 
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<110>-type rolling texture along with a spread in other minor components (see Table 

3.1) similar to the α-fiber texture [75, 77, 78]; the {111} was the strongest normal 

direction (ND) component.  With aging at 550oC and 800oC, the texture evolved by 

strengthening the {111}<110> component; such strengthening behavior was recently  

independently reported by Robertson et al. [77] and Fernandes et al. [78].  Since the 

texture determines the shape memory characteristics, such as recoverable strains, 

plateau stresses and anisotropy of mechanical properties (UTS, ductility), this 

attendant texture variation with aging should be kept in mind during 

thermomechanical processing.   

Table 3.1 Transformation temperatures measured in as-received (AR) NiTi sheet. 
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‡ The transformation temperatures are determined by a DSC with Rs, Rf, Ms, Mf and As, Af being the R-
phase, martensite and austenite start and finish temperatures.  However, as discussed in the Results 
section, the as-received alloy exhibits {(A→R) + (R→M1) + (R→M2) || (M→R) + (R→A)} forward || 
reverse transformation sequence. 
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3.3.3 Experimental  Procedure 

The phase transformation temperatures were measured using a cryo-

differential scanning calorimeter (DSC) (Perkin Elmer Pyris 7 series) in a helium 

atmosphere.  DSC samples typically measuring 90 mg were cut from the aged samples 

and sealed in Al pans and were heated to 80oC and held for several minutes.  

Subsequently, complete heating and cooling cycles were performed between 80oC and 

-110oC at a rate of 20oC/min.  In order to identify individual phase transformations 

(corresponding to different peaks on a DSC chart), partial heating and cooling cycles 

were performed with different starting and ending temperatures, as was necessary.  In 

all the DSC traces, the top and the bottom curves represent the cooling and heating 

cycles, respectively.   

Quasi-static tension tests were conducted using a servohydraulic load frame at 

a strain rate of 5 x 10-4/s.  The Nitinol samples were sequentially unloaded from 

strains of 3%, 6% and 10%.  Whenever the samples did not recover the loading strains 

upon unloading, the specimen was heated above 80oC at constant zero load condition 

using an electric tape-heater wound around the gage length of the specimen.  The 

completion of the reverse transformation was easily noticeable as the extensometer 

recordings changed from decreasing strain to increasing strain, corresponding to a 

change from reverse transformation to thermal expansion of the specimen.  The 

specimen was then cooled using forced convection by a fan until the sample 

temperature returned to the ambient temperature (20oC) and the subsequent loading 

cycle was initiated.    
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3.4 Results and Discussion 

3.4.1 Phase Transformations: DSC Results 

3.4.1.1 As-Received: Transformation sequence 

Figure 3.4(I a) indicates the full DSC scan of the AR 50.8-NiTi sheet material.  

The cooling cycle (top curve) exhibits three peaks 1-2-3, whereas the heating cycle 

(bottom curve) shows only two peaks, 4-5, thus showing a 3-step/2-step multiple stage 

transformation (MST).  The partial DSC cycles are shown in Figure 3.4(I b-d).  The 

partial cycle (I b) indicates that 1 and 1’ are B2→R phase, and its reverse 

transformation, R→B2, respectively, since its temperature hysteresis is quite small 

(<10oC) compared to the B2→B19’ or R→B19’ transformation.  The cooling cycle (I 

c) partially terminates before the end of peak-2 and the heating cycle exhibits an 

enhancement in the transformation heat (represented by the area under the peak) of 

peak 1’, resembling more closely peak 5 in the full scan.  The final partial cooling 

cycle (I d) now includes a part of the stage-3 transformation and upon heating 

develops into the peak 4 (only seen as a partially formed shoulder).  Furthermore, a 

full DSC scan between -100oC to -40oC (not shown) indicated the presence of only 

peak 3 and not peak 2, suggesting that peaks 3-4 belong to a pair of the 

transformation.  Henceforth the cubic B2 austenite, monoclinic B19’ martensite, and 

trigonal R-phase will be denoted as A, M and R, respectively.  Since the peaks 1, 2 in 

the forward transformation correspond to peak 5 and peaks 3 and 4 are a pair, it can be 

seen that there are two possibilities: 
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(a) 1, 2 are A→R and R→M1 (martensite-1) transformations and 3 is R→M2 

(martensite-2) transformation; and peak 4 represents the reverse M2→R 

transformation, whereas peak 5 corresponds to an overlap of the M1→R and R→A 

transformation; or, 

(b) 1, 2 are two B2→R-phase (R1, R2) transformations and 3 is one single R-

phase→M transformation; and peak 4 corresponds to the reverse M→R-phase and 5 to 

the R→B2 phase conversion.   

Let us first discuss scenario (b): This is supported by Kim et al. [51] who 

consider a solution-treated Ni-rich 50.9-NiTi subjected to both short and long term 

aging treatment (0 to 3000hrs) at low temperatures (200-300oC), and Chrobak et al. 

[52] who consider a cold-rolled (15% cold-work) 50.6-NiTi aged at 400oC for very 

short times (0.25-0.5hrs).  Kim et al. [51] explain the double R-phase transformation 

based on a modified Bataillard [49] explanation; the first R-phase forms near the 

precipitate-matrix interface followed by the second peak corresponding to the second 

R-phase transformation in the matrix (between the precipitates) before finally 

transforming into the B19’ martensite (peak 3).  Chrobak et al. [52] give an alternate 

explanation for this 3-stage transformation based on the heterogeneous distribution of 

dislocations in a cold-rolled NiTi: The first R-phase forms in low dislocation density 

regions followed by the R-phase in high dislocation density before finally 

transforming into B19’.  

Scenario (a) has been supported by several studies: Moraweic et al. [29, 30] 

who explained the first peak as B2→R followed by R→B19’ in two stages due to the 

interruption of B19’ martensite by the dislocation substructures (subgrain boundaries) 
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that required additional undercooling; Bataillard et al. [49] who invoked the influence 

of coherency stress around the Ti3Ni4 precipitates (discussed earlier); Allafi et al. [26, 

32, 37, 41] who rationalized the MST as governed by the chemical inhomogeneity 

near the precipitates (Ni-depleted regions near the precipitates transform at higher 

temperatures than the Ni-rich regions far from the precipitate [32]) and alternatively, 

by large-scale heterogeneous or preferential  grain boundary precipitation [32, 36, 37, 

41, 50]; and even through small-scale homogeneous precipitation governed by 

interparticle spacing [38].  If indeed 1, 2 represent two B2→R phase transformations, 

then the temperature hysteresis should be <10oC.  However, from Figure 3.4(I c,d), the 

temperature hysteresis is >50oC, suggesting that scenario (a) is the most likely 

sequence, with the R→M2 (peak-3) transformation completing below -100oC.   

The AR 50.8-NiTi material in this study had undergone a cold-rolling (10-

30%) cycle (followed by a short term aging between 510 and 525oC for 5-15min 

(depending on the proprietary information of commercial Ni-Ti alloys).  Comparing 

with the observations from: (i) Chrobak et al. [31] who study cold-rolled 50.6-NiTi for 

short aging times between 5-15 min at 400oC; (ii) Frick et al. [73] who investigate 

cold-rolled (30%) 50.9-NiTi aged at 450oC and 550oC for 1.5hr; and (iii) based on the 

time-temperature-transformation (TTT) diagram for 50.8-NiTi prepared by Pelton et 

al. [1], the likely scenario for the 3-stage/2-stage MST observed for the AR material in 

the current study is a combined influence of two intertwined processes of dislocation 

density and precipitate growth.  Aging influences both the processes of dislocation 

annihilation (recovery during annealing) and precipitate growth.  Aging heat treatment 

of a cold-rolled sheet material is likely to produce a complex microstructure 
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containing relatively large densities of dislocations and precipitates that are 

interwoven in such a way that precipitation may occur mainly on dislocations, act as 

obstacles for dislocation movement, and may hinder the recovery process.  This 

scenario is indeed supported by some studies in the literature [31, 52, 73], which 

showed intricate microstructures containing dislocations decorated with precipitates.   

Thus, the heterogeneity of both the dislocations and precipitate distribution 

leads to the inhomogeneity of Ni composition in the matrix and lead to two R→M 

(M1, M2) transformations [31].  Also, according to the TTT diagram of (strain 

annealed) 50.8-NiTi by Pelton et al. [1], the metastable Ti3Ni4 precipitates begin to 

dissolve into the matrix between 500oC and 550oC (variable depending on the prior 

cold-work) with concomitant recovery [52] depending on the aging times.  Annealing 

above 600oC leads to recrystallization and a rapid decrease in dislocation density of 

cold-worked 50.9-NiTi [73], and beyond 700oC, the material is homogenized (ST), 

thus affecting the transformation temperatures.  

3.4.1.2 Effect of aging Temperature (Aged+WQ): Evolution of MST 

Figure 3.5 shows the cooling (top) and heating (bottom) DSC curves of AR 

50.8-NiTi aged between 300oC and 700oC for 0.5hr, 1hr and 5hr, respectively, 

followed by water quenching (WQ).  Figure 3.6 shows a comparison of the 

transformation (DSC traces) in 50.8-NiTi as a function of cooling rate for various 

aging conditions (300oC-700oC, 0.5-hrm 1-hr, and 5-hrs).  Referring to both Figure 3.5 

and Figure 3.6, the following observations can be made: 

 



 

 

198

(a) Aging at 300oC-0.5hr:  The 50.8-NiTi alloy aged at 300oC-0.5hr exhibits a 

3-stage/3-stage DSC trace with three peaks in both cooling and heating cycles, 1-2-3 

and 3’-2’-1’, respectively, in the order of appearance.  The partial cooling cycles (not 

shown) revealed that these peaks correspond to the pairs of transformations, 1↔1’, 

2↔2’ and 3↔3’, that represent A↔R, R↔M1 and R↔M2 forward and reverse 

transformations, respectively.  This suggests that the peak 5 in the DSC chart of the 

AR material that corresponds to an overlap of R→M1 and R→A transformations has 

split into two separate transformations.  This is understandable, since aging 50.8-NiTi 

at 300oC-0.5hr leads to a single precipitation reaction of Ti3Ni4 (also indicated as 

Ti11Ni14 in the literature), which depletes the Ni from the nearby matrix [1].  Since 

decrease in Ni composition leads to an increase in the transformation temperature [22, 

32], it can be seen from Figure 3.5(a) that the A→R transformation temperature (Rs) 

increases from 16oC (in the AR specimen) to 25oC; correspondingly, the reverse 

transformation R→A also moves forward in temperature scale.  However, since peaks 

2 and 3, representing R→M1 and R→M2, respectively, are relatively unchanged 

(transformation temperatures for these peaks advance only by a few degrees), the 

reverse transformations also advance by a smaller amount compared to the A↔R 

transformation (peak 1↔1’).  This leads to the separation of peak-5 in Figure 3.4(I-a) 

into two peaks, 2’ and 1’.  The reason for a smaller increase in the transformation 

temperature (TT) of peaks 2 and 3 may be rationalized as follows: Carroll et al. [35] 

posit that in the case of R-phase (smaller transformation strains) the nucleation barrier 

is small enough that the difference between To
R (thermodynamic equilibrium 

temperature between A and R-phase) and observed Rs (on a DSC chart) is negligible; 
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whereas, M has a significant nucleation barrier (large transformation strains in 

addition to barriers such as dislocations and precipitates that resist the large 

transformation strains) that To
M (thermodynamic equilibrium temperature between R-

phase and M) and the observed Ms is significant that it requires a certain level of 

undercooling to induce R→M transformation.  Thus, aging at 300oC-0.5hr is not 

sufficient to influence the peaks 2 and 3 (R→M1, M2) transformations by reducing 

the degree of undercooling through either annihilating the dislocations or siphoning 

more Ni from the matrix into the precipitates that may increase the overall 

transformation temperatures.  This, as we will see shortly, occurs at higher 

temperatures where, aging between 350oC and 450oC, 50.8-NiTi exhibits the highest 

precipitation rates for Ti3Ni4 [1] (corresponding to the peak of the ‘c-curve’ in the 

TTT diagram) and the recovery processes (dislocation annihilation) become active at 

aging temperatures ≥ 500oC [1, 52], with recrystallization occurring at aging 

temperatures ≥ 600oC [52, 73].   

 

(b) Aging at 300oC-1 and 5hrs:  Aging at 300oC for longer times of 1-hr and 5-

hr present similar observations as in (a) above: the TT for peak-1, i.e., A→R 

transformation increases steadily to nearly 54oC (see Figure 3.5(b) and Figure 3.6(A-

b,c)).  Correspondingly, the R→A peak-1’ (Af) also advances on the temperature 

scale.  Furthermore, the transformation heats for these forward (A→R) and reverse 

transformations are seen to increase with aging time.  By contrast, the transformation 

heats for 2-2’and 3-3’ forward and reverse transformations are seen to decrease with 

aging time.  If the increase in Rs (or Af) transformation temperature is justified on the 
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grounds of decreased Ni content in the matrix due to the precipitation of Ti3Ni4 phase, 

one may ask why the remaining transformation temperatures are not equally shifted to 

higher temperaures?  The reasons for these observations may be explained as follows.  

It has been suggested in the literature [52, 79, 80] that the peaks in the DSC thermal 

measurements are due to three factors: (i) latent heat of transformation (reversible), (ii) 

internal elastic stored energy (reversible) and (iii) (irreversible) work spent in moving 

the interfaces through the obstacles.  As indicated, (i, ii) are reversible in nature, 

whereas (iii) corresponds to irreversible energies involved in the transformation 

(largely frictional work required by the A and M phases).  While the (i) latent heat of 

transformation is dependent on the mass of transformation, (ii) the internal elastic 

energy and (iii) the irreversible work are influenced by metallurgical conditions (such 

as dislocation structure and density) of the matrix where the martensitic 

transformations are taking place [80].  Given that the aging influences the precipitation 

of Ti3Ni4 phases and hence the Ni composition surrounding the precipitate, during 

longer aging times, the net volume of the matrix near the precipitate that is depleted of 

Ni is increasing.  Thus, this decrease in Ni content not only leads to increasing Rs (or 

Af) temperatures for the A↔R transformations, but also the total volume participating 

in the transformation increases, which in turn increases the transformation heat.  

Furthermore, aging studies between temperatures 300oC and 500oC have shown that 

the precipitation of Ti3Ni4 phase occurs at dislocations and hinders the dislocation 

movement [31, 52]; which indicates that 300oC is not a high enough temperature for 

recovery (dislocation annihilation) that would have altered factors (ii, iii) above.  In 

summary, the two opposing factors of decreasing Ni content (leading to larger 
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transformation temperatures) and the precipitates hindering the movement of 

dislocations result in a decrease in the volume of the matrix participating in the 2, 3 

(R→M1, R→M2) transformations) (see also [31]).  In addition, Chrobak et al. [52] 

show that the A→R phase transformation involves larger elastic energy changes 

(positive) than the R→M transformation (negative), thus affecting factor (ii) above 

and hence the overall transformation heat.           

 

(c) Aging at 400oC-0.5hr and 1hr:  Aging at 400oC for 0.5-hr and 1-hr also 

shows a 3-stage/3-stage MST: 1-2-3 forward and 3’-2’-1’ reverse transformation 

sequence.  As observed for 300oC aging, the peak-5 in AR 50.8-NiTi (that 

corresponded to a combined M1→R and R→A transformation) splits into 2’ and 1’ 

double peak.  Furthermore, the transformation heats for 1↔1’ (A↔R) transformation 

increases with aging time compared to the aged 300oC alloys, and this trend is uniform 

for all aging times (0.5hr-5hr).  By contrast, the transformation heats for 2↔2’, 3↔3’ 

forward and reverse transformations are seen to decrease with aging time (similar to 

the observations for 300oC aging cycles).  In addition, the transformation temperatures 

for peaks 2 and 3 (representing R→M1 and R→M2, respectively) increase by nearly 

20oC; the first R→M1 transformation (peak-2) begins at -20oC (for 0.5hr and 1hr) 

compared to -40oC for the as-received (AR) and the 300oC aging (all aging times).  

This also leads to an increase in the reverse transformation temperatures for peaks-3’ 

and 2’ by the same amount for 0.5hr and 1hr aging times.   
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(d) Aging at 400oC-5hr:  The critical findings for 400oC aging are, however, 

observed at 5hr aging period: peak 3’and 2’ now overlap in the reverse transformation 

during the heating cycle (also see Figure 3.6(B-c)), suggesting that the reverse 

transformation sequence now corresponds to M→R (combination of M1→R and 

M2→R) followed by R→A.  This means that the transformation sequence has evolved 

from {(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→A)} for As-Received ⇒  

{(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→R) + (R→A)} for aging at 300oC 

(0.5hr-5hrs) and 400oC (0.5hr-1hr) ⇒  {(A→R) + (R→M1) + (R→M2) || (M→R) + 

(R→A)} forward || reverse transformation sequence for aging at 400oC-5hrs. 

 

Furthermore, as the TTT diagram suggests [1], the 50.8-NiTi alloy exhibits its 

maximum Ti3Ni4 precipitation rates, leading to their maximum density, at 400oC.  

Since maximum density of Ti3Ni4 should necessarily correspond to a maximum 

reduction of Ni from the matrix near the precipitates, the first transformation 1↔1’ 

(A↔R) should also exhibit the maximum transformation temperatures.  This is indeed 

observed for aging at 400oC, where Rs = 46oC and 55oC (or alternative Af = 50oC and 

58oC) for 0.5hr and 5hr aging times.   The R→M1 (peak-2) temperature also increases 

from -20oC to -5oC.   

 

(e) Aging at 500oC-0.5-hr:  As we will see shortly, aging at 500oC brings about 

an important transition in the transformation sequence in 50.8-NiTi cold-worked alloy 

due to the interplay of several phenomenon.  As Figure 3.4(II-a) indicates, there is a 

decrease in the Rs temperature for 0.5-hr (30oC), and 1-hr (22oC) aging, or 
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equivalently, a decrease in Af at 0.5-hr age (36oC) and at 1-hr age (32oC) in the 1↔1’ 

(A↔R) transformation temperature compared to the aging at 400oC.  This can be 

rationalized on the basis of the TTT curves for 50.8-NiTi [1].  At 500oC, the Ti3Ni4 

precipitates begin to dissolve into the matrix with a concomitant increase in the Ni 

composition in the matrix, thus causing the transformation temperatures to drop.  

Pelton et al. [1] also point out that a second metastable phase Ti2Ni3 begins to form at 

550oC that requires greater amount of Ni diffusing away from the matrix, thus 

increasing the transformation temperatures further.  However, the aging times used by 

Pelton et al. [1] were between 2 and180 min. (i.e., maximum 3-hrs).  It has been 

suggested by Nishida et al. [21] and other workers [23, 24], that long term aging (5-

hrs to 1000-hrs) at lower temperatures (500oC) also brings about the precipitation of 

Ti2Ni3.  Therefore, the transformation temperatures at 500oC-5-hr aging increases Rs 

(Af) = 32oC (45oC).   

Figure 3.4(II-a) also indicates a 3-stage/2-stage MST similar to the as-received 

50.8-NiTi (forward 1-2-3 || reverse 4-5).  However, the difference lies not only in the 

increase of 1↔1’ (A↔R) transformation temperatures, but also of the 2, 3 peak 

temperatures (R→M1, R→M2) when compared to both as-received or 300oC aged 

alloy.  Also, in contrast to the decreasing heats of the 2 and 3 peaks at a lower 

temperature aging, here the transformation heats are seen to increase.  This can be 

explained by the fact that temperatures, T ≥ 500oC, is an effective temperature range 

for recovery (decrease in dislocation density, dislocation rearrangement and formation 

of subgrains) [1, 52].  Since the density of Ti3Ni4 begins to decrease due to the 

dissolution of the precipitates into the matrix, the precipitates no longer hinder the 
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movement of dislocations; indeed Chrobak et al. [52] have observed well-developed 

dislocations cells that grow with annealing time and found that the recovery process is 

no longer disturbed by the precipitates.  Thus, the influence of dislocations is reduced.  

Since sufficient Ti3Ni4 still exists in the matrix, the overall temperatures for all the 

transformations increase.  In addition, reduction in the dislocation density may also 

cause larger volumes of the matrix participating in the R→M1 and R→M2 

transformations (since now the elastic energy of the dislocations and the frictional 

work required by the A-M interfaces decrease), thus explaining the increase in the 

transformation heats.  Therefore, two factors are seen to be crucial in governing the 

MST at 500oC: the precipitation rate of Ti3Ni4 and the recovery processes.  Based on 

the partial DSC runs shown in Figure 3.4(II b-d), the sequence of MST still remains 

{(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→A)} with M1→A (peak-5) 

composed of combined A-R (peak-1) and R-M1 (peak-2) transformations.            

 

(f) Aging at 500oC-5hr: Before interpreting the DSC trace for aging at 500oC-

1hr, we will first analyze the 500oC-5hr case for reasons that will be clarified shortly.  

As shown in Figure 3.5(c) and Figure 3.6(C-c), the DSC trace for 50.8-NiTi aged at 

500oC-5hr appears to exhibit a 2-stage/1-stage transformation.  However, partial DSC 

scans similar to the partial scans shown in Figure 3.7(II a-d) for a sample air-cooled 

(AC) from 500oC after aging for 1hr, indicated an important change in the sequence of 

transformations.  Firstly, the partial DSC scans show that the 2-stage/1- stage 

transformation actually consists of 3-stage/2-peak MST (forward 1-2-3 || reverse 4-5).  

The first partial scan (see Figure 3.7(II-b)) shows that the 1↔1’ is an R↔A 
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transformation based on the small temperature hysteresis.  The second partial DSC 

scan (see Figure 3.7(II-c)) indicates a second transformation 2↔5 with the reverse 

peak 5 occurring after 1’ during the heating cycle.  The third partial cycle (see Figure 

3.7(II-d)) scanned from -100oC to 60oC further showed that peak-4 on the heating 

cycle corresponds to both peaks 1 and 3 during the cooling cycle; indicating that they 

should be transformations occurring in the same volume of the matrix.  As discussed 

earlier, since the recovery processes are activated at 500oC, aging for 5 hrs may have 

reduced the dislocation substructures considerably.  Additionally, the TTT curve [1] 

implied that the solvus temperature of the Ti3Ni4 is near 500oC.  It is known that the 

precipitation kinetics are controlled by both the thermal energy necessary for diffusion 

of the Ni and Ti atoms and the nucleation rates; so although there is sufficient thermal 

energy for rapid diffusion of the atoms, there is little driving force (due to high 

nucleation barrier).  It has been shown by Khalil-Allafi et al. [32], who studied MST 

in 50.7-NiTi polycrystals, that aging at 500oC leads to a heterogeneous microstructure 

with preferential precipitation of Ti3Ni4 near the grain boundary with a relatively 

precipitate free grain interiors.  In other words, aging near the solvus temperature 

(500oC) leads to preferential precipitation near the grain boundary since the nucleation 

barrier is greatly reduced there compared to the grain interior (it is only a fraction of 

that required for a homogeneous precipitation) [36].  This preferential grain boundary 

precipitation has been invoked [32, 36] to explain the 3-stage/2-peak MST, such that 

the first peak corresponds to A→R transformation near the grain boundaries (since the 

decreased Ni content surrounding the grain boundary precipitates raises the A→R 
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transformation temperature) followed by the A→M1 transformation in the grain 

interior (second peak) and finally the R→M2 transformation near the grain boundary.   

To show that indeed this is the scenario in the current study, the following 

arguments are invoked: It has been shown that 1↔1’ is an A↔R transformation and 

that in the 2↔5 transformation, peak-5 forms after 1’ during the heating cycle.  This 

could mean that peak 2 is either A→M or R→M transformation.  However, peak 2 

should be A→M for two reasons: Liu et al. [33, 81] have demonstrated using a 

thermodynamic criterion that R-M transformation occurs at a lower temperature than 

the A→M transformation.  Thus, peak-2 is necessarily A→M1 transformation.  

Moreover, if peak-2 is R→M transformation, peak-5 should correspond to the reverse 

R→M transformation.  This is not feasible since peak-5 forms after peak-1’, and 

hence, has to be the last transformation on heating, which should necessarily reverse to 

the high-temperature austenite matrix.  In addition, since the austenite matrix near the 

grain boundary has transformed to R-phase (peak-1), peak-2 should correspond to the 

A→M1 transformation of the grain interior (GI) austenite matrix.  Thus, peak-3 will 

correspond to the R→M2 transformation near the grain boundary (GB).  The heating 

cycle peaks 4 and 5 will thus represent M2→A and M1→A transformations in the 

grain boundary and the grain interior, respectively.  In summary, the transformation 

sequence has evolved from {(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→A)} 

forward || reverse transformation sequence for As-Received ⇒  {(A→R) + (R→M1) + 

(R→M2) || (M2→R) + (M1→R) + (R→A)} for aging at 500oC (0.5hr) ⇒  {(A→R)GB 

+ (A→M1)GI + (R→M2)GB || (M2→A)GB + (M1→A)GI} for aging at 500oC-5hrs.      
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(g) Aging at 500oC-1hr: Based on the foregoing discussions, we will now 

make an attempt to explain the DSC peaks observed in Figure 3.4(III-a).  Aging at 

500oC-1hr results in a 4-peak/3-peak MST.  Partial DSC scans shown in Figure 3.4(III 

b-e) illustrate that the sequence of the transformations is complex and difficult to 

identify.  However, based on the aging results at 500oC for 0.5hr and 5hr, we can infer 

that the sequence illustrates a transition from {(A→R) + (R→M1) + (R→M2) || 

(M2→R) + (M1→R) + (R→A)} mechanism-1 ⇒  {(A→R)GB + (A→M1)GI + 

(R→M2)GB || (M2→A)GB + (M1→A)GI} mechanism-2.  Partial DSC cycle-1 indicates 

that 1↔1’ is an A↔R transformation in either mechanism-1 or -2 (near GB).  Partially 

formed peak-2 during the 2nd partial DSC scan is seen to affect peaks 2’ and 6.  This 

may correspond to both R→M1 in mechanism-1 (reverse being peak-6) and 

(A→M1)GI in mechanism-2 (reverse being peak-2’) in the grain interior.  The 3rd 

partial DSC scan shown in Figure 3.4(III-d) includes peak-2, as well as part of peak-3 

during heating.  These transformations seem to affect peaks 5, 6 and 7.  It is possible 

that part of peak-2 may be identified with 2↔6 (R↔M1) in mechanism-1 above, and 

the rest of part-2 with another component of peak-7 linked to the (A↔M1)GI in 

mechanism-2 above.  Also, peak-3 is likely to correspond to peak-5.  However, the 4th 

low-temperature partial cycle in Figure 3.4(III-e) shows that peaks-3 and 4 affect 

peak-5 only.  It can be hypothesized that peak-3 is likely to be (R→M2) in 

mechanism-1 and peak-4 (R→M2)GB in mechanism-2 or the inverse.  Nevertheless, 

we interpret peak-3 as (R-M2)GB.  We reach this conclusion based on the comparison 

of the DSC scans between WQ and AC samples aged at 500oC-1hr in Figure 3.6(C-b).  

Since AC from 500oC to room temperature (20oC) takes (500oC-20oC)/(60oC/min) = 8 
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min, the AC samples differ from the WQ samples in that they may be considered to be 

aged at intermediate temperatures 350oC-450oC for a few extra minutes.  Since this is 

the window for the high precipitation rates for Ti3Ni4, it is possible that this relatively 

short–term aging may have led to preferential GB precipitation, and thus mechanism-2 

above may be operative.  Indeed, an analysis of the DSC scan for AC 500oC-1hr 

specimen using partial DSC cycles (Figure 3.7(II-a)) suggests that mechanism-2 

(heterogeneous GB precipitation) is operative.  Comparing the DSC scans of WQ and 

AC samples (500oC-1hr) in Figure 3.6(C-b) shows that peak-3 of AC samples matches 

with the peak-3 (not peak-4) of the WQ sample.  Since peak-3 in the AC sample 

corresponds to the (R→M2)GB transformation, we conclude that peak-3 for the WQ 

sample indicates the same transformation; thus making peak-4 (WQ) as (R→M2) in 

mechanism-1.  The above sequence has been logically pieced together based on the 

shorter (0.5hr) and longer (5hr) aging times based on the assumption that it represents 

a transition between mechanism-1 and -2.  The authors recognize that the suggested 

scenario remains to be confirmed using in-situ neutron diffraction, in-situ TEM studies 

similar to [37, 41], or X-ray diffraction [51]. 

 

(h) Aging at 600oC and 700oC: Figure 3.5 and Figure 3.6(D a-c) show the full 

DSC scans of 50.8-NiTi aged at 600oC for 0.5, 1, and 5-hrs.  Frick et al. [73] observe 

that aging the cold-rolled 50.9-NiTi at 600oC annihilates the dislocations as well as 

recrystallizes the microstructure.  Based on the earlier discussion, aging beyond 550oC 

leads to the precipitation of Ti2Ni3 metastable phase that requires a greater depletion of 

Ni from the matrix.  Thus, increasing the aging time from 0.5-hr to 5-hr, increase the 
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Af temperature from 15oC to 43oC.  Although, the 0.5-hr and 1-hr aged samples show 

a single A↔M transformation during cooling and heating cycles, the 5hr aged sample 

shows the formation of additional peaks (seen as a partially developed shoulder).  

Partial DSC scans {refer to a similar DSC curve for AC 600oC-1hr in Figure 3.7(III-

b)} show that there are two transformations 1↔4 and 2↔3 with large hysteresis ~ 

50oC.  This indicates that there are two A↔M transformations (A↔M1 and A↔M2).  

We interpret these transformations as occurring near the precipitates (A↔M1) and far 

from the precipitates (A↔M2), where variation in the Ni composition governs the 

transformation temperatures.  The 700oC aging treatment appears to homogenize the 

microstructure since the Af temperature remains constant at 22oC, same as the ST 

sample at 800oC (see Figure 3.2(c)). 

3.4.1.3 Effect of cooling rate 

Figure 3.6 shows a comparison of the transformations (DSC traces) in 50.8-

NiTi as a function of cooling rate for various aging conditions (300oC-700oC, 0.5-hr, 

1-hr, and 5-hrs).  The typical cooling rates involved may be assumed as 1000oC/sec 

for water quenched (WQ), 1oC/sec for air-cooling (AC) and ~10-2 oC/sec (actually 

controlled at 1oC/min) for furnace-cooling (FC) conditions.  Water quenching 

‘freezes’ or preserves the aged microstructure at room temperature.  During AC, when 

the samples are removed from the furnace and exposed to room temperature, there is 

an initial rapid decrease in the temperature (especially when cooled from high 

temperatures) followed by a more gradual reduction.  Air cooling a sample from 

600oC to 300oC would typically need ~ 300oC/(1oC/sec) = 5min, spending more time 
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between 350oC and 450oC, where the precipitation kinetics of Ti3Ni4 are rapid.  

Hence, compared to the WQ samples, the AC samples may be considered as aged for 

an additional 5-10 min.  However, due to slower rates of cooling, furnace cooled 

samples are aged for longer times than the air-cooled ones.  For example, FC between 

600oC and 300oC would take 300oC/(1oC/min) = 5 hrs.  So, we can expect some of the 

superelastic/mechanical properties of WQ or AC samples aged for 5hrs to approach 

the FC samples.  It should be noted that the FC samples were soaked at their 

respective aging temperatures for 0.5 prior to initiating the furnace cooling.  

Additionally, at the respective temperature under consideration in Figure 3.6, a single 

FC DSC trace is used for comparison with the WQ and AC samples for all the aging 

times.  Referring to the full DSC scans in Figure 3.6 and the partial DSC cycles in 

Figure 3.7 and Figure 3.8, the following observations are summarized. 

 

(A) Air-Cooled (AC) specimens 

(a) Aging at 300oC and 400oC: 50.8-NiTi samples aged at 300oC for 0.5-hr, 1-

hr, or 5-hrs followed by AC exhibit similar behavior in terms of the evolution of the 

multiple-stage transformation (see Figure 3.6(A, B) in comparison with WQ specimen.  

The partial DSC scans, Figure 3.7(I a-d), indicated 3-stage/3-stage 1↔1’, 2↔2’ and 

3↔3’ pairs of transformations, that represent A↔R, R↔M1 and R↔M2, forward and 

reverse transformations, respectively, as explained earlier.  The general evolution in 

the peak position and the transformation heats are corresponding well with the WQ 

samples, with the exception that the transformation temperatures are slightly (a few 

degrees) higher in the AC samples.  As discussed previously, this is due to the 
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additional aging of the AC (5-10min).  However, the precipitation kinetics of Ti3Ni4 

between 200oC and 300oC is sufficiently sluggish that the few extra minutes of aging 

does not cause a dramatic increase in Af.   

Aging at 400oC, the temperature with the maximum precipitation rates, the 0.5-

hr age + AC samples exhibit nearly the same transformation temperatures (TT) as the 

WQ sample (Af temperatures are compared in Figure 3.13(a) for various aging 

conditions and cooling-rates); however the transformation heats are slightly larger in 

AC samples.  Moreover, 5-hr aged + AC, as well as the WQ and FC (will be 

discussing shortly) samples exhibit identical DSC scans (all three Af curves are seen to 

intersect in the vicinity of 400oC for 5hr aging times in Figure 3.13(a) and show the 

maximum difference for 1-hr aging (at 400oC).  Additionally, the transformation 

temperatures increase progressively by a greater degree in the WQ, AC and FC 

samples for 1-hr aging time (before equalizing at 5-hrs) suggesting that the maximum 

precipitation rates at 400oC are obtained in the vicinity of 1-hr aging time.  Indeed, 

TEM studies of aged 50.6-NiTi by Miyazaki [1, 76] have shown a high density of 

Ti3Ni4 precipitates for 1-hr aging times.          

     

(b) Aging at 500oC: Since the Ti3Ni4 precipitates begin to dissolve at this 

temperature [1, 76], the transformation temperatures decrease for both the AC, as well 

as the WQ samples, compared to the 400oC aging.  With aging from 0.5-hr to 1-hr, the 

AC samples have already made a transition in the transformation sequence by 

evolving from mechanism-1 {(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→R) 

+ (R→A)} for aging at 500oC (0.5hr) ⇒  mechanism2 {(A→R)GB + (A→M1)GI + 
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(R→M2)GB || (M2→A)GB + (M1→A)GI} for aging for 1-hrs at 500oC, as discussed 

earlier (compare Figure 3.4(II, III) and Figure 3.7(II)).  This change in transformation 

sequence is important because the Af temperature that is reported, now refers to 

(M1→A)GI transformation, rather than (R→A) in mechanism-1.  The (R→A) 

transformation occurs typically in the whole volume of the matrix, whereas 

(M1→G)GI occurs in the grain interior, away from the grain boundary, where 

preferential grain boundary precipitation occurs.  Therefore, a single Af temperature 

doesn’t necessarily correspond to the same transformation event in all samples, 

notwithstanding the practical fact that tailoring it near (or below) the body temperature 

is of more relevancy for engineering applications.  Nevertheless, it is important to 

understand the physics for any possible advanced application.  Moreover, the change 

in transformation sequence also indicates that the recovery processes have become 

very effective at these aging conditions.  An additional observation is that the Af curve 

for the AC sample now falls behind the WQ sample, indicating that the Ni is diffusing 

back into the matrix at a faster rate around 1-hr aging time.  The Af values begin to 

climb rapidly for greater aging times, likely due to the precipitation of the second Ni-

richer phase.   

Aging at higher temperatures for all the aging times, viz., 0.5-hr, 1-hr, or 5-hrs, 

the AC and the WQ DSC behaviors are very similar, with the slight difference brought 

about by the fact that the AC samples spend an extra few minutes through the optimal 

precipitation window ‘350oC - 450oC’, thus affecting the Af.   
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(B) Furnace-cooled (FC) specimens:  

50.8-NiTi samples aged at 300oC and 400oC followed by furnace cooling (FC) 

exhibit similar behavior in terms of the evolution of the multiple-stage transformation 

(see Figure 3.6(A, B) in comparison with the WQ and AC specimen.  The partial DSC 

scans Figure 3.8(I, II a-d) indicate 3-stage/3-stage 1↔1’, 2↔2’ and 3↔3’ pairs of 

transformations, that represent A↔R, R↔M1 and R↔M2, forward and reverse 

transformations, respectively, as explained earlier.  Here the effect of cooling rate is 

more evident since the Af transformation temperatures are much higher in the FC 

samples than the WQ and the AC specimen aged for 0.5-hr or 1-hr.  This is due to the 

additional aging of the FC (on the order of hours) alloy between 300oC and 400oC that 

greatly increase the Af.  Unlike the AC and the WQ samples, discussed already, the 

500oC FC specimen exhibits mechanism-2 {(A→R)GB + (A→M1)GI + (R→M2)GB || 

(M2→A)GB + (M1→A)GI} as the transformation sequence (see the partial DSC scans 

in Figure 3.8(III a-d).  The transformation behavior is quite difference for the FC 

samples aged at 600oC and 700oC in comparison to the WQ and AC conditions.  At 

these high temperatures, the 50.8-NiTi alloy undergoes recovery and recrystallization 

and upon cooling, the specimen is aged at intermediate temperatures.  However, the 

nature of the precipitation, in terms of its distribution and the final microstructure must 

be uniform, since the transformation sequence is now the traditional 1↔4, 

2↔3{(A→R) + (R→M) || (M→R) + (R→A)}, forward || reverse mechanism (see 

Figure 3.8 (IV a-d), because the precipitates resist the direct A↔M  transformation.  
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Thus, the effect of cooling rate affects two main properties: With slower 

cooling rates (WQ→AC→FC), due to the tendency in Ni-rich NiTi alloys to exhibit 

precipitation reactions, the alloy spends longer times at intermediate temperatures 

(300oC-500oC) that leads to the precipitation of Ni-rich Ti3Ni4.  This reduces the Ni-

content of the surrounding matrix increasing the transformation temperatures (e.g. Af).  

The second important difference comes from recognizing the reducing influence of 

dislocations at aging above 500oC that lead to heterogeneous microstructures, with 

preferential precipitation at the grain boundaries compared to the grain interior matrix.  

This directly influences the mechanism of the multi-stage transformation by changing 

the transformation sequence as {forward || reverse transformation}: 

 

(i)  {(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→A)} in as-received 

(AR) 50.8-NiTi ⇒    

(ii) {(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→R) + (R→A)} (aging 

at T < 500oC) ⇒   

(iii) {(A→R)GB + (A→M1)GI + (R→M2)GB || (M2→A)GB + (M1→A)GI} 

(aging at T ≥ 500oC) ⇒  

(iv) {(A→R) + (R→M) || (M→R) + (R→A)} (aging at T ≥ 600oC, followed by 

intermediate aging). 

 

This evolution in the sequence of transformation is hastened by slower cooling 

rates, especially for aging at T ≥ 500oC; since the recovery (dislocation annihilation) 

processes become active beyond 500oC.   
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3.4.2 Stress-strain Response of NiTi 

3.4.2.1 As-received: Stress-Strain Behavior 

Figure 3.9 shows the entire tensile stress-strain curve of the AR 50.8-NiTi that 

shows ~5% plateau strain and recovery strains of ~ 6%.  The inset shows the ‘plateau’ 

region and the numbers 1-4 indicate the loading cycle, with 4 being the final cycle, 

where the specimen is loaded to failure.  The plateau stress, UTS and the failure strain 

are respectively, 400MPa, 1250MPa and 18±2%.  Upon unloading from 10% strain, 

the AR sample recovers only 5% strain (termed pseudoelasticity).  The remaining 

strain was, however, recovered by heating the gage length of the sample using a tape 

heater above 80oC (< 2 min).  It is known that the elastic deformation of austenite 

(stage I) is followed by the stress-induced martensitic transformation (SIM) (stage II) 

represented by the flat plateau, subsequently, martensite reorients (stage III) before 

plastic deformation of martensite begins (stage IV) [82, 83].  From the stress-strain 

curve, it can be seen that the SIM has been deformed into stage III.  In addition, it has 

been suggested that the reoriented martensite is stabilized due to the grain boundaries 

in polycrystalline materials that provide resistance to the shape change of the 

reoriented martensite; this stabilization effect can be reversed through subsequent 

thermal transformation cycles [82-87].  It has been shown that the stabilization effect 

in stage III is due to the release of the internal elastic energy stored by the self-

accommodating martensite; while in stage IV it is attributed to the frictional forces 

involved in the plastic deformation [83].  The AR sample was unloaded from stage III 

region and hence the stabilized martensite recovered upon one thermal cycle beyond 
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the Af’ (the new austenite finish temperature of the stabilized martensite, note that Af’ 

> Af and Af’ increases with increase in deformation level [76]). 

3.4.2.2 Effect of Aging Temperature: Aged+WQ  

The effects of the aging treatments on the general stress-strain behavior of 

50.8-NiTi and the plateau stress, UTS and ductility (aged for 0.5-hr and 5-hrs followed 

by WQ) are shown in Figure 3.10 and Figure 3.14, respectively.  With aging between 

300oC ≤ T ≤ 400oC , there is a systematic decrease of the plateau stress (only the first 

loading cycle plateau stress is compared) as expected from an increase in Af [1].  At 

longer aging times (5-hrs), since the Af decreases even further, the corresponding 

plateau stress is also smaller than the 0.5-hr aging times.  As the Af begins to decrease 

initially at 500oC corresponding to the decrease in the density of the Ni-rich 

precipitate, there is an initial increase in the plateau stress level.  For longer aging 

times, however, with the corresponding increase in Af, the plateau stress reduces.  In a 

similar fashion, the UTS (tensile strength) increase with aging between 300oC and 

400oC due to effective precipitation hardening.  However, long term aging at 500oC 

reduces the UTS due to a decrease in both the precipitate density (hence, precipitation 

hardening) and the initiation of recovery processes (dislocation annihilation), but it is 

yet un-recrystallized.  This is more evident in aged samples at 600oC, where recovery 

is completed and recrystallization has begun.  Above 700oC recrystallization and grain 

growth readily occur, and the UTS is reduced below 900MPa.  Ductility variation 

follows in tandem inversely with the variation in UTS.  The ductility is minimum for 

aging at 400oC, corresponding to the maximum UTS and precipitate density (refer to 
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[88] for a more detailed study of the factors affecting the ductility of Ni-Ti alloys as a 

function of Ni composition and thermomechanical treatment).  Aging past 600oC, the 

ductility of the WQ samples decreases, exhibiting lower failure strains at longer aging 

times.  When one plots the variation of ductility from Figure 3.14 in the manner shown 

in Figure 3.13(b, c), the data assumes a ‘c-curve’ character similar to a time-

temperature-transformation (TTT) diagram (also observed by Pelton et al. [1] for 

shorter aging times).  The ‘nose’ of the c-curves for various aging times occur in the 

vicinity of 400oC corresponding to the optimal precipitation rates of Ti3Ni4 phase.  

Additionally, the Af curves shown in Figure 3.13(a) also exhibit similar but inverted 

‘c-curve’ character, since Af increases with the increase in precipitation rate.   

As shown in Figure 3.10(b, c, f, g), aging below 500oC leads to the formation 

of a small plateau at 50MPa, corresponding to the R-phase deformation that involves 

1-2% transformation strains  and low plateau stresses [22].  Upon unloading at 3% (or 

4%), these samples exhibit pseudoelasticity (non-linear unloading curve, [89]) and do 

not recover the loading strains completely, until heated above Af’.  Two of these 

samples, indicated in Figure 3.10(f, g), aged at 300oC and 400oC for 5-hrs, also exhibit 

a reduced R-phase plateau at 50MPa upon repeated loading-unloading cycles, until it 

disappears completely by the 4th loading cycle, indicating the stabilization of 

martensite.  Interestingly, the plateau stress corresponding to the martensite 

reorientation (occurring between 200MPa and 400MPa) increases slightly from cycle 

1 to 3 with a large drop in the 4th cycle where the R-phase plateau vanishes.  Two 

samples (aged for 0.5-hr at 400oC and 500oC, respectively), indicated in Figure 3.10(b, 

c), were not heated after the unloading cycles at 4% and 8% strain to observe the 
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hysteresis loop between the unloading and the 2nd loading cycles.  The 2nd plateau 

stress level is slightly lower than the 1st plateau stress level.   

Stress-strain curves for samples aged at 500oC, shown in Figure 3.10(c, h), 

show very little or no R-phase plateau and do not recover 6% loading strains 

completely.  However, the plateau strains are nearly 7%, compared to the as-received 

material (5%).  The increase in the plateau strains and the decrease in the recoverable 

strains may be rationalized by accounting for two processes: (i) As mentioned 

previously, aging the samples at 550oC and 800oC led to a strengthening of the {111} 

<110> texture components that generally improve the recoverable strains (either in SE 

or SM) [22].    However, since the alloy is under-recovered by aging at 500oC, it 

becomes easier to introduce slip into the crystal and hence the shape memory 

characteristics (recovery strains) degrade.  This is even more evident for a specimen 

aged at 600oC or 700oC as shown in Figure 3.10(d, e, i, j).  Since recovery and 

recrystallization have taken place, the shape memory characteristics are less evident, 

with recovery strains < 5%.  Furthermore, in distinct contrast to the lower-temperature 

aged specimen, the plateau stresses for the subsequent loading cycles are greater than 

the initial loading plateau, along with larger pseudoelasticity, indicating that the 

material is work-hardening.  In addition, the stress-strain curves show a ‘dip’ in the 

plateau region corresponding to the strain level to which the pseudoelastic curve 

unloads.  This suggests that the martensite is being deformed in two types of domains: 

one where martensite deforms at the plateau stress and a smaller domain (since it 

involves only few strain %) that not only deforms at lower plateau stress, but also 

recovers upon unloading.   
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3.4.2.3 Effect of Cooling rate 

The effects of the cooling rate following aging (aged for 0.5-hr or 5-hrs) on the 

general stress-strain behavior of 50.8-NiTi are shown in Figure 3.10 (WQ), Figure 

3.11 (AC), and tFigure 3.12 (FC) and a summary plot of the plateau stresses, UTS and 

ductility is shown in Figure 3.14.  While the general trends in the variation of the 

plateau stress is similar to the WQ specimen, FC and AC samples exhibit lower and 

higher plateau stress, respectively, compared with the WQ samples aged between 

300oC and 600oC.  This trend is reversed for the UTS with AC, WQ, and FC samples 

exhibiting increased UTS in seriatim.  However, the ductility variation for the AC 

samples is very similar to the FC specimen for shorter aging times, as shown in Figure 

3.13 and Figure 3.14.  At longer aging times, the AC and the WQ samples have nearly 

identical UTS, that are lower than the FC material due to intermediate aging for the 

FC that introduce hardening precipitates.  In contrast to lower aging times, the AC and 

the WQ material aged at 5hrs exhibited nearly the same ductility values.  Aging at T ≥ 

600oC leads to lowering of the ductility and strength in the WQ samples compared to 

the AC and FC due to solution-treatment of the WQ samples; the AC and FC alloy 

properties are slightly improved due to intermediate temperature age-hardening.  It 

should be noted that the air-cooling can cause variation of superelastic and mechanical 

properties between the range observed for WQ and FC material depending on the size 

and shape of the part, since the component surface cools faster than the interior for 

large parts.  Since NiTi alloys are very sensitive to Ni-composition, processing defects 

and age hardening, careful processing procedures have to be established for producing 

uniform properties throughout the product.  Since the variation in UTS, plateau stress 
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and ductility for the AC samples swings between the FC and the WQ samples due to 

aging for shorter and longer times, respectively, depending on the application design 

parameters and component sizes, appropriate schedules have to be identified.   

The stress-strain behavior as a function of aging is shown in Figure 3.11 for 

AC samples.  The R-phase plateau observed for the WQ alloy at lower aging 

temperatures (<500oC), are also seen in the FC material (see Figure 3.12), while they 

are not so prominent in the AC samples.  Since in many applications, the presence of 

the R-phase is undesirable, air-cooling may be effective in eliminating its appearance.  

At intermediate and higher aging temperatures, the AC and the WQ specimen exhibit 

similar stress-strain curves in terms of pseudoelastic recovery strains and permanent 

plastic strains.  In contrast, the FC alloys recover most of the shape memory strains, 

indicating the importance of the presence of precipitates (formed during intermediate 

temperature aging) in raising the critical stress for slip, thus improving the shape 

memory characteristics [22].      

3.4.3 Discussion 

Multiple-stage transformations (MST) observed in Ni-Ti alloys under various 

conditions have been analyzed critically in the past 10 years, with considerable 

emphasis on the mechanism and the sequence of transformations involved.  Since the 

first reports in late 1980’s [44-46], several reports of MST in various NiTi alloys were 

reported that exhausted nearly all possible combinations of the three phases, viz., 

cubic austenite (A), monoclinic martensite (M) and the trigonal R-phase.  In many of 

these findings, several theories have been put forward to explain the individual peaks 
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or stages of the transformations based on thermodynamic arguments, in-situ TEM, 

XRD and neutron diffraction observations.  More recently, Carroll et al. [35] and 

Michutta et al. [42] attempted to summarize various findings on MST observations 

and suggested additional studies to achieve a more comprehensive fundamental 

understanding of transformation sequences in complex microstructures of Ni-rich NiTi 

shape memory alloys.  It appears now that several factors, such as dislocation 

substructures and density, secondary phase particles (precipitates, oxide and carbide 

particles), both large-scale and small-scale chemical inhomogeneity (due to 

precipitation of Ni-rich phases, differences between the dendritic and interdendritic 

regions in cast single crystals), coherency stresses surrounding the precipitates, 

variable grain sizes, heterogeneous precipitate distribution and even interwoven 

processes involving both dislocations and precipitates, are all responsible for 

promulgating MST.  In addition to the individual mechanisms discussed just 

mentioned, the material processing methods such as cold-rolling versus hot-rolling, 

cast-single crystals versus polycrystalline alloys, cooling rates (and hence component 

sizes), composition of NiTi alloys, melting practices and thermomechanical history, 

invoke one or several scenario’s discussed above and the particular transformation 

sequence depends on a combination of several of these factors; the relative importance 

among various scenario’s being difficult to quantify.  Combining the evolution of the 

transformation sequence in the current study with those identified in the literature, the 

following provides a quick summary of various transformations that are confirmed 

experimentally.  It is not intended to be either comprehensive or conclusive; instead it 

is aimed to direct the attention to the richness of microstructures observed in these 
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alloys and their concomitant influence of the phase transformations and hence shape 

memory characteristics. 

 

 (a) 200oC-300oC: {(A→R1) + (A→R2) + (R→M) || (M→R) + (R1→A) + 

(R2→A)} or (2R-1M) 

Observed under low temperature aging in 30% cold-worked + solution treated 

(ST) 50.9-NiTi aged up to 3600-hrs [51], 50.6- and 51-NiTi polycrystals ST + aged at 

250oC (up to 48-hrs) [53], hot-rolled (between 845oC and 955oC) 50.9-NiTi aged at 

300oC (1.5-hrs); due to precipitation induced large-scale inhomogeneity of the matrix 

in terms of both chemical composition and internal stress fields. 

(b) 300oC-400oC: {(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→R) + 

(R→A)} or (1R-2M)  

Observed by Morawiec et al. [29, 30] due to the presence of dislocation 

substructures introduced during thermomechanical processing, Bataillard et al. [48, 

49] due to the presence of coherency stresses introduced by Ti3Ni4 precipitates, 

Chrobak et al. [31] in 10% cold-worked + 400oC aged (up to 4hrs) 50.6-NiTi due to 

the interaction of dislocation structures decorated with precipitates, Michutta et al. 

[42] due to small-scale heterogeneities introduced by homogeneous precipitation of 

coherent Ti3Ni4 with a critical interparticle spacing and others [73]. 

(c) 400oC-500oC: {(A→R)GB + (A→M1)GI + (R→M2)GB || (M2→A)GB + 

(M1→A)GI} or (1R-2M)GB 

Observed by several workers: Liu et al. [33] in 50.9Ni-Ti, ST + aged at 400oC 

(0.5hr), Fan et al. [36] in 50.6Ni-Ti ST + aged (400oC, 450oC and 500oC, several hrs), 
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Khalil-Allafi et al. [32, 37, 41] in 50.7 and 50.8-NiTi, ST + aged at 400oC, 450oC and 

500oC) and in the present study, due to heterogeneous microstructure developed by 

preferential grain-boundary (GB) precipitation.    

(d) 500oC (transition): (1R-2M) ⇒  (1R-2M)GB 

(i) {(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→R) + (R→A)} (aging 

at T < 500oC, 0.5-hr) ⇒  {(A→R)GB + (A→M1)GI + (R→M2)GB || (M2→A)GB + 

(M1→A)GI} (aging at T ≥ 500oC, 5-hrs)  

(ii){(A→R1) + (A→R2) + (R1→M1) + (R2→M2) || (M→R) + (R→A)} or 

(2R-2M) 

The transformation (i) was identified in the current study for 50.8-NiTi cold-

worked + aged at 500oC with transition occurring for 1hr aging period and the 

observation of 4-peaks on both cooling and heating, while (ii) was observed in 15% 

cold-worked 50.6-NiTi alloy aged at 500oC (0.5-hr) [52], due to the interaction of 

interwoven processes of dislocation annihilation (recovery beginning at 500oC) and 

heterogeneous grain boundary precipitation. 

(e) 500oC-600oC: {(A→R) + (R→M) || (M→R) + (R→A)} or (2-stage/2-

stage) 

Observed in the current study and others [22], due to recovery and 

recrystallization along with the homogeneous precipitation of other Ni-rich phases like 

Ti2Ni3.  This transformation sequence is also traditionally observed in Ni-Ti alloys 

with a homogeneous distribution of dislocation substructures and/or precipitates.   

(f) 700oC and higher: {(A→M) || (M→A)} or (1-stage/1-stage) 
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Observed in solution-treated Ni-Ti alloys and is the classical one-step 

transformation [22]. 

3.5 Conclusions 

In the current study, we investigated the multiple-stage transformations (MST) 

in Ni-rich 50.8-NiTi which is the most popular commercial Nitinol alloy that is 

typically cold-worked and aged for optimal superelastic and/or shape memory 

characteristics.  This as-received alloy was aged between 300oC and 700oC for 0.5-hr, 

1-hr and 5-hrs followed by WQ.  The individual transformations were identified 

through partial DSC scans and the variation of the Af transformation temperature 

quantified as a function of aging.  Additionally, the influence of cooling rate on the 

MST and the transformation sequence was studied through similar aging treatments 

followed by air-cooling (AC) or furnace-cooling (FC).  Finally, the influence of aging 

and cooling rate on the plateau stresses, UTS and ductility was quantified.  The 

following main conclusions are thus summarized: 

(1) As discussed previously, aging between 300oC and 600oC leads to an 

evolution or transition in the transformation sequence from 3-stage/3-stage 

mechanism-1 {(A→R) + (R→M1) + (R→M2) || (M2→R) + (M1→R) + (R→A)} 

(aging at T < 500oC, 0.5hr) ⇒  3-stage/2-stage mechanism-2 {(A→R)GB + (A→M1)GI 

+ (R→M2)GB || (M2→A)GB + (M1→A)GI} (aging at T ≥ 500oC, 5hrs), with the 

transition occurring at 500oC-1-hr aging conditions in the WQ samples.  This 

transition is governed by the initiation of recovery and recrystallization processes at 

500oC.  Furthermore, reduced cooling rates (AC and FC) hasten this transition. 
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(2) The variation in the transformation temperatures (especially Af), plateau 

stress, UTS and ductility are governed by the precipitation and recovery processes in 

Ni-rich 50.8-NiTi and in general exhibit typical c-curve variation with temperature, 

similar to the TTT curves.  Additionally, the AC samples behave similar to the FC 

samples for shorter aging times, while they tend towards WQ properties for longer 

aging times; therefore, it is important to consider the component size effects that may 

utilize AC schedules.   

(3)  The Af transition temperature corresponds to different transformation 

mechanisms depending on the aging temperature and time. 

(4) The texture of 50.8-NiTi alloys is strengthened with the aging temperatures 

(particularly {111}<110>) and can greatly influence the shape memory characteristics 

due to the lattice correspondence between the austenite and martensite phases. 
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3.7 Figures  

 
 

Figure 3.1 Variation of hardness (Rockwell C) in Ni-Ti alloys (cooled from 
950°C) as a function of Ni composition under varying cooling rates: 
water quench (WQ ~ 1000oC/sec) and furnace cool (FC~0.01oC/sec).  
Intermediate hardness may be obtained by utilizing intermediate 
cooling rates such as air cooling (AC~1oC/sec).  Adapted from [67, 68]. 
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Figure 3.4 Partial DSC scans for (I) as-received (AR), (II) aged 500oC-0.5hr and 
(III) aged 500oC-1hr, WQ samples. 
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Figure 3.6 Comparison of the DSC scans between WQ, AC and FC 50.8-NiTi 
aged at (A: a-c) 300oC, (B: a-c) 400oC, (C: a-c) 500oC, (D: a-c) 600oC, 
(E: a-c) 700oC. 
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Figure 3.7 Partial DSC scans for AC samples aged at (I) 400oC-0.5hr, (II) 500oC-
1hr and (III) 600oC-5hrs. 
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Figure 3.9 Stress-strain curve for as-received 50.8-NiTi sheet specimen.  The inset 
shows the unloading cycles at 3%, 6%, 10% and final cycle 4 loaded to 
failure.   
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4 HIGH STRAIN-RATE RESPONSE OF NiTi SHAPE MEMORY 

ALLOY: A SYSTEMATIC INVESTIGATION OF TEMPERATURE 

EFFECTS ON TENSION-COMPRESSION ASYMMETRY 

Acta Materialia, 2006 

4.1 Abstract  

A systematic experimental investigation into the effects of temperature on the 

stress-strain response of NiTi (55.6 wt% Ni) shape memory alloy (SMA) at high strain 

rate was conducted and compared with the behavior at quasi-static strain rate. 

Dynamic compression and tension tests, to total strains of 16~24%, were performed at 

high strain rate (~1200 /s) and under quasi-static conditions at temperatures from –

196oC to 400oC. Since the superelastic range for the NiTi alloy used in this work is Af 

(2°C) < T < Md (150°C), it was possible to study the high strain rate deformation of 

both the austenite phase (where stress-induced martensite – SIM – transformation 

occurs) at temperatures > 0°C and (thermally-induced) martensite (TIM) phase at 

lower temperatures. The results indicate differences in the stress-strain response of 

thermally-induced martensite and stress-induced martensite, in terms of plateau stress 

characteristics and critical stress (as determined by 0.2% strain offset). The 

observations illustrate a complex interplay of test temperature, stress state 

(compression and tension) and martensite type (thermally induced vs. stress induced) 

that lead to the asymmetry in compression versus tension response of the SMA in both 

quasi-static and dynamic loading conditions. This asymmetry was captured in the 

variation of critical stress with temperature that exhibited a three-stage character, with 
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the critical stress being higher in compression than in tension. These findings have 

significant implications to the understanding and exploitation of the underlining 

functional characteristics of shape memory alloys, especially at high strain rates.  

4.2 Introduction 

Shape memory alloys (SMA) epitomize ‘new age’ material, where the 

functional characteristics, such as shape memory and superelasticity, are exploited 

through the interplay of structure and properties.  Since the discovery of the shape-

memory effect (SME) in Au-Cd alloys more than 50 years ago [1], numerous alloy 

systems have been reported to exhibit SME behavior [2, 3]. However, after more than 

a decade of relative dormancy, research on shape memory alloys underwent a revival 

with the discovery of the SME in NiTi alloys; this alloy promises significant 

engineering applications. The alloys that exhibit shape memory function can generally 

be classified into noble metal-based, Fe-based and NiTi-based alloy systems, and non-

metallic SMAs [4]. Despite the efforts by the research community to develop SMAs 

for commercial applications, only a few alloys like NiTi, NiTi-Cu/Nb, Cu-Al-Ni, Fe-

Mn-Si, have found a niche in commercial markets.  Among these, NiTi is considered 

to be a favorable shape memory alloy material for practical applications due to its 

superior memory and structural properties.  In fact, it is considered as a promising 

contender for structural and energy-absorbing applications, including seismic 

protection of structures [5], supplanting conventional alloys like steel, aluminum, 

titanium, and Ni-base superalloys.   
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Shape memory alloys display an intricate non-linear deformation behavior that 

is dependent on temperature, stress state, strain rate, texture and prior thermo-

mechanical deformation history [6]. Unfortunately, the lack of material properties at 

high strain rates is curtailing its widespread use in a number of aerospace and defense 

applications.  Although, continuum models have been developed to explain why a 

martensitic microstructure forms [7], a complete reliable theory still evades us. Early 

experimental studies by Buehler et al.[8], Rozner and Wasilewski [9], Wasilewski 

[10], Miyazaki et al. [11], have characterized the macroscopic deformation behavior 

of NiTi. A later investigation by Shaw and Kyriakides [12] systematically studied and 

quantified the complex interaction between stress, temperature, deformation and 

loading rate (quasi-static strain rates). Creep behavior of NiTi alloys has also been 

studied to understand the effect of creep deformation on shape memory properties 

[13], and for developing actuators in high-temperature applications based on shape 

memory alloys [14]. Lin et al. [15] investigated the effect of strain rate (quasi-static) 

and deformation temperatures on the tensile stress-strain response of austenitic NiTi in 

the superelastic regime.  Tobushi et al. [16] studied the dependence of stress-induced 

martensite transformation stress on strain rate and temperature in NiTi SMA.  

Entemeyer et al. [17] examined the physical origin of the (quasi-static) strain rate 

effect on the superelastic behavior in SMA’s, and accordingly described the 

superelastic behavior of copper-based alloys (CuZnAl and CuAlBe) using a 

micromechanical model.  More recently, Gall et al. have studied the tension and 

compression properties of single and polycrystalline NiTi to understand the 

asymmetry present in the tension-compression stress-strain curves [18], and to 
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evaluate the variation of critical stress required for stress-induced martensite with 

temperature [19].   

Dynamic compressive stress-strain curves of Ni-Ti SMA were carried out at 

room temperature (within superelastic range, Af < T < Md) by Chen et al. [20] to 

evaluate the variation of transition stress with strain rate. Similar dynamic tensile tests 

were conducted by Miller et al. [21] to study the stress-induced martensitic 

transformation and subsequent plastic deformation of the martensitic phase.  The 

shock stress, shock velocity and details of the shock wave profile have been measured 

by Millett et al. [22].  An inflection at lower stress was found in the Hugoniot curve 

(stress-particle velocity) and has been ascribed to the martensitic phase transformation 

that is characteristic of the shape memory effect in this alloy.  In a similar way, the 

variation of shock velocity with particle velocity was found to be non-linear, contrary 

to other pure metal and alloy systems.  Finally, a break in slope in the rising part of the 

shock profile has been identified as the Hugoniot Elastic Limit in NiTi. Conversion to 

the one-dimensional stress equivalent and comparison to quasi-static data indicated 

that NiTi exhibits significant strain-rate sensitivity.   

The mechanical behavior and deformation mechanisms of NiTi shape memory 

alloys in the martensitic phase were studied by Liu et al., who reported ‘Lüders-like’ 

deformation associated with martensite reorientation and detwinning processes [23-

26]. Liu et al. also studied the asymmetry associated with monotonic tension-

compression stress-strain curves for martensitic NiTi at various strain rates [27]. Work 

on the dynamic properties of NiTi in the martensitic phase by Liu et al. [28-30] 

examined compression stress-strain response at a strain rate of ~3000 s-1 and tensile 
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stress-strain response at ~300 s-1.  Although there is growing experimental data on 

both quasi-static and dynamic stress-strain responses of NiTi, in terms of strain rate or 

temperature, in the austenitic or martensitic structures, a systematic study of the 

interplay or interaction between temperature and high strain rate is limited.  

Depending on the temperature, either thermally-induced or stress-induced martensite 

phase transformations may occur before or during deformation.  As such, both the 

mechanical response and the deformation mechanisms in NiTi shape memory alloys 

are more complex than the deformation of typical disordered metals or alloys. 

Understanding the dynamic response of NiTi is important for its possible use in 

seismic damping applications, blast mitigation structures and energy absorbing 

devices. Therefore, the objectives of the present work are: 

(1) To conduct accurate high-strain rate tests on NiTi shape memory alloys 

while achieving constant strain-rate throughout the test, and the same high strain rate 

in both compression and tension. 

(2) To study the stress-induced martensite formation and its relation to the 

presence/ absence of stress-plateau as a function of strain rate and temperature. 

(3) To investigate the role of reverse SIM transformation through unloading.  

(4) To investigate the effect of temperature on the evolution of compression-

tension asymmetry of NiTi SMA under quasi-static (10-3 /s) and dynamic loading 

(~1200 /s) conditions. 

(5) To compare the variation of critical stress (as defined by 0.2% strain offset) 

with respect to temperature between quasi-static and dynamic loading conditions. 
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4.3 Experimental Procedure 

4.3.1 Materials and Specimen 

The shape memory alloy NiTi (SE508, 55.6 wt.% NiTi) used in this work was 

purchased from Nitinol Devices and Components in the form of 12.7 mm diameter bar 

stock that has been cold-rolled. The chemical composition along with the 

transformation temperatures of NiTi, as measured by differential scanning calorimetry 

(DSC), are listed in Table 1. Textures were measured at room temperature with 

electron backscatter diffraction (EBSD) in a scanning electron microscope (SEM) 

utilizing INCATM software from Oxford Instruments. The principal texture in the axial 

direction is a (111)-fiber type texture.  However, for the (111) textured grains, the 

radial direction is distributed primarily near the <101> and <112> orientations. 

Cylindrical tensile specimens with gauge section dimensions of 3.8mm diameter x 

11.5mm length were used for the tensile tests at high strain rates, whereas, for quasi-

static strain rate testing, specimen with dimensions 6.4mm diameter x 30mm length 

were utilized.  Specimens for compression tests under quasi-static and dynamic strain 

rates were right, regular cylinders with dimensions 5mm diameter × 5mm length. 

Table 4.1 Material Composition of NiTi SMA 

Element      Ni Ti O H C 
wt % 55.6 balance 0.033 0.0009 0.0028 

Transformation As Af Ms Mf 

Temperature (oC) -23 2 -8 -36 

As, Af, austenite start and 
finish temperature 
Ms, Mf, martensite start and 
finish temperature 
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4.3.2 Testing temperature 

Tensile and compressive experiments in this work were performed at low 

temperatures (-196°C, -100°C, -50°C and 0°C), room temperature (RT, 20°C) and 

elevated temperatures (100°C, 200°C, 300°C and 400°C).  For all the tests, low 

temperatures were achieved by immersing the entire specimen in a low temperature 

liquid bath, either a fluorinert electronic liquid (FC-77, 3M Specialty Chemicals 

Division) cooled by liquid nitrogen or in liquid nitrogen directly (-196°C), for several 

minutes prior to testing and for the entire duration of the experiment. For high 

temperature testing at high strain rate, an induction heating system was used to heat 

the specimen uniformly until the desired temperature set point was attained.  Once the 

set point was attained, the specimen was held at that temperature for ~ 5 minutes to 

establish equilibrium and a uniform temperature through the entire gage section of the 

specimen.  The temperature of the specimen was monitored by several thermocouples 

in both the low and high temperature testing, until the start of the test. High 

temperature low strain rate tension tests were performed using a high-temperature 

furnace (with feedback control) available with standard Instron servohydraulic load 

frame. In these tests, the specimen was held at the test temperature for ~ 20min, until 

the thermocouple readings of the top and bottom portion of the specimen gage length 

were equalized. 

4.3.3 Quasi-static and high strain tests 

Quasi-static compression and tension tests were conducted on a servohydraulic 

load frame at a strain rate of 10-3/s.  High strain rate compression and tensile tests, at a 
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nominal strain rate ~1200/s, were conducted using a split Hopkinson pressure bar 

(12.7 mm diameter) and tensile bar (19.05mm diameter), respectively. The incident 

and the reflected strains are measured by the strain gauges glued at the midpoint of the 

incident bar, while the transmitted strain is measured by the strain gauges glued at the 

midpoint of the transmission bar.  The dynamic stress, strain and strain rate were 

calculated using one-dimensional stress wave theory [31]. By the use of a momentum 

trap in the present Hopkinson bar setup, the specimen is loaded by a single stress pulse 

without being subjected to any additional reflected pulses.  This facilitates a direct 

correlation between the microstructures and mechanical response of the specimen.  

4.3.4  High strain rate compression with pulse shaping 

A small quantity of grease or high temperature lubricant was applied over the 

loading surfaces of the compressive specimen to reduce friction during testing at RT 

and elevated temperatures.  During high temperature testing, tungsten carbide (WC) 

platens, which were sized to have the same impedance as the Hopkinson bar material 

(350 Maraging Steel), were sandwiched between the specimen-bars interfaces.  The 

WC inserts have low thermal conductivity and consequently reduce the heating of the 

Hopkinson bar that are in contact with the specimen. Raising the temperature of the 

bar interfaces may lead to a decrease in the yield strength and elastic modulus of the 

bars, thereby invalidating the uniform elastic analysis of the bar data, and also can 

cause plastic deformation (through indentation) during testing leading to potentially 

unreliable stress-strain data.  Within the range of temperatures examined in this work, 

the elastic modulus of the bar material does not vary significantly, and therefore the 
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main use of the WC platens was to eliminate indentation of the bar loading surfaces.  

Furthermore, it is well known that for a Hopkinson pressure bar test to yield reliable 

and valid uniaxial-stress, stress-strain responses of the materials under investigation, 

the specimen should deform at a constant compressive strain rate and remain in stress 

equilibrium during the duration of loading [32-34]. However, when testing a SMA 

specimen in a conventional Hopkinson pressure bar test, the normal, square-wave 

incident pulse cannot provide a constant strain rate due to the non-linear (stress-

plateau) behavior exhibited by the material.  A typical record of the stress pulses from 

a conventional Hopkinson pressure bar test on this NiTi material is shown in Figure 

4.1a.  While a constant amplitude incident stress pulse is generated by the impacting 

striker, the reflected pulse and therefore strain rate, is not constant (i.e. not a square 

pulse).  It should be noted that, as a result of lateral contractions, the tensile specimen 

is subjected to a nearly constant strain rate during most of the deformation, whereas in 

the compression test, the strain rate decreases dramatically from a high value (~2900 s-

1) to a low value (~500s-1) with increasing strain (see Figure 4.1b).  Such a large 

variation in deformation rate may influence the SMA stress-strain response in a 

dramatic way. Additionally, high-frequency oscillations can be observed in the pulses 

from such a conventional Hopkinson pressure bar test [20], (or see Figure 4.1a).   

Unlike most conventional metals/alloys, NiTi alloys exhibit a sigmoidal type 

stress-strain behavior that is the consequence of a phase transformation. Any changes 

in strain rate and high-frequency oscillations in the incident pulse are therefore highly 

undesirable since these two effects may influence the apparent transition stress, and 

hence lead to inaccurate interpretation of the compression-tension asymmetry results. 
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A tailored incident pulse can be achieved experimentally by placing a deformable 

material shim (pulse shaper) on the impact surface of the incident bar.  As the shim 

deforms plastically upon loading, it transfers an increasing amount of the incident 

pulse, such that a tailorable incident pulse shape, with a relative long rise time can be 

achieved [32-34].  The choice of materials and dimensions for this pulse shaper is 

strongly dependent upon the desired strain rate and the stress-strain response of the 

specimen tested.  Generally, the pulse shaper materials selected have been low 

strength, moderate work-hardening materials (e.g. OHFC annealed copper, brass, and 

304 stainless steel), having thicknesses of 0.1 to 2 mm.  In the present work, a high 

strength, very high work-hardening rate material, HAYNES B3 alloy (Ni-Mo), with a 

yield stress ~ 450 MPa and peak compressive strength in excess of 2 GPa was selected 

to fabricate the pulse-shapers.  Optimum dimension of the pulse shaper for different 

strain rates and specimens was determined by experimental trials to obtain a valid, 

uniaxial-stress, stress-strain response at a constant strain rate of the SMA. Figure 4.1b 

shows examples of the strain rate as a function of strain for the dynamic tension test 

and the dynamic compression test (with and without the use of the pulse shaper). The 

results show that a constant strain rate was achieved for the tension test and 

compression test with the pulse shaper out to strains of ~20%. Accurate comparison of 

compression-tension asymmetry observed at various temperatures (and hence in 

various crystallographic phases) can be envisaged only when constant strain rate is 

achieved in all the tests.   
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4.4 Results and Discussion 

4.4.1 Stress-strain response of NiTi at room temperature: Effect of strain rate 

The stress-strain curves for the NiTi from quasi-static (0.001 s-1) and dynamic 

(~1200 s-1) strain rate tests conducted at room temperature (RT), in both tension and 

compression, are shown in Figure 4.2.  The data is plotted in terms of engineering 

stress and strain, and the same convention is followed throughout this work.  Figure 

4.2 reveals the superelastic behavior of the SMA associated with the stress-induced 

martensite (SIM) transformation, in both compression and tension at RT (>Af).  

Superelasticity is quasi-elastic deformation far beyond the conventional elastic limit of 

the material, when deformed at a certain temperature above Af.  Lüders-like 

deformation behavior, as identified by a distinctive stress-plateau in the stress-strain 

curve, which was observed under quasi-static deformation at room temperature, in 

both tension and compression, was only barely observed in tension under dynamic 

loading conditions.  Compared to the tensile mode of deformation, compressive stress-

strain curve exhibited smaller recoverable strain (note shape of the unloading curves), 

a steeper transformation stress-strain slope, and a higher critical transformation stress 

level, in both quasi-static deformation and dynamic deformation.   

The stress-strain response of the SMA was found to be asymmetric between 

tension and compression, a phenomenon termed the Strength Differential Effect (SDE) 

by Plietsch and Ehrlich [35].  The asymmetry in tension-compression behavior during 

quasi-static loading has been studied in single crystal and polycrystalline NiTi [18, 27, 

36-40].  Orgéas and Favier [38] have proposed several mechanisms to explain this 
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SDE in NiTi SMA, and based on their investigations, it was concluded that the 

asymmetric deformation behavior of SMA is an intrinsic property of the SIM 

transformation.  Compression-tension asymmetry in polycrystalline NiTi is caused by 

asymmetry at the single-crystal level [36]. Indeed, texture imparts additional 

asymmetry to the compression-tension behavior in polycrystalline NiTi [18].  During 

the SIM transformation in single crystal NiTi, Plietsch and Ehrlich [35] observed that 

the maximum transformation strains in tension were twice as high as compressive 

strains.  They further suggested that the SDE is due to the selective formation of 

different SIM variants between tension and compression, and that the lattice 

correspondence of martensite variants and the parent lattice leads to the directional 

dependence of the transformation strains.  Liu et al. [27] conducted TEM studies on 

the microstructure of the deformed NiTi SMA in the martensitic phase and observed 

that dislocation mechanisms were dominant in compression, whereas detwinning (or 

re-orientation) of martensite variants occurred during the initial process of tensile 

deformation.   

It should be noted that, depending on the transformation temperatures, material 

composition, and heat treatment, the SMA would be either martensitic or austenitic 

phase or even possess a two-phase microstructure at room temperature.  SIM 

transformation occurs only during the deformation of the SMA in the parent austenitic 

phase at temperatures above Af.  Furthermore, when analyzing the deformation 

mechanisms of martensite, the type of martensite, i.e., thermally-induced or stress-

induced, should be clearly distinguished.  In the present work, the specimen is in the 

austenitic state at RT before testing, and the martensite is therefore induced by stress.  
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The tensile stress-strain curves exhibit a three-stage behavior: elastic deformation of 

austenite within region I, SIM transformation and Lüders-like deformation behavior of 

the SIM within region II, and plastic deformation of SIM in region III.  In stage II, a 

clear stress-plateau extends from a strain of ~1.6% to ~6.0.   

Very recently, Brinson et al. [41] have redefined the meaning of a “full” 

transformation in a polycrystalline specimen.  Using in-situ straining optical 

microscopy, they demonstrate that the “complete” transformation state of a 

polycrystalline SMA does not necessarily correspond to 100% martensitic phase, and 

that the volume fraction of martensite likely lies between 60 to 70%.  They explain 

these observations by a variant locking mechanism within each grain, and thus the 

variants are unable to achieve full transformation, in contrast to what is generally 

observed in single crystals.  Thus, the residual austenite may influence the stress-strain 

behavior of SMA, i.e., the deformation mechanisms in stages II and III may be 

influenced by the untransformed austenite.  Similar to the case of NiTi single crystal 

[39], polycrystalline compressive stress-strain data exhibit three stages during 

deformation at temperatures above As.  Sehitoglu et al. [39] explain the stages as: 

Elastic deformation of austenite in stage I followed by a SIM transformation (A → 

M). During the stage II deformation, the stress-strain response of SMA is a 

consequence of elastic deformation of SIM and some slip in the austenite.  Slip is the 

predominant deformation mechanism of the SIM in stage III.   

The high strain rate compressive stress-strain curve shown in Figure 4.2 does 

not exhibit a clear stress-plateau, while the tension curve displays only a very small 

one. However, this does not necessarily indicate the absence of a SIM transformation, 
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it will be shown in later sections that indeed the SIM transformation takes place. The 

stress-strain response is dependent upon the type of martensite (thermal- or stress-

induced) undergoing deformation and upon the rate of deformation. Later in this 

paper, it will also be shown that, under high strain rates, a stress-plateau behavior of 

thermally-induced martensite under tensile loading is observed at low temperatures (< 

Mf), while the SIM transformation at elevated temperatures (> Af) does not exhibit any 

clear stress-plateau.  

For all the tensile tests in the present work, whether quasi-static or high strain 

rate, the stress-strain curves did not return to the origin after unloading, i.e., the 

hysteresis loops are not closed, unlike the loops obtained for small strain under 

tension.  This is because the material has been deformed to a large total strain of ~16 - 

24%, well beyond the limit of the materials maximum recoverable inelastic strain (~8-

10%) [35].   

4.4.2 Dynamic stress-strain response of NiTi at elevated temperatures 

Typical stress-strain curves under dynamic and quasi-static compression and 

tension loading at RT and elevated temperatures are shown in Figure 4.3.  

Temperature effects on the high strain rate stress-strain response of SMA were found 

to be different under compression and tension.  Overall, in compression, the stress at 

the same strain decreased with an increase in test temperature from RT to 400°C, with 

the specimen deformed at RT exhibiting the highest compressive flow stress at 

maximum strain, see Figure 4.3a.  However, during the initial deformation (< 3%), the 

stress level in specimens deformed at RT was lower than the stresses observed for 
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samples tested at higher temperatures.  In contrast to the compression tests, the 

relationship between the stress and test temperature was more complex under tensile 

loading.  As shown in Figure 4.3b, the tensile stress did not show a direct or simple 

correlation with temperature, i.e. the stress-strain curve of SMA tested at RT was 

lower than the curves obtained at 200°C, 300°C and 400°C, with the behavior at 

200°C and 300°C being very similar. The specimen deformed at 200°C exhibited 

higher stresses overall.  Analysis of the quasi-static compression and tension stress-

strain curves in Figure 4.3c and 3d, respectively, show that the samples deformed at 

high temperature show a different behavior compared to the dynamic tests. In quasi-

static compression (see Figure 4.3c), during initial deformation (<10%, i.e. in stage I 

and II), the stress at the same strain level increases with test temperature. During stage 

III deformation, however, the specimens exhibit lower strength levels at higher 

temperatures compared to RT. In quasi-static tension (see Figure 4.3d), the specimen 

deformed at 100oC exhibits uniform strain up to 20% without any evidence of 

necking, with strength levels higher than those observed at RT. On further increase in 

temperature from 100oC to 400oC, the 0.2% yield strength almost steadily increases (it 

first decreases slightly at 200oC), which is quite contrary to that observed in 

conventional alloys. At both 200oC and 300oC, the specimen exhibit uniform strains of 

about 25%. At higher strains, however, the fracture strength decreases with increase in 

temperature, with the specimen deformed at 400oC showing the lowest fracture 

strength. Figure 4.3 also captures the tension-compression asymmetry, wherein the 

compressive flow stress at the same strain is higher than that in tension in all the 

specimens tested. This asymmetry is analyzed further in a later section.   
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Typically, in terms of the conventional temperature-dependence strength 

theory, the strength of metals or alloys decreases with increases in temperature, under 

both tension and compression testing.  However, for the SMA material, when the test 

temperature is within the superelastic range, Af  < T < Md, the SIM transformation 

complicates this trend.  As mentioned earlier, the austenite finish temperature, Af, for 

the SMA NiTi used in this investigation is 2°C, see Table 1, and Md, the highest 

temperature for the SIM transformation, is ~ 150°C [20].  All the high temperature 

testing (200°C, 300°C and 400°C) was conducted beyond the SIM transformation 

range (2°C < T < 150°C), and hence the SIM transformation was absent during the 

deformation of the austenite SMA, at these temperatures.  However, testing at RT 

(~22°C) and 100°C resulted in a SIM transformation, since these temperatures lie 

within the superelastic range.  Since the strength of the SMA is lower in the martensite 

state than in austenite state, the flow stress is lower at RT and 100°C. As deformation 

of austenite NiTi is dominated by a dislocation slip mechanism, the stress-strain 

curves obtained at these temperatures should have followed the conventional trend of 

strength variation with temperature.  It is not clear however, why in both the quasi-

static and dynamic tests, this trend is not adhered to consistently.   

One common feature in the fractured specimens tested (at high temperatures) 

at both low and high strain rates is that the geometry of the necked region changes 

from circular at 200oC to nearly square-type at 400oC. At RT, the fracture region has a 

small curvature, similar to cup-cone type ductile failure; whereas at 100oC, they 

exhibit flat fracture with little or almost no necking. 
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4.4.3 Dynamic stress-strain response of NiTi at low temperature 

Having investigated the effect of elevated temperature on the stress-strain 

response of NiTi SMA, the mechanical behavior at low is now examined.  

Compression and tension tests were conducted at low temperatures: 0°C, -50°C, -

100°C and -196°C; all the tests were performed at a high strain rate of ~1200 /s and 

quasi-static strain rate of 10-3 /s.  Taking into account that the martensite finish 

temperature, Mf, is ~ -36°C, the phenomenon of thermally-induced martensite 

transformation should be noted, while interpreting the data for the test temperatures -

50°C, -100°C and -196°C.   

Figure 4.4 shows the stress-strain behavior of NiTi in dynamic and quasi-static 

compression and tension loading at low temperatures. The stress-strain curves 

obtained at RT are juxtaposed for comparison. The compressive flow stresses are 

always higher than the tensile stresses observed at the same strain, similar to the 

behavior noted at RT and elevated temperatures. However, the contrasting feature is 

that now a stress-plateau is clearly discernible at low temperatures, especially at -

50°C, -100°C and -196°C , where the SMA is in a martensitic phase (T < Mf). The 

plateau slope tends to increase from being flat (0o) during low strain rate tensile testing 

to a small finite slope during dynamic tensile testing. The slope tends to be larger 

during quasi-static compression and increases to more than 45o under dynamic 

compression. The plateau stress in both dynamic and quasi-static tensile tests (see 

Figure 4.4b and 4d) decreases with decrease in temperature from RT to -50oC, with a 

slight increase, however, at -100oC. At -196oC, the transformation stress is as large as 

that observed at RT.  Fracture strains as large as 40% have been observed at 
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temperatures -50oC and -100oC under quasi-static testing. All samples failed by flat 

fracture, with no visible necking, and with the stress-strain curves exhibiting a 

constant work-hardening until fracture. Under quasi-static and dynamic compression 

as well, the transformation stress decreases with decrease in temperature from RT to -

50oC, with a subsequent increase at -100oC and -196oC. However, the stress levels (at 

same strain) under dynamic compression were observed to be far greater at -100oC and 

-196oC than the quasi-static values. In addition, dynamic compression stress-strain 

curves at -100oC and -196oC exhibit serrations beyond 8% strains. Similar serrations 

are found only at -196oC for quasi-static compression stress. These serrations may be 

indicative of either delayed detwinning (discussed immediately below) at higher strain 

rates or twinning of martensite at higher strains and lower temperatures. Further work 

is warranted in this regard.   

It has been shown that deformation at temperatures below Mf proceeds by 

martensite variant reorientation and detwinning mechanisms [30, 42]]. Liu et al. [30] 

and Zheng and Liu [43] have suggested two different detwinning mechanisms based 

on a recent theoretical analysis: (1) domino detwinning and (2) assisted detwinning.  

They propose that domino detwinning occurs at a constant external load, after its onset 

in a finite volume.  On the other hand, assisted detwinning requires a continuous 

increase in the external force to advance further deformation and occurs beyond the 

stress-plateau region.  The stress-plateaus obtained in the tensile tests (see Figure 4.4b) 

are not entirely flat, and have regions of finite, positive slopes, identified in the curves.  

Another interpretation would lead us to conclude that the stress-plateau exists only for 

a small strain range.  Liu et al. [30] also suggest that the end of domino detwinning 
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corresponds to the stress-plateau termination.  When applied to the curves in Figure 

4.4b, this means that assisted detwinning sets in early on, i.e., at small total strain 

during the dynamic deformation.   

The phenomenology of the “domino” and/or assisted detwinning appear to 

exhibit many features in common with previous twinning studies of “autocatalytic” or 

“polysynthetic” twinning (PST), where twin formation from adjacent existing twins is 

seen to occur [44-46].   In particular, the spontaneous reversal of elastic twins in 

geologic materials such as calcite, twinning in metals like antimony, and most recently 

“PST-like” twinning in intermetallics, pose some intriguing similarities and ideas to 

pursue.  Further, the observation of deformation twins triggering adjacent new twin 

formation during plastic deformation is also similar to some observations of twinning 

in body-centered-cubic (BCC) metals [47, 48].   In BCC metals, it can occur where 

1/6<111> twinning partials can cross-slip from one {112} plane to another {121} 

plane containing the twinning vector. In-depth defect analysis to examine the twinning 

and dislocation mechanisms coincident with the stress plateau in shape memory alloys 

should help to elucidate this matter.   

Although the superelastic range in the present NiTi is Af (2°C) < T < Md 

(150°C), it should be noted that the superelastic behavior was seen in the tension and 

compression curves at 0°C. Similar to the stress-strain curve under quasi-static 

conditions, the high strain rate compression and tension exhibit the stress-plateau 

characteristic.  This supports that the SIM transformation occurs at 0°C. Since 0°C lies 

outside the superelastic range, it is prudent to ask why the SIM transformation still 

occurs.  One possibility may be related to the specimen’s temperature rise under high 



267 

 

strain rate deformation.  Under dynamic deformation conditions and large plastic 

deformation, the specimen is in a near adiabatic condition, where the heat energy 

transformed from the plastic deformation is not conducted away due to the limited 

time available for heat dissipation.  Thus, the specimen temperature could increase 

substantially during the test.  For example, Miller et al. [21] noted a temperature rise 

(using a K-type fast response thermocouple) between 22 ~ 48°C for a SMA specimen 

deformed dynamically at strain rates between 1200-2300/s.  Such a large temperature 

increase may lead to the reverse transformation, M → A, and bring the alloy into its 

superelastic range, even though the specimen is surrounded by the cooling liquid.   

4.4.4 Compression–tension asymmetry 

Even though the compression-tension asymmetry under quasi-static strain rate 

has been investigated in single crystal and polycrystalline SMA [7, 18, 27, 35-37, 50-

53], to the authors’ knowledge, there has been no report on the compression-tension 

asymmetry under high strain rate loading to date. Compression-tension asymmetry in 

thermally-induced martensite (TIM), superelastic (SE) austenite and stable austenite 

has been studied here under low- and high- strain rate deformation, and an effort is 

made to understand the effect of temperature on this asymmetry.  Figure 4.5(a-d) 

depict typical quasi-static and dynamic stress-strain responses of SMA under 

compression and tension and illustrate the effect of temperature on the compression-

tension asymmetry. The temperature interval between each plot is ~200oC, beginning 

with -196oC and ending with 400oC.   
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With increasing test temperature, the asymmetry between compression and 

tension decreases under both low and high strain rate testing. For example, there is a 

considerable difference between compression and tension curves at -196°C (see Figure 

4.5(a)), while at 400°C (see Figure 4.5(d)), the difference is not substantial, especially 

during the first 5% strain. However, the magnitude of decrease in compression-tension 

asymmetry is greater under dynamic conditions than quasi-static strain rate. Moreover, 

the work hardening rate in both compression and tension does not vary with increase 

in strain-rate from 10-3/s to 1200/s, i.e., either in compression or tension, the dynamic 

flow curve is obtained by simply shifting the quasi-static flow curve in a parallel 

fashion, with the flow stress being higher under dynamic loading.  The compression-

tension asymmetry is qualitatively analyzed using a critical stress concept, σcr, which 

is determined by a stress value of 0.2% strain offset in the stress-strain curve.  The 

critical stress, σcr, is typically the yield stress of austenite in the high temperature tests, 

or martensite in the low temperature tests.   

When the test temperature is in the superelastic range, Af ~ Md (for example, 

RT and 100°C), stress-induced martensite phase transformation occurs during the 

deformation and consequently, this critical stress corresponds to the onset of the SIM 

transformation, i.e., it is the stress required to induce the martensite transformation 

[36].  Figure 4.6 captures the asymmetry of tension-compression in the variation of 

critical stress in tension and compression with temperature, at both quasi-static and 

dynamic strain rates. Under dynamic loading at low temperatures (T < Ms), within 

stage I, the critical stress does not vary significantly. When T < Ms, the SMA alloy is 

in the martensitic phase, and the detwinning mechanism of thermally-induced 
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martensite is dominant during deformation in this regime [30]. Following stage I is the 

SIM transformation of stage II (RT and 100°C tests), where the critical stress increases 

with increasing temperature.  At elevated temperatures (T > Md), the specimen is in a 

fully austenitic phase and deforms by slip, and the critical stress was observed to 

decrease with increasing temperature in stage III. The critical stress vs. temperature 

trend obtained in both the compression and tension tests exhibits a three-stage 

characteristic, with the critical stress level being distinctly higher in compression than 

in tension. It is generally agreed that, under quasi-static deformation rates, the SMA 

deforms through martensite reorientation (or detwinning) at low temperatures, stress-

induced martensite transformation at intermediate temperatures (superelastic range), 

and finally by slip in austenite at high temperatures [40]. However, there are three 

striking characteristic differences between the dynamic and quasi-static 0.2% critical 

stress variation with temperature. First, the slope in the SIM region is ~6 MPa/oC 

under dynamic loading, while it is nearly half that value, ~3 MPa/oC, under low-strain 

rate testing. Second, the 0.2% critical stress values under dynamic tension are roughly 

~100-200 MPa greater than the quasi-static tension values, whereas, the dynamic 

compression values are nearly twice as high as the quasi-static compression values, 

with the largest difference (~600MPa) occurring at 100oC. The third and perhaps the 

most striking difference is the behavior of 0.2% critical stress in region III. While the 

yield strength remains nearly temperature independent under quasi-static loading 

between 100oC – 400oC, it decreases linearly with temperature under dynamic loading. 

In addition, within the same temperature interval, the small difference in the yield 

values in compression and tension at low strain rate is observed to be quite large under 
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dynamic loading. At lower temperatures, where either TIM or SIM formation is 

possible, it is generally believed that the compression-tension asymmetry is due to the 

selective formation of different SIM variants between tension and compression, with 

larger number of variants being available in tension than in compression [35].  If the 

material exists as a single austenite phase between 200oC to 400oC, it is unclear why 

there should be such a large asymmetry between compression and tension at higher 

deformation temperatures.   

The unloading portion of the stress-strain curve also provides some interesting 

insight in the mechanical response of the NiTi SMA.  It is pointed out that this 

unloading curve is influenced by test temperature and stress state (compressive vs. 

tensile). For instance, the compressive unloading curve tends to be perfectly elastic 

(see Figure 4.5c-d) at elevated temperatures, while it is non-linear at low temperature 

(e.g., 0oC, see Figure 4.5b).  This response reflects the recoverable strain behavior of 

the SMA.  As suggested by Sehitoglu et al. [39], the unloading stress-strain response 

of the SMA is associated with the elastic strain and recoverable strain (both 

pseudoelastic strain associated with the reverse transformation M → A and SME 

strain obtained by heating at zero stress).  When the unloading stress-strain curve is 

completely linear, only the elastic deformation strain is released and no recoverable 

strain can be identified from the deformation. If the unloading curve is linear initially 

and then displays pseudoelastic behavior by unloading to lower strains than suggested 

by the elastic part of the unloading curve, then it has undergone the reverse 

transformation, M → A.  The reverse phase transformation from SIM to austenite in 

tension is identified by the unloading stress-strain response of the SMA in Figure 4.7 
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at temperatures 0°C and RT.  Moreover, unlike other unloading stress-strain curves 

obtained at low and elevated temperatures, the curves in Figure 4.7 show a complex 

stress-strain response at the beginning (overlapping) and at the end (oscillations) of 

unloading.  Hence, as mentioned earlier, a SIM transformation took place in the 

superelastic temperature range and at 0°C, and the martensite thus formed during the 

loading process transformed back to the parent austenite during unloading to the 

stress-free state. The unloading portions of the tensile curves in Figure 4.7 clearly 

indicated such reverse phase transformation. Further evidence of martensitic 

transformation was also confirmed by the observation of twins in the post-deformed 

samples under a TEM. A detailed TEM study of the post-deformed microstructures 

observed in the current work is currently underway.  The SMA was in the austenitic 

state at 200°C, 300°C and 400°C throughout the loading and unloading process, and 

hence a reverse phase transformation is never observed upon loading. Similarly, at low 

temperatures, the SMA was in the (thermally-induced) martensitic state throughout 

loading and unloading, and therefore, the unloading region of stress-strain does not 

show this reverse phase transformation. 

4.5 Conclusions 

Compression and tension tests were performed with a large total strain of up to 

16 - 24% at a high strain rate of ~1200/s and low strain rate of 0.001/s at various 

temperatures.  The aim of this work was to investigate the effect of test temperature on 

the stress-strain response and compression-tension asymmetry of NiTi SMA subjected 
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to both dynamic and quasi-static loading.  The current experimental results support the 

following conclusions: 

(1) In spite of large differences in strength levels occurring due to various 

transformations, all the dynamic compression tests were successfully conducted at a 

constant strain rate of ~1200/s for the entire duration of the loading.  

(2) The effect of temperature on the stress-strain response of NiTi SMA is 

strongly dependent upon stress state (compressive vs. tensile).  The flow stress is much 

higher in compression than in tension.  In compression, the flow stress decreases with 

increasing temperature at elevated temperatures.  In tension, the strength of the SMA 

is lower at RT and 100oC than at other elevated temperatures due to the SIM 

transformation.  A reverse phase transformation from SIM to austenite was identified 

by the unloading part of the stress-strain curves at RT and 100°C and corroborated by 

TEM observations. 

(3) The compression-tension asymmetry is strongly dependent upon 

temperature. The critical stress (determined by 0.2% strain offset) vs. temperature 

exhibits a three-stage characteristic both in compression and tension, with the critical 

stress being higher in compression than in tension.  

(4) The slope in the SIM region is ~6 MPa/oC under dynamic loading, while it 

is nearly half that value, ~3 MPa/oC, under low-strain rate testing.  

(5) The 0.2% critical stress values under dynamic tension are roughly ~100-

200 MPa greater than the quasi-static tension values, whereas the dynamic 

compression values are nearly twice as high as the quasi-static compression values, 

with the largest difference occurring at 100oC.  
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(6) The most striking difference is the behavior of the 0.2% critical stress in 

region III – while the yield strength remains nearly temperature independent under 

quasi-static loading from 100oC to 400oC; it decreases linearly with temperature under 

dynamic loading. In addition, the small difference in the yield values in compression 

and tension at low strain rate is exacerbated under dynamic loading (between 100oC to 

400oC).   

4.6 Acknowledgements 

Chapter 4, in full, is a reprint of the material as it appears in Acta Materialia as 

Raghavendra R. Adharapurapu, Fengchun Jiang, Kenneth S. Vecchio, George T. Gray 

III, "Response of NiTi Shape Memory Alloy at High Strain Rate: A Systematic 

Investigation of Temperature Effects on Tension-Compression Asymmetry", Acta 

Materialia, Vol. 54, pp. 4609-4620, 2006.  The dissertation author was the primary 

investigator and author of this paper. 

 
 
 
 
 
 
 
 



274 

 

4.7 Figures 

 

Fi
gu

re
 4

.1
 

(a
) T

yp
ic

al
 s

tre
ss

 p
ul

se
s 

on
 S

M
A

 in
 a

 H
op

ki
ns

on
 p

re
ss

ur
e 

ba
r t

es
t w

ith
ou

t p
ul

se
 s

ha
pe

r. 
(b

) T
yp

ic
al

 s
tra

in
 

ra
te

s 
of

 S
M

A
 s

pe
ci

m
en

 a
s 

a 
fu

nc
tio

n 
of

 s
tra

in
 u

nd
er

 t
en

si
on

 a
nd

 c
om

pr
es

si
on

 (
w

ith
ou

t 
an

d 
w

ith
 p

ul
se

 
sh

ap
er

). 

 



275 

 

 

 

 

Figure 4.2  Stress-strain curves of compression and tension at room temperature: 
quasi-static strain rate of 10-3/s, and dynamic (high strain rate of 
~1200/s).  The figure also shows the stress-strain three-stage 
characteristic of austenite SMA under (quasi-static) tension and 
compression. 
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Figure 4.7 Unloading dynamic tensile stress-strain response of SMA, showing a 
reverse phase transformation from SIM to austenite at 0°C and 22°C. 
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5 HIGH-STRAIN RATE RESPONSE OF 50.8-NITI: INFLUENCE 

OF THERMOMECHANICAL TREATMENT AND TEXTURE 

5.1 Abstract 

There is a growing interest in exploring bulk NiTi alloys for structural and 

high-strain rate applications, such as energy absorbing structures under impact or 

seismic loading conditions, where different geometries of NiTi in the form of 

cylindrical, sheet, tube and even porous geometries may be employed.  However, the 

response of NiTi is dependent on the product form (rod, sheet or tube) through their 

respective textures and thermomechanical processing history.  In the current work, we 

present the high-strain rate response of 50.8-NiTi in rod and sheet forms between –

196°C and 400°C under tensile loading at ~1200/s strain rate. We further compare the 

dynamic results with corresponding behavior observed at quasi-static strain rates (~10-

3/s).  To examine the influence of texture, the stress-strain behavior of the sheet is 

measured parallel and perpendicular to the rolling direction (longitudinal (L) and 

transverse (T), respectively), and to study the influence of thermomechanical 

treatment, the properties of cold-worked+annealed sheet material is compared to the 

solution-treated (ST) rod.  Finally, based on the fractography observations, the 

influence of strain rate on the fracture mechanisms are interpreted.  

5.2 Introduction 

Development of NiTi in bio-medical applications [1], such as stents and other 

implants, where its superelastic behavior is of primary importance, and the utilization 
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of its shape memory property in smart actuators and other non-medical applications [2, 

3] has occurred in large strides in the past two decades. As further avenues of “smart” 

applications are explored, more recent investigations have looked at seismic protection 

of structures [4-6], and there is a growing interest in the exploitation of Nitinol 

towards high-strain rate applications such as energy-absorbing structures [7]. The 

topology of these energy absorbing sandwich structures usually consists of core truss 

elements in the form of cylindrical pins, tubes or sheets in various complex geometries 

that optimize performance [8-10].  It is known that the truss members of these 

sandwich structures typically experience tension or compression loading conditions 

suggesting that the behavior of the overall structure critically depends on the 

compressive and tensile behavior of the individual truss elements.  However, several 

studies have shown that Ni-Ti alloys exhibit a pronounced tension-compression 

asymmetry, particularly, lower recoverable strains, higher ‘plateau’ or transformation 

stresses and non-flat plateau behavior under compression, that is a function of texture 

[11-18].  More recently, this asymmetry in compression-tension behavior was also 

shown to affected by both temperature and strain-rate [18].  The effect of hydrostatic 

pressure and the three-dimensional state of stress on the stress-induced transformation 

in Ni-Ti alloys has also been investigated by several authors, who concluded that 

larger hydrostatic pressures increase the effective transformation stress [19-23].  Thus, 

since the optimization of the entire sandwich truss structure is sought and, 

additionally, depending on the product form (such as rod, sheet or tube), the texture 

and hence dynamic response may vary significantly, the current work addresses the 
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difference in dynamic response at high-strain rates for sheet material parallel and 

perpendicular to the rolling direction (RD).   

5.3 Textures in Ni-Ti alloys 

Earlier work on texture effects in polycrystalline NiTi alloys [15, 24-39] have 

shown the strong influence of texture on the shape memory and mechanical properties 

in different product forms such as rolled plate, sheet, tube and rod stock.  Textures 

typically arise during processing through drawing, rolling, extrusion, solidification and 

sputtering.  Interestingly, Shu and Bhattacharya [28] argue that texture formation is 

very desirable in Ni-Ti alloys for improving the recoverable strains, whereas 

detrimental in similar Cu-base shape memory alloys.  Some of the common textures 

observed in bcc materials are indicated in Table 5.1.  It has been shown that α-fiber I 

rolling texture gives the largest uniaxial recoverable strains in the rolling direction 

(RD) and, transverse direction (TD) (ideal for uniaxial applications) and γ-fiber 

texture gives uniform in-plane isotropic recoverable strains (thus ideal in multi-axial 

applications) [27, 28].  Several textures, similar to those observed in rolled and/or 

recrystallized bcc alloys, have been reported in the literature for NiTi alloys; the 

important ones are listed below. 

 

1968 De Lange et al. [40] : {111}<110> 

1979 Monasevich et al. [24]: {112}<110>  (hot-rolled sheet) 

1990 Eucken and Hirsch [41] and Mulder et al. [26] : {110}<110>  

1990a Li et al. [25] {111}< 211 > (annealed at 820oC-10min + age 500oC 1.5hrs) 
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1990b Li et al. [25] {111}< 312 > (annealed at 820oC-5hrs + age 500oC 1.5hrs) 

1993 Mulder et al. [26]: (111}<110>  

1996 Inoue et al. [27]: <110>||RD partial fiber and <111>||ND fiber textures, either is 

strengthened based on thermomechanical treatment.  Under special rolling conditions, 

{112}<110> becomes intense. 

1997 Zhao [42]: Combination of {110}<110> and {110}<110> components, relative 

amount governed by rolling temperature: Cold-rolling (in martensitic phase) produces 

a dominant {110}<110>, warm-rolling at 300oC (austenite) produced a dominant 

{111}<110>.  

1999 Liu et al. [43]: {110}<110> 

2004 Fernandes et al. [44]: α-fiber II <110>||RD texture (annealed below 400oC), 

above 400oC, {111}<110> component is strengthened. 

2004-2006 Robertson et al. [37, 39, 45]: {221}<<122> in tubes, {111}<112>, 

{221}<110> and {110}<110> in sheet and {110}<110> and {100}<011> in rod 

geometries.  

Thus, it appears that partial α-fiber II and γ fiber texture components are more 

common in bcc Ni-Ti alloys, with a spread among other possible components 

observed in bcc rolling and/or recrystallization textures.  Due to the lattice 

correspondence between the austenite and martensite phases, the texture of the 

martensite phase arising from the parent phase, due to the selection of self-

accommodating variants, can be calculated, see  Miyazaki et al. [46, 47] and Zhao 

[42].   
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Table 5.1 Typical texture observed in bcc materials.  {hkl}<uvw> indicates that 
{hkl} planes are parallel to the rolling plane and <uvw> directions are 
parallel to RD [28, 48].  

Texture {hkl}||Rolling Plane <uvw>||Rolling 
Direction 

Components 

 
Α-fiber I 

 
{11j}, j ≥ 1 

 
<110>||RD 

{001}<110> 
{112}<110> 
{111}<110> 

Α-fiber II {11j}, j ≤ 1 <110> {111}<110> 
{110}<110> 

γ-fiber {111} <11j> {111}<110> 
{111}<112> 

η-fiber {0j1}, j ≤ 1 <100> {001}<100> 
{011}<100> 

 

It was found that the starting texture triggers different martensite variants at 

different rates in tension and compression, thus leading to compression-tension 

asymmetry [15]. Additionally, the texture was also seen to influence the deformation 

mode of martensitic NiTi shape memory alloy [43]. Despite the apparent significance 

of texture on the response of NiTi, there have been no studies that compare the high-

strain rate response of NiTi with respect to different product forms, such as sheet and 

drawn rod. The known studies include: (i) [49], in which dynamic response was 

studied under compression in superelastic NiTi, (ii) [50-52], where high-strain rate 

response was studied under compression and tension in martensitic NiTi and, (iii)  

[18], where systematic study of temperature effects on the compression-tension 

asymmetry at high-strain rate loading was conducted in both martensitic and 

superelastic NiTi under fully annealed conditions. 

Although, the superelastic properties of the NiTi shape memory alloys are very 

attractive, the alloy’s functional properties are sensitive to various parameters such as 
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alloy chemical composition (specifically, Ni-content) and thermomechanical 

processing history that affect the transformation temperatures and the mechanical 

properties.  Additionally, superelasticity occurs only between a narrow window of 

temperatures (Af < T < Md), with the variation of the superelastic plateau stress with 

respect to the temperature (also termed stress-rate, dσ/dT) ranging between 3 and 

20MPa/oC [53].  It is one of the goals of the present study to examine the variation of 

the stress-rate with respect to texture, heat-treatment (specifically, due to precipitation 

hardening) and strain-rate.  Moreover, the increase in deformation strain-rate not only 

affects the stress-induced martensite (SIM) in terms of generation of Lüder band phase 

fronts [54-56] (due to the kinetics of the transformation), but also increases self-

heating due to the latent heat involved in the austenite → martensite transformation, 

combined with the adiabatic (under high strain rate) rather than isothermal conditions 

[57].   Indeed, studies have indicated an increase in the specimen temperature between 

5oC and 50oC for a change in strain-rate between 500/s to 2300/s [58, 59]; a more 

recent study has observed an increase of 40K for 0.1/s strain rates [57]. 

Typically, rolled sheet/plate, drawn rod and extruded tube represent the most 

common products of NiTi alloys, refer to Roberston et al. [37].  While, the influence 

of rolling texture and cold-work on the overall shape memory characteristics, under 

quasi-static strain rates, have been investigated exhaustively in the past, most of the 

high-strain rate investigations in the literature have been conducted on solution-treated 

near-equiatomic NiTi alloys.  Consequently, the aim of the present investigation is to 

study the tensile dynamic response of NiTi (at ~1200/s) in different product forms, 

specifically, rolled sheet and drawn rod. It is also the objective of this paper to study 
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the influence of strain rate on the transformation plateau characteristics of both sheet 

and rod, and accordingly, tensile tests were conducted at quasi-static (0.001/s) and 

high-strain rates (1200/s). The influence of texture on the dynamic response of Nitinol 

is studied by testing 50.8-NiTi in the sheet form at low- and high-strain rates along 

rolling (L) and transverse (T) directions. Furthermore, by conducting the afore-

mentioned tests between –196oC and 400oC, the dynamic response of martensitic, 

superelastic-austenite and stable-austenite are studied.  Thus, the objectives are: 

 

1. To conduct accurate (i.e. constant strain rate) high-strain rate tests on 50.8-

NiTi SMA in sheet geometry. 

2. To study the behavior of 50.8-NiTi sheet as a function of temperature (-

196oC to 400oC) and strain rate (0.001/s and 1200/s). 

3. To investigate the role of texture on the superelastic and shape-memory 

characteristics by calculating the stress-rate (dσ/dT) variation for specimen loaded 

parallel (L) and perpendicular (T) to the sheet rolling direction. 

4. To quantify the role of thermomechanical treatment in Ni-rich 50.8-NiTi by 

comparing the quasi-static and dynamic tensile results between the fully-annealed 

(ST) 50.8-NiTi and the cold-rolled+annealed 50.8-NiTi sheet as a function of 

temperature (-196oC to 400oC) 

5. To interpret the fracture mechanisms based on fractographic observations 

 

 

 



 

 

292

 

5.4 Experimental 

5.4.1 Materials and microstructure 

Ni-rich 50.8-NiTi in the form of 12.7 mm drawn rod was obtained from Nitinol 

Devices and Components, Inc. (NDC, Fremont, CA). The rod material was obtained in 

fully annealed condition, i.e., annealed at 800oC for 30-min.  This heat treatment 

recrystallizes the alloy, thus removing any prior cold-work, as well as dissolving the 

hardening precipitates (Ti3Ni4).  As indicated in Table 5.2, the austenite finish 

temperature, Af = 2oC, indicates that the alloy is in superelastic austenitic condition at 

room temperature (20oC).  Additionally, the differential scanning calorimetry (DSC) 

scan showed only one transformation peak under cooling and heating, suggesting a 

direct transformation between B2 austenite (A) ↔ B19’ martensite (M).   

In addition to the rod stock, 50.8-NiTi was also obtained in the form of rolled 

sheet of 1-mm thickness from Johnson Matthey (San Jose, CA).  The Nitinol sheet was 

processed through a thermomechanical treatment involving 10-30% cold-work 

followed by a typical ~510oC-525oC aging treatment for 5-10 minutes that optimizes 

the superelastic characteristics.  Optical micrographs of the as-received material for 

sheet and rod product are presented in Figure 5.1(a) and (c), respectively, and the 

specific transformation temperatures are indicated in Table 5.2. 
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Table 5.2 Transformation temperatures measured in as-received NiTi rod and 
sheet. 
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*The transformation temperatures are determined by a DSC with Rs, Rf, Ms, Mf and As, Af being the R-
phase, martensite (M) and austenite (A) start and finish temperatures, respectively.  However, as 
discussed in the Results Section, the as-received alloy exhibits {(A→R) + (R→M1) + (R→M2) || 
(M→R) + (R→A)} forward || reverse transformation sequence, compared to the traditional {(A→M) || 
(M→A)} transformation. 
 
**TEM observations by Robertson et al.  [39, 45] revealed the existence of sub-grain structure of the 
order ~100 nm for similar NiTi sheet material.   
 
† Drawn rod texture is adapted from [18] and the rolled sheet textures are compared with the 
measurements by Robertson et al. [39, 45]. 
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5.4.2 Starting Textures 

Prior to the texture measurements, all the samples were heated above 60oC and 

gradually cooled back to room temperature (20oC) ensuring that the material is the 

fully austenitic condition.  The texture in drawn NiTi rod (refer to Figure 5.3a for the 

reference frame) was measured at room temperature with electron back-scattered 

diffraction (EBSD) in a scanning electron microscope (SEM) utilizing INCA software 

from Oxford Instruments.  The principal texture in the axial direction was measured to 

be a (111)-fiber type texture with the radial direction distributed primarily near <101> 

and <112> orientations [18]. 

Textures in 50.8-NiTi sheet material (refer to Figure 5.3b for the reference 

frame) were measured using X-ray diffraction method since the microstructure was 

heavily deformed due to prior thermomechanical treatment, which made it difficult to 

obtain and/or index the Kikuchi patterns in the EBSD.  Thus, textures were measured 

in As-Received and fully-annealed conditions (800oC-1hr) with a SCINTAG X1 XRD 

system, with a 4-circle goniometer utilizing Cu-Kα (λ=1.5405 Å) radiation source 

(40kV, 20mA).  Samples measuring 15mm x 15mm x 1mm were cut from the as-

received sheet and were aged at 550oC (10-minutes) or 800oC (1-hr) followed by water 

quenching.  The samples were then polished to diamond finish and prepared for 

optical microscopy examination.  The optical micrographs, shown in Figure 5.1, reveal 

the presence of ‘needle’ martensite in some grains produced due to the stresses applied 

during mechanical polishing.  Additionally, annealing at 800oC homogenizes the alloy 
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and causes recrystallization and grain growth, as shown in Figure 5.1(b); this heat-

treatment produces an austenitic phase at room temperature.   

The crystallographic texture of the austenitic phase was determined from three 

‘incomplete measured’ pole figures of (110), (200) and (211), similar to Robertson et 

al. [37, 39, 45].  The X-ray intensities were background corrected and the orientation 

distribution function (ODF) was obtained using the popLA (preferred orientation 

package – Los Alamos) software package.  The ODF were then used to calculate the 

(100), (110) and (111) pole figures (PF) and inverse pole figures (IPF), as shown in 

Figure 5.4 (equal area projection).  As the data indicate, the sheet material exhibited 

partial <110>-type rolling texture similar to the α-fiber II texture; the {111} was the 

strongest normal direction (ND) component.  With aging at 550oC and 800oC, the 

texture evolved by strengthening the {111}<110> component; similar strengthening 

behavior was independently reported by Robertson et al. [37, 39, 45] and Fernandes et 

al. [44] recently.  The textures measured for both rod and sheet NiTi are summarized 

in Table 5.2.   

5.4.3 DSC measurements 

The phase transformation temperatures were measured using a cryo-

differential scanning calorimeter (DSC) (Perkin Elmer Pyris 7 series) in a helium 

atmosphere.  DSC samples typically measuring 50 mg were cut from the samples and 

sealed in Al pans and were heated to 80oC and held for several minutes.  

Subsequently, complete heating and cooling cycles were performed between 80oC and 

-110oC at a rate of 10oC/min.  In order to identify individual phase transformations 
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(corresponding to different peaks on a DSC chart), partial heating and cooling cycles 

were performed with different starting and ending temperatures, as was necessary.  In 

all the DSC scans, the top and the bottom curves represent the cooling and heating 

cycles, respectively.   

5.4.4 Testing temperature 

Tensile experiments were performed at low temperatures (-196, -100, -50 and 

0°C), room temperature (RT; 20°C) and elevated temperatures (100, 200, 300 and 

400°C).  For all the tests, low temperatures were achieved by immersing the entire 

specimen in a low-temperature liquid bath containing methanol cooled by liquid 

nitrogen or in liquid nitrogen directly (-196°C), for ~20 minutes prior to testing and 

for the entire duration of the experiment.   For high-temperature testing at high strain 

rate, an induction heating system was used to heat the specimen uniformly until the 

desired temperature set point was attained.  Once the set point was attained, the 

specimen was held at that temperature for ~5-min to establish equilibrium and a 

uniform temperature through the entire gage section of the specimen.  The temperature 

of the specimen was monitored by several thermocouples in both the low- and high-

temperature testing, until the start of the test.  High-temperature, low-strain-rate 

tension tests were performed using a high-temperature furnace installed on the 

servohydraulic load frame.  In these tests, the specimen was held at the test 

temperature for ~30 min, until the thermocouple readings of the top and bottom 

portion of the specimen gage length were equalized.  
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5.4.5 Quasi-static and high-strain tests 

Quasi-static tension tests were conducted using a servohydraulic load frame at 

a strain rate of 0.001/s.  High strain rate tensile tests were conducted using a split 

Hopkinson tensile bar (19.05 mm diameter) at a nominal strain rate of ~1200/s.  The 

incident and the reflected strain were measured by the strain gages glued at the 

midpoint of the incident bar, while the transmitted strain was measured by strain gages 

glued at the midpoint of the transmission bar.  The dynamic stress, strain and strain 

rate were calculated using one-dimensional stress wave theory [60]. By the use of a 

momentum trap in the present Hopkinson bar setup, the specimen was loaded by a 

single stress pulse without being subjected to any additional reflected pulses.  This 

facilitates a direct correlation between the microstructures and the mechanical 

response of the specimen. The specimens used in the tensile testing at quasi-static 

strain rates measured 6.4 mm diameter x 30 mm length for cylindrical geometry, 

whereas specimens measuring 30 mm length x 6.4 mm width x 1 mm thickness were 

machined from NiTi sheet.  Cylindrical tensile specimens (from rod stock) with gauge 

section dimensions of 3.8 mm diameter x 11.5 mm length were used for the tensile 

tests at high strain rates, whereas the geometry of the sheet specimen used for dynamic 

testing is shown in Figure 5.5(a).   

Thin rolled NiTi sheet, which is one of the most common processing form of 

the alloys, poses significant experimental challenge for conducting high-strain-rate 

tensile testing, due to the problems associated with samples small cross-sectional area, 

difficult gripping, and poor wave signals generally associated with dynamic tension 

testing.  Additionally, difficulty in maintaining constant strain-rate conditions for the 
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duration of the entire test, including attainment of large strains to failure, represent 

another serious issue. In the present work, we have successfully overcome all of these 

challenges, to obtain acceptable dynamic responses for NiTi alloys in tension by 

modifying the sample gripping area in a split Hopkinson tensile bar as shown in 

Figure 5.5b.  Figure 5.6a show different signal pulses recorded from the strain gages 

attached to the incident and the transmission bars during the dynamic testing of NiTi 

sheet at 300°C.  The stress-strain curves and the strain rate are plotted as a function of 

strain, up to 25%, in Figure 5.6b.  These curves indicate that constant strain rate of 

~1200 /s has been achieved throughout the duration of the test for NiTi sheet, thus 

allowing an accurate comparison of high strain rate behavior between sheet and 

cylindrical geometries [18].   

5.5 Results and Discussion 

5.5.1 DSC measurements 

The DSC trace in Figure 5.1(d) indicates that the sheet material is also in 

superelastic austenitic condition at room temperature; however, it exhibits a 3-stage/2-

stage multiple stage transformations (MST) as evidenced by multiple peaks [61].  

Figure 5.2(a-d) show in more detail the full and partial DSC scans of the AR 50.8-

NiTi sheet material.  The cooling cycle (top curve) exhibits three peaks 1-2-3 whereas 

the heating cycle (bottom curve) shows only two peaks, 4-5, thus showing a 3-stage/2-

stage multiple stage transformation (MST).  The partial cycle (b) indicates that 1 and 

1’ are B2→R phase and its reverse transformation, R→B2, respectively, since its 

temperature hysteresis is quite small (<10oC) compared to the B2→B19’ or R→B19’ 
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transformation.  The partial cooling cycle (c) partially terminates before the end of 

peak-2 and the heating cycle exhibits an enhancement in the transformation heat 

(represented by the area under the peak) of peak-1’, resembling more closely to peak-5 

in the full scan.  The final partial cooling cycle (d) now includes a part of the stage-3 

transformation and upon heating develops into the peak 4 (only seen as a partially 

formed shoulder).  Furthermore, a full DSC scan between -100oC to -40oC (not shown) 

indicated the presence of only peak-3 and not peak-2, suggesting that peak-3 and 

peak-4 belong to a pair of the transformation.  Since the 1 and 2 in the forward 

transformation correspond to peak-5, and peak-3 and peak-4 are a pair, peak-1 and 

peak-2 are A→R and R→M1 (martensite-1) transformations, respectively, and peak-3 

is R→M2 (martensite-2) transformation.  Peak-4 represents the reverse M2→R 

transformation, whereas peak-5 corresponds to an overlap of the M1→R and R→A 

transformations.  Here A, R, M1 and M2 correspond to austenite, R-phase and 

martensite phases occurring in two different volumes of the material, see [61] for a 

detailed analysis of multiple stage transformations. 

5.5.2 Tensile Stress-strain response of NiTi at 20oC: sheet vs. rod 

The tensile stress-strain curves for NiTi from quasi-static (0.001/s) and 

dynamic (~1200/s) tests conducted at room temperature (RT) on sheet (Longitudinal 

(L) and Transverse (T)) are shown in Figure 5.7.  Since the specimen is in superelastic 

(SE) condition, the quasi-static stress-strain curves reveal clear SE plateau regions.  

Generally, it is agreed that the elastic deformation of austenite (stage I) is followed by 

the stress-induced martensitic transformation (SIM) (stage II) represented by the flat 
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plateau.  Subsequently, the SIM reorients (stage III) before plastic deformation of 

martensite begins (stage IV) [62].  The specimen exhibits transformation strains (i.e., 

strain at the end of the ‘plateau’ region) of ~ 6.8% in the longitudinal (rolling) 

direction (L) and 5.2% along the transverse direction (T) (close to the values observed 

by Liu et al. [43]).  The ‘plateau’ region is not entirely flat when deformed at 0.001/s 

strain rate, however, when tested at 10-4/s deformation rate, the NiTi sheet exhibits a 

zero-slope plateau up to 7.2% and 5.6% strains in longitudinal and transverse loading 

directions, respectively.  Following Yuan and Yi [29] and Robertson et al. [39], the 

texture influence on the transformation strains may be estimated using: '
avg

m

M
Vη

ε = , 

where η =13.08, Vm is the martensite volume fraction (assumed 1 here), and M’avg is 

the normalized modified Taylor factor calculated by Ono et al. [63, 64] based on the 

discrete texture intensity at a given (hkl) plane.  Since the textures measured in the 

current study are similar to those reported by Robertson et al. [39], the transformation 

strains calculated using their texture components intensity are 4.8% and 6% for 

loading in L and T directions, respectively.  These match reasonably well with the 

observed values of 5.2% and 6.8%.  The ST 50.8Ni-Ti rod material also shows a 

plateau between 1.6% and 6% [18], however the specimen does not recover the 6% SE 

strain completely upon unloading, compared to the sheet specimen, under 10-3/s strain 

rates.  It only exhibits pseudoelasticity with a non-linear unloading to 4% and 

recovering another 2% strain upon heating, indicating the stabilization of martensite 

during loading cycle [62, 65-67].  The remaining 2% permanent strain is due to the 

slip introduced into the annealed Ni-Ti matrix.  Due to the annealing of the 
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dislocations and the dissolution of the hardening precipitates at 800oC, the superelastic 

characteristics of the rod are reduced due to the ease of introducing permanent 

deformation through slip [68], thus emphasizing the importance of thermomechanical 

treatment to improve SE in Ni-Ti.  Another significant difference is the plateau stress 

value; the plateau stress is greatest in the TD sheet (average of plateau start and end 

values, 550 MPa), lowest in the rod (~390 MPa) with the LD value being intermediate 

(~480 MPa average).  The lower plateau stress in the rod has been explained due to the 

ease of slip in the alloy; the difference in the plateau stress between the transverse and 

the longitudinal sheet samples may be explained through the texture, and hence the 

deformation mechanisms that are operating at this temperature.  The stress-induced 

martensitic (SIM) transformation that is responsible for the plateau region, and hence 

superelasticity, occurs through the formation of martensitic variant(s) [48].  It was 

suggested that the formation of SIM during uniaxial tension is governed by the variant 

group(s) that will accommodate the largest tensile strains for a given loading direction 

[69] and that this variant(s) will then grow during subsequent loading.  It is known that 

the largest recoverable strains in single crystals are possible due to SIM formation 

when the loading directions are parallel to <111>B2 followed by <110>B2 and <100>B2.  

Furthermore, different variants recover different transformation strains [42, 70].  For a 

polycrystalline Ni-Ti with significant texture, only those strains can be recovered that 

can be accommodated by the rearrangement of martensite variants, noting that each 

grain may form different set of variant microstructures.  Since the sheet texture 

indicates higher <110>B2 components along the rolling direction, it can be reasoned 

that the formation of martensite variants that accommodate and hence recover larger 
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strains occurs during loading along the longitudinal than Transverse.  This argument 

may explain the smaller plateau strains in the transverse specimen compared to 

longitudinal sample.  The degree of the role of intergranular constraint on the 

properties of polycrystalline SMA has also been invoked by several investigators to 

explain the observed SE strains [31, 42, 48, 70].  Liu et al. [43] have offered further 

analysis on the deformation mechanisms to explain the influence of texture.  They 

studied uniaxial tension along longitudinal and transverse directions and explained the 

difference in the plateau region as follows.  Deformation of the martensite phase along 

the longitudinal direction resulted in the detwinning of <011> type II twins, whereas, 

such detwinning was absent in the samples deformed along the transverse direction.  

Instead, deformation of (001) compound twins and a high density of dislocations were 

frequently observed in these samples.  These observations were rationalized by Liu et 

al. [43] by calculating the shear direction of several twins with respect to the loading 

directions and found that the rolling direction (L) is more favorable to the shearing of 

<011> type II martensite twins, while the transverse (T) direction is more favorable to 

the (001) compound twin shearing.  Noting that the strains recoverable by SE are 

typically the same as those by SM [28], it can be argued that similar triggering of 

different twins in the longitudinal and transverse directions may be responsible for the 

observed difference in the plateau strains and stresses for L and T specimens.  The 

stress-strain curves in Figure 5.7a also show that the longitudinal samples exhibit 

larger ductility (greater by 4-5%) and lower strength (lower by 300MPa) than the 

transverse samples, understandably due to the deformation across the rolled grain 

microstructure.   
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In quite contrast, the dynamic stress-strain curves for the rod and the sheet 

specimens barely show any plateau region.  The ‘ringing’ in the stress-strain curves 

observed at the end of the elastic region (Figure 5.7a, for sheet specimen) is due to the 

oscillations observed in the incident pulse and due to the complex specimen geometry; 

it is not a material property [59].  Although, this ringing camouflages the plateau 

region, from Figure 5.7, it is interesting to see that the end of start and end of the 

‘ringing’ corresponds to the beginning and the termination of the plateau region.  The 

average plateau stress follows a similar pattern as that of the quasi-static: the plateau 

stress is greatest in TD sheet (average of plateau start and end values, 620 MPa), 

lowest in the rod (~410 MPa) with the LD value being intermediate (~500 MPa 

average).  Miller et al. have reported that this plateau start stress, under repeated 

dynamic loading, decreases with increasing loading cycles and was independent of the 

level of plastic-strain [59].  This has been ascribed to the martensite stabilization that 

occurs with increasing loading cycles, similarly observed under quasi-static cyclic 

loading conditions [71].   

Post-plateau deformation in the sheet specimen, however, was different under 

dynamic deformation compared to the quasi-static rates.  The stage III deformation 

now shows linear strain hardening until failure, with hardening exponent n = 0.3, 

slightly larger than the rod specimen.  It is very likely that under dynamic strain rates, 

the dislocation generation occurs earlier, possibly during the SIM plateau formation 

and beyond, thus explaining the strain-hardening region instead of the elastic 

martensite-reorientation stage.  Interestingly, experiments by Miller et al. [59] have 

indicated that, upon cycling, the hardening exponent increases with increasing plastic 
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strain, whereas it is independent of the cycle number.  The failure strains at high-strain 

rates are nearly twice as large under quasi-static strain rates, with longitudinal 

specimens exhibiting 4-5% higher ductility than the transverse specimens.  Based on 

the bilinear unloading curve, it has been shown that stress-induced martensite 

transformation indeed occurs at high deformation rates despite the absence of an 

obvious plateau region [18, 59].  The higher plateau stresses, thus observed under 

dynamic loading, may be explained by the following arguments.  (a) Due to higher 

deformation rates, the kinetics of the phase transformation may influence the material 

response, particularly higher plateau stresses before the SIM transformation begins, 

(b) due to temperature rise (as a result of the latent heat of transformation) and 

adiabatic conditions (associated with dynamic deformation), the specimen self-heating 

may also increase the plateau stresses.  Since the stress rate, dσ/dT, varies between 3 

and 20MPa/oC [53], the plateau stress, assuming a stress rate of 5MPa/oC and 10-40oC 

temperature rise, may be expected to increase ~50-200 MPa which is close to the 

observed values.   

5.5.3 Quasi-static  stress-strain response of NiTi: Effect of temperature 

The effect of temperature between -196oC and 400oC on the superelastic and 

overall stress-strain behavior under quasi-static strain rate is shown as a function of 

texture in Figure 5.8.  For the longitudinal samples, with decreasing temperature from 

20oC to -50oC, the plateau stress decreases due to the ease of martensite detwinning.  

However, at -100oC and -196oC, the plateau stress increases due to the low-

temperature effects on the material modulus and Peierls stress and also due to the 
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setting in of irreversible martensite detwinning at T << Mf.  Although the specimen 

exhibits Rf = 0oC, the quasi-static stress-strain curves at 0oC hardly show the R-phase 

detwinning plateau at low stress levels, and it is completely absent in the dynamic 

stress-strain data.  In addition, they show superelastic ‘flat’ plateau behavior up to 6% 

strain.  Below -100oC, the material is entirely martensitic.  The transverse specimens 

also show similar variation of the detwinning plateau stress, although the plateau stress 

is greater than in the longitudinal samples at any test temperature, with the maximum 

difference of 150 MPa at -196oC and minimum of 25 MPa at 50oC.  Additionally, 

while the longitudinal specimens exhibit 15% ductility at all temperatures, except -

50oC and -100oC, where they exhibit fracture strains of 20%, the transverse samples 

show lower ductility of 10-11% at all low temperatures.  The tensile strength in the 

transverse samples is correspondingly greater than the longitudinal oriented samples at 

each low temperatures by ~ 200-300MPa.   

Typically, the thermally-induced martensite in NiTi (formed when cooled 

below Mf) is made of twinned martensite variants with <011> type II, {11-1} type I 

and (001) compound twins co-existing in the microstructure; among these the <011> 

type II twin is more frequently observed [47, 72-76]. The tensile deformation of the 

twinned martensite proceeds through (a) elastic deformation of the martensite, (b) 

plateau region corresponding to martensite reorientation and detwinning process, (c) 

elastic deformation of reoriented martensite and further detwinning, and finally (d) 

plastic deformation.  Liu et al. [76] (who studied NiTi bar annealed at 600oC for 0.5-

hr) have shown that during stage (a), the martensite deforms uniformly along the gage 

length with the inelastic arrangement of some martensite twins and the generation of 
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dislocations within the (11-1) type I twins.  Stage (b), which corresponds to the 

constant-stress plateau region, involves the martensite reorientation and detwinning of 

<011> type II twins, following the formation of mobile (100) compound twins 

between the type-II twins, in addition to the rearrangement of dislocation 

substructures.  During stage (c), further reorientation and detwinning of unfavorably 

oriented martensite twins occur with increasing stress along with the generation of 

high density of dislocations [76]; concluding with the plastic deformation of 

unfavorably oriented martensite plates [76-79].  Zheng and Liu [77] have suggested 

two detwinning mechanisms, namely, domino and assisted detwinning.  They argued 

that the domino detwinning, once initiated in a finite volume, proceeds at a constant 

external stress in a self-propagation manner, whereas the assisted detwinning 

necessitates increasing loading to trigger further detwinning.  Furthermore, they 

suggested that the end of the plateau region corresponds to the cessation of the domino 

detwinning mechanisms, while assisted detwinning occurs beyond the plateau region.  

It is observed from Figure 5.8(a,b), that with decreasing temperatures, the plateau 

region progressively decreases in strain and the slope of the stress-strain curve 

subsequent to the plateau region increases.  This suggests a possible early shift from a 

domino detwinning to an assisted detwinning mechanisms at lower temperature.  In 

addition, it is possible that dislocation generation occurs concurrently with the assisted 

detwinning mechanism near the end of the plateau region.  The effect of texture 

through tensile loading along L and T can be accounted for by the difference in 

twinning deformation.  As invoked earlier, Liu et al. [43] found that the rolling 

direction (longitudinal) is more favorable to the shearing of <011> type II martensite 
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twins, while the transverse directions is more favorable to the (001) compound twin 

shearing.  Since the deformation mechanisms of various martensite twins differs for 

different twinning systems, it would explain the difference between the martensite 

deformation in the longitudinal and transverse specimens at low temperatures.   

The quasi-static high-temperature response of 50.8Ni-Ti sheet is shown in 

Figure 5.8(c,d).  The sheet material still exhibits superelasticity, based on the 

discernable ‘plateau’ for both the longitudinal and transverse specimen, although the 

plateau now occurs at ~800-900 MPa due to the temperature dependence of the 

plateau stress in the superelastic condition (through stress-rate, dσ/dT).  Two 

important observations may be noted for stress-strain curves tested between 100oC and 

400oC: (1) the critical stress (calculated by 0.2% strain offset) increases with 

temperature and (2) the strain hardening coefficient for the transverse specimens is 

greater than the Longitudinal samples.  The second observation can be explained by 

the deformation perpendicular to the rolling grain direction that is known to increase 

strength and work-hardening properties.  However, the increase in strength with 

temperature change from 100oC to 400oC seems to be contrary to the typical strength-

versus-temperature correlation for bcc alloys; strength is expected to decrease at 

higher temperatures.  However, it can be explained by the fact that Ni-rich NiTi alloys, 

such as 50.8-NiTi, undergo precipitation reactions upon aging [61, 68, 80-82].  Aging 

between 200oC and 400oC leads to the precipitation of the Ti3Ni4 metastable phase, 

with maximum density occurring for aging at 400oC.  Since the quasi-static specimen 

were held at these testing temperatures for nearly 20-30 minutes, the alloy was 
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precipitation hardened (in addition to the initial cold-work+annealing treatment in the 

as-received samples) and hence exhibited increased strength at high temperatures.   

The stress-rate (dσ/dT) variation for different specimens may be calculated by 

plotting the critical stress (corresponds to the plateau start stress for quasi-static strain 

rates) as a function of temperature, as shown in Figure 5.11(a, b) for rod and sheet 

specimens, where the critical stress is calculated by 0.2% strain offset method.  The 

slope, dσ/dT, is calculated between 0oC and 100oC, since the highest temperature for 

superelastic range is ~120oC-150oC [18].  Thus the stress rate is calculated as 

3.8MPa/oC, 6.1MPa/oC and 6.3MPa/oC for rod and sheet longitudinal and transverse 

specimens, respectively, at quasi-static strain-rates.  It can be seen that the solution-

treated rod has lower stress-rate than the cold-worked and aged sheet specimen, 

although the variation between the longitudinal and transverse specimens is not 

significant; this suggests that annealing heat treatment above the recrystallization 

temperature (~600oC for Ni-Ti alloys) greatly influences the stress-rate.  The 

transformation strain, εA→M, estimated earlier through texture information, may also be 

calculated using the observed stress-rate values.  Typically, the stress rate or the 

recoverable strains have been calculated by utilizing: 
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where ∆H and ∆S are the change in molar enthalpy and entropy, respectively, and ρ is 

the density of Nitinol.  MAH →∆  is typically measured using calorimetric methods, 

where the equation has been corrected for density (ρ=6.45g/cm3) to maintain 

consistent units (energy/mass versus energy/volume) [83].  This is the well known 
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Clausius-Claperyon equation that quantifies the effect of stress on the martensitic 

transformation for uniaxial stress loading condition [84, 85].  It has been used to 

calculate the magnitude of reversible strains accompanying the superelastic Nitinol.  

However, using the To values given by [85, 86]:  
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has led to large errors in the calculations.  Recently, McKelvey [83] has provided an 

alternative approach in estimating the reversible transformation strains of a uniaxially 

loaded specimen in tension using the Clausius Claperyon equation by avoiding the 

calculation of the equilibrium temperature, To.  Assuming that at some critical stress 

(σc), the parent austenite will begin to transform to martensite in order to 

accommodate the strain, this can be represented by the Gibbs-free energy at 

equilibrium as:     (a) GA = GB ; (b) ∂GA = ∂GB  

By utilizing the Gibbs-Duhem equation, the partial Gibbs free energies may be 

rewritten as: 
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where S and H are the molar entropy and enthalpy per unit volume, respectively, and 

εA→M is the strain in either phase and dσ/dT is called the stress rate, a very important 

descriptor of SMA and typically varies between 3 to 20 MPa/°C [53], as discussed 

earlier.  This, McKelvey [83] calls an alternative expression for the Clausius-

Claperyon equation where the conventional pressure and volume terms are replaced 
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with the conjugated variables stress and strain.  Correcting for the units (for using the 

enthalpy values from the DSC) and integrating the above expression, we get:  
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where σo and To are arbitrary stress and temperature parameters, respectively; here we 

assumed To = 0oC (273K) and σo = σ(T = 0oC).  This linearized equation removes the 

dependence of the slope on the temperature To.  Plotting the above equation based on 

the data shown in Figure 5.11(a, b) for the quasi-static data provides the slopes 

(ρ∆H/εA→M) as 1256.3 MPa, 1991.2MPa and 2043MPa for rod, and longitudinal and 

transverse sheet specimens, respectively.  Additionally, using the transformation 

enthalpies measured by the DSC as 15.6 J/g (rod) and 18 J/g (sheet), the 

transformation strains may be calculated as 8%, 5.8%, and 5.6% for rod and sheet-L 

and T specimens.  Although, the calculation overestimates the recoverable strain for 

the rod geometry, the error for the sheet specimen is ~ 10%.  A probable reason for the 

overestimation of the recoverable strain for the rod specimen may be forwarded as 

follows: the above calculation assumes 100% transformation at the end of the plateau, 

however, recent studies by Brinson et al. [38] have indicated that in polycrystalline 

shape memory alloys, the volume fraction of the martensite is likely to be ~60%-70%.  

Additionally, since the solution-treated is more susceptible to slip deformation, the 

sample may not exhibit optimal SE strains.   

5.5.4 Dynamic stress-strain response of NiTi: Effect of temperature 

Typical stress-strain response of 50.8Ni-Ti sheet samples under dynamic 

tensile loading (1200/s) between -196oC and 400oC is shown in Figure 5.9; for 
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comparison purposes, the room-temperature dynamic response is also shown.  The 

results indicate the presence of the stress-plateau (stage (b) discussed in the previous 

section associated with the martensite detwinning observed at quasi-static strain rates.  

Liu et al. [50] have observed similar plateau region in the stress-strain response of the 

martensite phase at a strain rate of 300/s.  This suggests that the detwinning ‘plateau’ 

mechanisms of the thermally induced martensite (TIM) are still active at 1200/s 

deformation rates.  By contrast the stress-induced martensite ‘plateau’ of the 

superelastic austenite phase exhibits greater strain-rate sensitivity, since the plateau is 

not clearly observed in the current study (see Figure 5.9) and previous reports [59].  

The difference perhaps lies in the microstructure: the thermally-induced martensite (at 

T < Mf) microstructure contains several mobile twin interfaces that move upon the 

application of stress until one favorably oriented variant grows at the expense of the 

remaining ones.  On the other hand, the stress-induced martensite (at Af < T < Md) 

needs to form from a sea of austenite matrix, where one specific martensite variant 

that accommodates the strains optimally, grows into the matrix.  Therefore, it is 

possible to interpret from the observed high-strain rate response of the superelastic 

austenite and the shape memory martensite, that the kinetics of the austenite-

martensite interface(s), and the martensite-martensite interface(s), differs with respect 

to the influence of strain-rate, as well as, temperature and loading state (i.e. tension vs. 

compression).  The dynamic detwinning plateau, however, is greater than the quasi-

static plateau by 50-150 MPa.  In both the longitudinal and transverse specimens, the 

trend in the ‘plateau’ variation is similar to that observed under quasi-static strain rate, 

i.e., the plateau decreases with decreasing temperature between 0oC and -50oC, before 
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increasing below -100oC.  Additionally, the plateau stress for the longitudinal samples 

is generally smaller than the transverse specimens due to the influence of texture on 

the formation of the variants and the deformation of twins, as discussed earlier.   

Another major difference between the dynamic and the quasi-static stress-

strain response is Stage-c, where dislocation mechanisms are dominant.  Instead of the 

elastic deformation of reoriented martensite and (further) detwinning observed in this 

region (typically characterized by the martensite elastic modulus), the dynamic stress-

strain curves exhibit linear strain-hardening beyond 6% strain.  While the strain-

hardening coefficient is constant for all the specimens having similar texture, it is 

slightly larger for the transverse specimens compared to the longitudinal samples.  It is 

possible to interpret these observations as follows.  Since the quasi-static Stage-c is 

accompanied by the further reorientation and detwinning of the less favorably oriented 

twins, along with a high density of dislocation generation, at high strain-rates, 

dislocation generation may be the dominant mechanism.  Since the detwinning 

plateau-strains are smaller for the dynamic case, dislocation generation may be 

forming in tandem or subsequent to the plateau deformation stage.  This scenario was 

also supported by our DSC measurements on the deformed martensite under high 

strain rates, that exhibited marginally higher Af temperature, indicating martensite 

stabilization and two way shape memory effect (TWME) that requires the presence of 

extensive dislocation networks, as reported in the literature [50].  Finally, the ductility 

for the longitudinal specimens is typically ~ 25-30%, nearly 5-10% greater than the 

transverse specimens, under high-strain rate testing.   
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The SE behavior under dynamic loading between 0oC and 150oC is captured 

by the 0.2% critical stress variation with temperature in Figure 5.11(b).  The stress-

rate thus calculated is ~6.9 MPa/oC and 7 MPa/oC for the longitudinal and transverse 

specimens, respectively, slightly greater than the 6.1 MPa/oC and 6.3 MPa/oC 

observed under quasi-static strain rate.  At higher temperatures, similar to the quasi-

static results, (1) the critical stress increases with temperature and (2) the strain 

hardening coefficient for the transverse specimens is greater than the L samples, due 

to loading perpendicular to the rolling grain direction.  Additionally, the critical stress 

is greater under dynamic loading compared to the quasi-static strain rates by ~200-300 

MPa, as shown in Figure 5.11(b).  

5.5.5 Dynamic response of 50.8Ni-Ti: Effect of TM 

In order to study the effect of thermomechanical treatment (TM), the quasi-

static and dynamic behavior of the cold-worked+annealed sheet 50.8-NiTi is 

compared to the corresponding behavior of the solution-treated 50.8-NiTi rod, fully-

annealed at 800oC for 1-hr.  Taking into consideration that the recovery processes 

(dislocation annihilation) in Ni-rich NiTi alloys become active at 500oC, and 

recrystallization and grain growth occur at T ≥ 600oC, the homogenizing treatment of 

the rod removes all the work-hardening.  Additionally, the time-temperature-

transformation (TTT) diagram expressing the precipitation in 50.8-NiTi alloys 

indicates that annealing at 800oC also dissolves the Ni-rich precipitates, if any, and the 

microstructure of the solution-treated rod consists of cubic B2 austenite grains [68, 71, 

87].  Thus, the solution-treated rod has neither the hardening precipitates nor the work-
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hardened matrix; this makes it easier to introduce the slip into the matrix.  Therefore, 

during the deformation of the SE austenite or the thermally-induced martensite, it can 

be expected that the dislocation mechanisms dominate the deformation processes, 

which would in turn degrade the superelasticity or shape-memory characteristics, i.e., 

the recovery strains are lower than the cold-worked and aged Nitinol.  The quasi-static 

and dynamic tensile stress-strain responses of the 50.8-NiTi ST rod are shown in 

Figure 5.10.  The quasi-static low-temperature response between 0oC and -196oC is 

shown in Figure 5.10a; the plateau detwinning stress decreases from 0oC to -50oC and 

subsequently increases below -100oC, similar to the sheet specimens.  However, the 

post plateau region shows lower slopes for Stage-c, where elastic accommodation 

through martensite reorientation and detwinning, and slip are active.  Since the linear-

hardening observed due to plastic deformation exhibits lower slopes than the ‘elastic’ 

deformation processes (such as reorientation and detwinning), and due to the easy of 

slip in the solution-treated matrix, it is likely that slip is dominant in the detwinning 

plateau and post-plateau deformation stages.  Indeed, at higher strain rates, shown in 

Figure 5.10b, the slope or the hardening coefficient of the post-plateau region is 

similar to the quasi-static response; the flow-stress however is increased at higher 

strain-rates, similar to the strain-rate sensitivity of bcc metals and alloys.  The high-

strain-rate response is similar to that observed for the sheet, in that the post-plateau 

region is dominated by slip deformation.  This is further corroborated through the 

high-temperature dynamic response of ST rod (see Figure 5.10d), where the critical 

stress decreases with increasing temperature, again, typical of the bcc alloy response 

to increasing temperature.   The critical stress (σcr) variation with temperature in the 
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ST rod is shown in Figure 5.11a, for the quasi-static and the dynamic strain-rates.  The 

σcr generally decreases with increasing temperature between -196oC and -50oC, with 

the σcr
dynamic > σcr

QS.  In the SE temperature range 0oC < T < 150oC, the σcr increases 

due to the increase in the stability of the austenite phase.  However, between 200oC 

and 400oC, it can be seen from Figure 5.10c and Figure 5.11a that, σcr
QS > σcr

dynamic.  

This can be explained by the fact that the quasi-static (QS) specimens were held at the 

testing temperature for ~30 min leading to aging and hence precipitation hardening; 

whereas the dynamic specimens were held only for 5 min before testing.  At 200oC, 

the precipitation kinetics are not sufficiently rapid to endow the material with 

sufficient age hardening, thus at 200oC, the σcr
dynamic > σcr

QS.  However, at 300oC and 

400oC, even short term aging of 0.5-hr is sufficient to improve the age hardening 

characteristics [61, 81], thus the σcr
QS > σcr

dynamic.  Additionally, the stress-rate in the 

superelastic range for the solution-treated rod is 3.8 MPa/oC and 4.3 MPa/oC, under 

low and high-strain rates, respectively; these are nearly half the values observed for 

the sheet samples with prior thermomechanical treatment.  Furthermore, the critical 

stresses observed for the sheet specimens between 0oC and 100oC are greater than the 

rod-specimens; thus the thermo-mechanical treatment is effective in improving the 

resistance to slip deformation and improve the superelastic properties (such as plateau 

stress and strain).   

It can be summarized, therefore, that cold-working and precipitation hardening 

not only endows the Ni-Ti alloy with higher plateau stress (due to increase in the 

resistance to slip), but also improves the austenite strength at higher temperatures.  

Additionally, it also increases the stress-rate sensitivity (dσ/dT).  Additionally, 
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solution-treatment leads to the domination of slip mechanisms during the detwinning 

or SIM plateau and post-plateau regions. 

5.5.6 Fractography and fracture mechanisms 

The fracture surfaces of the ST Nitinol rod failed under tension is shown in 

Figure 5.12 (a-f).  High temperature (200oC-400oC) quasi-static and dynamic 

specimen exhibited typical ductile void type failure of the austenite phase, as shown in 

Figure 5.12(c, d).  At lower temperatures (0oC to -196oC), as shown in Figure 5.12(a, 

b), the fracture mechanism was typical of quasi-cleavage failure, with very little cup 

and cone type failure at all strain-rates.  However, the failure mechanism for the 

superelastic Nitinol was a mixed-mode type failure involving a uniform ductile void 

growth and cleavage patterns.  The mixed-mode type failure mechanism has also been 

observed by [59] at high strain-rate testing.  There are two effects that greatly control 

the failure mechanism of the SE austenite that is capable of undergoing SIM 

transformation: (1) triaxial constraint (or hydrostatic stress) affects the SIM, (2) higher 

strain rates tend to produce mixed-mode (ductile void and cleavage) type failure 

mechanism [59, 88].   

The effect of hydrostatic stress has been confirmed through quasi-static tensile 

testing of notched specimen and plane-strain fatigue crack growth studies [83, 89], 

which showed that triaxial stress constraint suppresses SIM transformation.  

Additionally, high strain rate tensile studies of un-notched specimen in the current 

study and by Miller et al. [59] have shown that the failure mechanism is typically a 

mixed mode with uniform distribution of void nucleation and growth.  Moreover, 
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high-strain rate tensile tests of notched specimen have shown that increasing triaxiality 

also decreases the amount of void growth [59].  Recent high-strain rate fracture 

toughness studies of NiTi under quasi-static and dynamic loading rates [88] have 

shown that the material exhibits greater tendency to undergo stress-induced martensite 

transformation near the crack-tip and shows a high amount of ductile void growth 

(under plane stress conditions), as shown in Figure 12g, even though the quasi-static 

fracture exhibits only transgranular failure (see Figure 12h).  Thus, both stress 

triaxiality (plane-stress vs. plane strain) and strain-rate influence the fracture 

mechanisms. 

5.6 Conclusions 

50.8-NiTi Nitinol is the workhorse of the commercial superelastic Nitinol alloy 

applications in the biomedical industry [81].  However, a systematic study of the high-

strain rate deformation in this alloy has not been thoroughly investigated.  Based on 

the studies of the quasi-static and high-strain rate behavior of 50.8-NiTi as a function 

of temperature (-196oC to 400oC), microstructure (thermomechanical treatment versus 

fully-annealed) and texture (parallel (L) and perpendicular (T) to the rolling direction), 

the follow conclusions are summarized:   

(1) The thermomechanically treated sheet Nitinol exhibits multiple-stage 

transformation (MST) compared to the single austenite (A) ↔ martensite (M) 

transformation peak observed for the solution-treated rod alloy.  This is due to the 

influence of dislocations and precipitates in the sheet material that interfere with the 

direct A ↔ M transformation. 
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(2) The sheet material exhibited <110> || rolling direction (RD)-type texture; 

the {111} was the strongest normal direction (ND) component.  Additionally, the fully 

annealed drawn rod exhibited a typical γ-fiber texture.  The annealing heat-treatment 

for the sheet leads to the strengthening of the {111}<110> texture components.   

(3) Constant high-strain rate tensile tests (1200/s) were successfully 

demonstrated for the sheet geometry up to large failure strains (~25-30%).  

(4) The effect of texture was investigated by studying the tensile stress-strain 

response of the sheet Nitinol parallel (longitudinal, L) and perpendicular (transverse, 

T) to the rolling direction.  Under low and high strain-rates, the transverse specimens 

exhibited higher 0.2% critical stress, tensile strength and work hardening and lower 

ductility than the longitudinal specimens at all temperatures, with the values being 

greater under dynamic loading compared to the quasi-static strain rates.  While the 

martensite detwinning plateau was observed at low temperatures, the post-plateau 

deformation under dynamic loading was most likely dominated by slip mechanisms.  

(5) The difference in the stress-rate (dσ/dT) in the superelastic range was only 

marginally greater for the transverse specimens compared to longitudinal samples.  In 

general, the stress-rate was greater under high-strain rates.   

(6) The room temperature (20oC) transformation strains were estimated semi-

quantitatively using both texture and stress-rate information, and the calculated values 

were within reasonable limits (~10% error) of the observed strains. 

(7) Fracture mechanisms are dominated by quasi-cleavage in low temperature 

martensite, void growth at high temperature stable austenite and mixed-mode (void + 

cleavage) in the superelastic austenite at high strain rates.  Increasing strain rates 
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affects the SIM transformation, and thus a transition from cleavage to void type failure 

is observed.   
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Figure 5.2 Partial DSC scans indicating the transformation sequence in as-
received 50.8-NiTi 

 

Figure 5.3 The reference frame for texture measurements in (a) Rod and (b) Sheet 
specimens. 
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6 MICROSTRUCTURE DEVELOPMENT IN Ni-RICH 55NiTi 

ALLOY: AGING STUDIES ON PRECIPITATION REACTIONS 

AND SHAPE MEMORY CHARACTERISTICS 

6.1 Abstract 

The current work investigates the influence of aging on the microstructural 

evolution of a new Ni-rich 60NiTi (weight %). It is demonstrated that this alloy is 

capable of exhibiting shape memory (SM) and superelasticity (SE). It is known that 

aging in Ni-rich NiTi alloys leads to the appearance of the metastable Ti3Ni4 

precipitates which promotes the occurrence of R-phase and hence a multiple 

transformation path: B2→R→B19’. Additionally, these precipitates are conducive to 

the all-round shape memory effect and strengthening of B2 matrix leading to 

precipitation hardening. Moreover, at higher aging temperatures or, longer aging 

times, Ti3Ni4, Ti2Ni3 and TiNi3 precipitates form in seriatim, with TiNi3 being the only 

stable phase. By varying heat-treatments, a wide range of transformation temperatures 

may be achieved in these alloys through the control of Ni concentration in the matrix.  

Since precipitates in Ni-rich NiTi alloys greatly affect the shape memory properties, 

initial investigations were focused on precipitation studies using conventional 

metallographic techniques and a TTT (Time-Temperature-Transformation) diagram 

was obtained for the composition Ti - 55 at. pct or 60 wt. pct Ni. Additionally, the 

transformation temperatures and the hardness were measured as a function of both 

aging temperature and time.  Combining the upper temperature limits of precipitation 
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of different phases observed in the present work with the observations from [1, 2], an 

upper precipitation limit (UPL) phase diagram has been constructed for Ni-Ti alloys 

system as a function of Ni concentration between 50.6– 56 at pct. Finally, it is shown 

that recoverable strains between 3-6% may be obtained in SE and SM 55NiTi 

depending on aging heat-treatments. 

6.2 Introduction 

The development of novel materials is critical for the advancement of materials 

engineering and is often the precursor for many progressive and innovative 

technologies [3-6].  Developed in the 1950’s by the Naval Ordnance Laboratory, NiTi 

‘Nitinol’ alloy was found to have very unique properties of shape memory (SM) and 

superelasticity (SE) at temperatures that proved to be very practical both in common 

and special engineering applications [7-11]. This has led to the recognition of NiTi as 

a principal contender among smart materials in a variety of novel applications [11-13].   

The early investigations at the NOL by Buehler and his colleagues [9, 14-16] 

focused on a series of non-magnetic Ni-Ti alloys based on the ductile intermetallic 

compound NiTi that displayed two distinct sets of properties as a function of Ni 

composition and heat treatment [16].  This division was initially based upon hardness 

measurements over a range of Ni composition, viz., 50 to 64 weight pct (remainder 

being titanium, see Figure 6.1).  It can be seen that equiatomic and near-equiatomic 

(i.e., near 55 weight % Ni) alloys exhibit minimum hardness and are relatively 

unaffected by cooling rates when cooled from 950°C.  In contrast, the alloys 

composed of Ni in excess of 55 weight pct exhibit increasing hardness under quenched 
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conditions.  A further mark of distinction was revealed in the microstructural 

differences during metallographic studies.  While 55-Nitinol (wt %) was found to be 

single-phase alloy of NiTi (oxide and nitride impurities were present in minute 

quantities), Ni-rich NiTi alloys were found to contain TiNi3 phase (in the form of 

precipitates) in equilibrium with the NiTi matrix phase.  It has been shown that a 

series of thermomechanical treatments, i.e., various combinations of solution-

treatments combined with cold work and/or anneal heat-treatments etc., are required to 

optimize the SE and SM properties of equiatomic NiTi alloys [16-22]. However, 

departure from the 55-Nitinol (wt pct), i.e. near stoichiometric NiTi, towards the Ni-

rich alloys leads to the second group of Nitinol alloys that are also non-magnetic, but 

are at variance with the former alloys in that the latter group can be thermally 

hardened by aging heat treatments to high hardness levels, viz., ~60 - 70 RC [16, 23, 

24]. The latter group, i.e., NiTi alloys spanning the composition range from 56 to 62 

wt pct Ni (remainder being titanium) were generically designated as 60-Nitinol alloys 

(designated by wt %) [16]. While both the conventional 55-nitnol and the more recent 

60-Nitinol possess common unusual properties such as non-magnetic character, 

marine corrosion resistance; due to the difference in hardness, microstructural features 

and the general effect of heat treatment on their properties, 55-Nitinol and 60-Nitinol 

were considered as separate and distinct alloy types [16]. Furthermore, an additional 

divergence was seen among the 60-Nitinol alloys, namely, between the ‘quenched’ 

and ‘furnace cooled’ alloys, as shown in Figure 6.1.  While it was pointed out by 

Buehler and Wang [16] that  not only the high hardness ‘quenched’ or low hardness 

‘furnace cooled’ 60-Nitinol alloys could be produced, but also indicated the possibility 
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of attaining alloys with any desired intermediate hardness accomplished by either 

intermediate cooling rates or by utilizing some sort of ‘overaging’ or pseudo-

tempering’ post-quench heat treatment (later investigations by Nitinol Technology 

Inc., Mountain View, WA, have attributed the SE and SM behavior in 60-nitnol alloys 

directly resulting from this crucial difference in cooling rate, viz., quenching vs. 

furnace cooling, respectively [23, 25, 26].   

In spite of many promising properties of 60-Nitinol alloys, such as high 

hardenability, ability to tailor hardness through aging heat-treatments only, high 

corrosion resistance, low susceptibility to stress corrosion failure, ‘they exhibited the 

most noteworthy engineering weakness, viz., notch sensitivity’ [16]. Due to the 

difficulties in forming and hot-working, machining and forming these materials into 

near-net shapes for practical applications became difficult and impractical [26].  

Therefore, 55-Nitinol was eventually preferred over 60-Nitinol, as evidenced by the 

numerous products in bio-medical and sensor applications.  However, since the 

development of hot rolling methods for 60-Nitinol and special fabrication techniques 

(by Nitinol Technologies Inc., Mountain View, WA) [23, 25, 26], a number of patents 

have emerged that exploit some of the afore-mentioned unique properties of the alloys 

[23, 25, 27, 28].  A decade ago, it was shown that under special heat treatment 

conditions, both the SM and SE effects could be produced in the alloy from the same 

ingot without any additional mechanical processing [23, 25, 26]. Since then, the 

interest in the development of Ni-rich 60-Nitinol alloys has seen a renaissance, 

although very little work exists on the mechanical properties of these alloys [24, 29-

31].   
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Properties of NiTi shape memory alloys are known to be very sensitive to the 

Ni composition. For example, a change in Ni content from 50 at.% to 51.5 at.% is 

known to alter the Ms (martensite start temperature) from above room temperature 

(22°C) to below -100oC [32]. Moreover, NiTi alloys containing more than 50.6 at.% 

Ni decompose on aging through the precipitation of Ti3Ni4, Ti2Ni3 and TiNi3, in 

seriatim, with Ti3Ni4 and Ti2Ni3 being metastable phases [1, 2]. Although the phase 

diagram of NiTi system is very important to understand effects of heat-treatment on 

the structure-property relationships, the correct phase diagram was established only 

after three decades of conflicting reports and observations, see [21] for a detailed 

account of the controversies in this regard. It was the work by Nishida et al. [1], and 

subsequently, Kainuma et al. [2] that debunked most of the inconsistencies in various 

observations and established the TTT (Time-Temperature-Transformation) charts for 

alloys having compositions (in at.%) Ti-52Ni, Ti-54Ni, Ti-56Ni.  

NiTi B2 parent phase → α1 + Ti3Ni4 → α2 + Ti2Ni3 → α3 + TiNi3,  

where α1, α2, α3 are matrices with different Ni concentration. 

Previous works have shown that the appearance of Ti3Ni4, Ti2Ni3 and TiNi3 

precipitates depends strongly on the aging parameters, viz., temperature and time [1, 

2]. Given that the NiTi alloys are very sensitive to Ni composition, the objective of the 

present work is to investigate the microstructural evolution of 60NiTi as a function of 

aging, thus, leading to a TTT chart for 60NiTi based on conventional metallographic 

studies. These results will then be combined with the observations of Nishida [1] and 

Kainuma [2] to obtain a comprehensive picture of precipitation processes in Ni-rich 

NiTi shape memory alloys. In addition to the precipitation processes, the 
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transformation temperatures (austenite to martensite etc.) and hardness measurements 

are investigated as a function of aging parameters.  Additionally, the SE and SM 

properties of Ni-rich 60NiTi are demonstrated with an emphasis on recoverable strains 

and ductility.  The motivation for the present work is due to its promising bio-medical 

and actuator related properties such as high strength, very high hardness, low thermal 

conductivity and low modulus and the ability to obtain very high surface finish, 

immunity to most corrosive agents and non-magnetic behavior [23, 24, 26].  Only very 

recently, interest in the development of 60NiTi has seen a renaissance [24, 26, 29-31], 

however, very little is known about the aging heat-treatment and microstructure - 

property relationship for this particular intermetallic alloy system.  There is also a 

drive governed by a growing interest in various defense applications for these 

materials and hence the present work is a preliminary step in ascertaining the 

applicability of Ti-55Ni SMA alloys under impact loading conditions.  

6.3 Experimental Procedure 

Ni-rich Nitinol, 60NiTi alloys were obtained from Nitinol Technologies, Inc. 

(Edgewood, WA) in the form of square cross-section measuring 15mm x 15mm that 

were hot-rolled at 950°C. Specimen measuring 5mm thick were cut from this stock 

and were solution-treated (ST) at 1100°C for 1hour in evacuated quartz tubes and then 

quenched in ice water.  They were subsequently aged according the schedule given in 

Table 6.1. Polished samples were then prepared by mechanical polishing to diamond 

finish and then etched with HF+HNO3+deionized water for metallographic studies. In 

addition, 3mm diameter disk specimens measuring 0.1-0.2 µm in thickness were 
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prepared for TEM studies on a 120kV Philips EM420. Prior to the TEM observation, 

they were electropolished using the twin jet method that utilized electrolyte of 

composition 20% H2SO4 + 80% Methanol at 10 °C and 15-20V.  A Philips XL 20 

SEM equipped with both secondary and backscattered imaging capabilities and 

capable of energy dispersive X-ray (EDX) analysis system (INCA software, Oxford 

Instruments) and a Rigaku X-ray diffractometer (XRD, rotating anode type and Cu Kα 

radiation) was utilized for analyzing the matrix and different precipitates.   

In addition to the standard metallographic techniques that were used to observe 

the structural evolution in terms or precipitation sequence and morphology, 

differential scanning calorimetric (DSC, Perkin Elmer Pyris 7 Series) and (Rockwell 

C) hardness studies were conducted to measure the variation in the transformation 

temperatures and hardness values with aging, respectively.  

Table 6.1 Aging schedule for Ni-rich (at.%) 55NiTi alloys 

Temperature 400oC, 500oC, 600oC, 650oC,  

700oC, 750oC, 800oC, 850oC, 900oC, 1000oC 

Time (Hours) 0.5 h, 1 h, 2 h, 5 h, 10 h, 24 h, 48 h 

6.4 Results and Discussion 

6.4.1  As-received material: microstructure 

The as-received (AR: hot-rolled) 60NiTi alloy consisted predominantly of 

TiNi3 in elongated and small blocky morphologies in a matrix of martensitic phase, 

see Figure 6.2a. Figure 6.2(b, c) show the TEM micrographs of these precipitates, note 

the extensive line defects within the elongated TiNi3 precipitates (in Figure 6.2b) 
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accumulated during the hot rolling process at 950°C.   As will be shown in a later 

section, TiNi3 is the only phase that precipitates during aging at 950°C, and this 

explains its presence in the as-received microstructure.  In addition to TiNi3, a small 

amount of occasional Ti2Ni3 lenticular precipitates with preferred orientation(s) were 

observed in the microstructure, as shown in Figure 6.2d; this may be due to local 

variations in temperatures during hot-rolling or subsequent cooling that bring down 

the temperature below 750°C, the temperature at which Ti2Ni3 precipitates from the 

matrix. The 55NiTi AR plate matrix is martensitic based on the DSC observations in 

Figure 6.3. The multiple peaks observed on the DSC curves are due to the presence of 

dislocations and/or precipitates [33].   

It has been shown in the current work and elsewhere [23-26, 29, 31] that both 

SE and SM properties of 60NiTi may be obtained from the same ingot without 

resorting to cold-work or solutionizing treatments of a combination of both, which are 

usually very expensive.  A range of SE and SM properties may be obtained by strictly 

controlling the microstructure through various aging conditions only: SE may be 

obtained from as-received (AR – material that has been hot-worked) or solution-

treated (ST) alloys by aging them between 600±20oC and 800±20°C between 0.5 and 

several hours followed by a water-quench (WQ).  The AR-aged-WQ 60NiTi exhibits 

SE with high strength and ductility, 800 - 1000 MPa and 15-20%, respectively [23, 

24]; whereas the ST-aged-WQ exhibits very low ductility (typically < 3 % in tension) 

and hence its SE behavior is severely restricted.  SM effect may be achieved in 60NiTi 

by an isothermal anneal of the AR (with prior hot-worked) or ST material to a 
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temperature between 600°C and 900°C until thermal equilibrium is attained followed 

by a controlled furnace cool (~1°C/min, or 10-15 hrs) [23].    

6.4.2 Solution-treated and/or Furnace-cooled materials: microstructure  

The microstructure of the homogenized (solution-treated + water-quenched: 

ST-WQ) 60NiTi is shown in Figure 6.4a, while that of solution-treated and furnace 

cooled (ST-FC) in Figure 6.4b; 60NiTi does not form any martensite upon quenching 

from 1100°C, whereas lenticular martensite plates are clearly visible in Figure 6.4b 

within the grains, along with block-shaped TiNi3 precipitates that formed on the grain 

boundary and in the grain interior where they exhibited long elongated needle 

morphology of different lengths.  The Ms (martensite start temperature) for ST-WQ 

60NiTii was found to be below -150oC, measured using a cryo-DSC, and according to 

[32], the material in solution-treated condition may not show any martensitic 

transformation even if cooled below 4 K (-269oC).  The ST-FC sample however 

exhibited the following transformation temperatures: Ms = 16°C, Mf = 0°C, As = 38°C, 

Af = 57°C, indicating a martensitic microstructure at 20oC, see Figure 6.3.   

In contrast, ST-WQ 55NiTi (wt.%) (microstructure shown in Figure 6.4c) 

exhibited a typical twinned martensitic microstructure with evident surface relief, 

whereas, and upon ST-FC, it forms only cubic austenitic phase.  Nishida et al. [1] 

report that they have observed surface relief in ST-FC 55NiTi (wt.%) Nitinol. 

However, in the current study, the measured transformation temperatures were: Af = 

7°C and Ms < 0°C, which implies that the stable room temperature (RT) phase is 

austenite.  Nishida et al. [1] also report the presence of Ti2Ni3 and Ti3Ni4 precipitates 
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in ST-FC 52NiTi (at.%) specimen; however, in 60NiTi (wt.%), martensite and TiNi3 

precipitates were the only observed phases.  The absence of Ti2Ni3 and Ti3Ni4 

precipitates in ST-FC 60NiTi may be due to the insufficient Ni concentration in the 

grain interior as a result of its depletion from the matrix during the formation of TiNi3 

(75 at.% Ni) at high temperatures; the matrix may not contain enough Ni for the 

precipitation of Ti2Ni3 or Ti3Ni4 that form during aging at lower temperatures (upper 

precipitation limit is ~ 780°C and 680°C, respectively). Figure 6.3(a, b) compares the 

DSC curves for AR and ST-FC 60NiTi; the Ni content in the matrix has been reduced 

considerably by partitioning it into the TiNi3 precipitates, thus leading to 

transformation temperatures greater than room temperature (RT).  These comparisons 

between 52NiTi (at.%) and 55NiTi (at.%) or 60NiTi (wt.%) indicate the sensitivity of 

NiTi alloys’ microstructure with respect to Ni concentration.  For indexing the XRD 

patterns of different phases, the crystallographic information was used from the 

references compiled by Otsuka and Ren [21].     

6.4.3 Aging studies: Microstructure of Solution-treated (ST) and Aged 55NiTi 

The aging studies of 60NiTi (wt.%) revealed a precipitation sequence, similar 

to the order observed by Nishida et al. [1] and Kainuma et al. [2], with a certain upper 

limit to the precipitation of different phases, viz. Ti3Ni4, Ti2Ni3 and TiNi3.  The 

sequence, following Nishida et al. [1] nomenclature, may be described as follows: 

αo → α1 + Ti3Ni4 → α2+ Ti3Ni4 + Ti2Ni3→ 

α3 + Ti2Ni3 → α4 + Ti2Ni3 + TiNi3 → α5 + TiNi3 

450 ± 10°C ≤ T ≤ 690 ± 10°C 
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αo → α’
1 + Ti2Ni3 → α’

2 + Ti2Ni3 + TiNi3 → α’
3 + TiNi3 

690 ± 10°C ≤ T ≤ 780 ± 10°C 

αo → α’’
1 + TiNi3 

780 ± 10°C ≤ T ≤ 1010 ± 10°C 

where αo is the ST-WQ supersaturated 60NiTi (wt.%), αi (i = 1 to 5) is the matrix 

(with a Ni composition < 60 at.%) in equilibrium with Ti3Ni4 etc.  Long term aging 

studies (t ~ 5000 hours) [1, 2] were considered highly impractical in view of any 

industrial or practical applications for 60NiTi (wt%), and therefore, in the current 

study, aging time was varied between 0.5 to 48 hours only.  Consequently, only the 

precipitation reactions underlined above were observed upon aging.  The present 

study, therefore, addresses issues like aging-microstructure-properties (such as 

transformation temperatures and hardness) in a restricted aging-time window.  Since 

Kainuma et al. [2] observed the same sequence of precipitation of different phases for 

NiTi alloys with Ni concentration > 55 at.% (or 60wt.%), there is no loss of generality 

in assuming that 60NiTi (wt.%) would not exhibit similar complete precipitation 

sequence, as indicated above.  The microstructural development is divided according 

to the above sequence and is enunciated in detail subsequently.  

6.4.3.1 Aging between 400 °C and 680±10 °C 

Figure 6.5 indicates the characteristic optical micrographs of various 

microstructures observed in 60NiTi (wt.%) when aged between 400°C and 680±10°C.  

Between nearly 400°C and 450 ±10°C, the XRD peaks corresponding to Ti3Ni4 

precipitates were barely observable. However, at 500°C, significant peak intensity of 
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Ti3Ni4 phase was easily discernable (see Figure 6.6a), though the optical micrographs 

do not show any changes in the microstructure.  This is largely due to the small size of 

the precipitates which has been confirmed by [2].  At 600°C, aging at 0.5 h and 1 h 

produced only Ti3Ni4 precipitates (identifiable again through XRD peak 

identification).  However, aging for 5 h revealed the presence of plate like Ti2Ni3 

precipitates (see Figure 6.5d), which seemed to grow in three crystallographically 

different directions, and the growth is largely confined within the grain boundaries.  

With the appearance of Ti2Ni3 precipitates (corresponding to the presence of XRD 

peaks in Figure 6.6b) there is a concomitant drop in the peak intensities of Ti3Ni4 

precipitates, indicating that they are dissolving back into the matrix and that Ti2Ni3 

phase is growing at the expense of Ti3Ni4. This trend continued with an increase in 

aging time where, at 48 h aging time, the Ti3Ni4 peak intensity is much lower (only a 

few percent) than the Ti2Ni3 peak intensities.  Additionally, with increasing aging 

time, the Ti2Ni3 precipitates grew, i.e., elongated until they occupy the entire grain 

dimension, as clearly evidenced in Figure 6.5(e-i).  In Figure 6.5(g-i), the grain 

boundaries are more clearly visible due to the contrast contributed by a continuous and 

often blocky Ti2Ni3 precipitates that form at the grain boundary. These specimens 

were macroetched in 49% HF in order to remove the Ni-Ti matrix and expose the 

Ti2Ni3 plate morphology for further spectroscopy (EDS) analysis that confirmed the 

Ni composition as 40.0±0.12%. Nishida et al. [1, 34] have reported similar 

morphology and distribution of these precipitates in Ti-52Ni (at.%) alloy. They also 

reported four variants of oval plate-like Ti3Ni4 precipitates (trigonal R3 structure [21]) 

with lenticular cross-section and a {111}B2 habit plane. It should be noted in 
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interpreting the microstructure that, in many of the optical micrographs in this work, 

interference diffraction contract was utilized to accentuate the precipitate morphology 

that resulted in a surface relief effect for the precipitates.  

6.4.3.2 Aging between 680±10 oC and 780±10 oC 

Figure 6.9 shows typical microstructures of 60NiTi (wt.%) aged at 700°C and 

750°C.  Aging at 700°C for as little as 1 h results in the entire matrix being populated 

by Ti2Ni3 and TiNi3 phases. Ti2Ni3 precipitate forms within the grain with plate-like 

morphology (see Figure 6.7), whereas, the TiNi3 phase is in the form of blocky 

precipitates forming a continuous network along the grain boundary and occasionally 

appears near the grain boundary too. Furthermore, aging at 700°C leads to the slow 

dissolution of Ti2Ni3 phase into the matrix (as evidenced by a decrease in the 

corresponding XRD peak intensity, see Figure 6.8) and TiNi3 precipitates start 

forming within the grain as a small cluster of particles, see Figure 6.9(a-c). This 

microstructure is typical of the alloy aged at 700°C up to 48 h aging time. Aging at 

750°C, the microstructure evolves to a condition where blocky TiNi3 precipitates are 

prevalent throughout the grain boundary and also within the grain (near the grain 

boundary) and Ti2Ni3 now appears in smaller needle shaped morphology. EDS 

analysis of the precipitates confirmed the Ni composition of TiNi3 (hexagonal DO24 or 

P63/mmc [21]) as 75±0.15 %.  Nishida et al. [1, 34] report the formation of tetragonal 

Ti2Ni3 that is similar in structure to Ti40Ni56.3Cu3.5 alloy and deduce an orientation 

relationship     (010)Ti2 Ni3
|| (110)TiNi  , TiNiNiTi )111(||)501(

32
 between Ti2Ni3 and the parent 

B2 NiTi matrix. Two phenomena can be seen occurring during isothermal aging at 
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750°C for longer aging time: the grain boundary TiNi3 precipitates preferentially 

coarsen and the TiNi3 phase that forms near the grain boundary are smaller, and at 

many places, a precipitate free zone (PFZ) is developing that widens with aging 

temperature and time.  These PFZ’s are more discernable at higher temperature aging 

and similar to the PFZ’s observed in Al-Li alloys [35, 36] and usually develop due to 

the rapid depletion of excess Ni near the grain boundary.  The depletion in Al-Li 

alloys was established as result of accelerated growth of grain boundary LiAl3 thus 

leading to a widening PFZ whose thickness varies as a square root of time [35, 36].  It 

should be mentioned that the presence of PFZ greatly affects the mechanical behavior 

and the deformation or failure mechanisms in Al-Li [37, 38]; their effect in Ni-rich 

NiTi is under investigation.   

Interestingly, Nishida and Wayman,  and Hara et al. [34, 39] have observed 

striated structures in the coarse Ti2Ni3 particles formed after very long aging times 

(100 – 5000 h) and posited that Ti2Ni3 itself undergoes a martensitic transformation 

from the parent tetragonal phase to an orthorhombic intermediate phase characterized 

by antiphase-like domain structure, and finally to a low temperature monoclinic 

needle-like morphology.      

6.4.3.3 Aging between 780±10 oC and 1015±10 oC 

Figure 6.10 shows the microstructural changes occurring in 60NiTi (wt.%) 

during isothermal aging at 800 °C and 850 °C.  The Ti2Ni3 precipitates no longer form 

above ~800°C and only TiNi3 precipitates (see Figure 6.8) in the form of small blocky 

precipitates on the grain boundaries that coarsen with aging time (see Figure 6.10c, e).  
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TiNi3 also forms as small particles or elongated needles within the grain interior; 

however, a precipitate free zone develops between the grain boundary and the grain 

interior (see Figure 6.10e, f).  Compared to the Ti-52Ni (at.%) alloy [1], TiNi3 tends to 

form at lower aging times in 60NiTi (wt.%), perhaps due to the higher Ni 

concentration in the latter alloy that leads to the acceleration in its nucleation and 

growth.  The smaller TiNi3 particles were seen to dissolve gradually in the matrix, and 

at their expense, the TiNi3 needles grow in length with increase in aging time.  At 

900°C and 1000°C the kinetics of nucleation and growth of TiNi3 decreases (see 

Figure 6.11); although the morphology is similar to the structures observed between 

800°C and 850°C, the grain interior is less populated by the precipitates at higher 

temperature.  At isothermal aging for 48 hours at 900°C (see Figure 6.11d), the gain 

boundary TiNi3 coarsened rapidly, while the grain interior tend to dissolve most of the 

TiNi3.  At 1000°C isothermal aging, the microstructure is nearly devoid of TiNi3 in the 

grain interior after only 24 h aging time and consists of only moderately coarsened 

TiNi3 precipitates in the grain boundary.  At around 1015 ± 10°C, the specimen is free 

of any secondary phases, suggesting that the solidus line of NiTi phase in 60NiTi 

(wt.%) is ~ 1015 ± 10°C, consistent with the NiTi phase diagram [21].   

6.4.4 Time-Temperature-Transformation and precipitation limits 

The precipitation results obtained above are summarized as a TTT chart in 

Figure 6.12 using nomenclature similar to [1].  Since aging studies were conducted 

only until 48 h aging time, a complete precipitation C-curves are not easily evident as 

observed in [1, 2].  However, the upper temperature limit at which each of the three 
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precipitate phases, viz., Ti3Ni4, Ti2Ni3 and TiNi3, form can be still deduced from the 

TTT chart in Figure 6.12.  Combining these upper temperature limit (UTL) observed 

in the current study with those measured in [1, 2], one can construct a phase-diagram 

that maps this temperature limit as a function of Ni concentration in Ti-Ni alloys; the 

resulting graph is shown in Figure 6.13.  Based on previous works [1, 2] and the 

current investigation, it can be concluded that Ti3Ni4 and Ti2Ni3 are metastable phases 

that would, at higher aging temperatures or longer aging times, eventually lead to the 

formation of the TiNi3 as the equilibrium phase.  For Ni-Ti alloys with Ni composition 

between 54 and 56 (at.%), the UTL of precipitation of Ti3Ni4 is nearly constant at ~ 

680 ± 10°C.  However, the UTL of precipitation for Ti2Ni3, in Ti-Ni alloys with Ni ≥ 

54 at.% reduces rapidly with increase in Ni concentration.  Hence, in the current work, 

it was very difficult to observe the precipitation of only Ti2Ni3, and TiNi3 was more 

likely to form along with Ti2Ni3. 

6.4.5 Microstructure of Furnace cooled 60NiTi (wt.%)  

As indicated earlier, the AR (with prior hot-working) 60NiTi (wt.%) that has 

been soaked at a temperature between 600oC and 800°C and furnace-cooled (FC) in an 

oven at a controlled rate of ~1°C/min, produces a microstructure that exhibits shape 

memory properties, the corresponding micrographs are shown in Figure 6.14. 

Depending on the starting temperature of the furnace cool, the final microstructure 

consists of a combination of Ti3Ni4 ,Ti2Ni3 and TiNi3 in a martensite matrix.  Furnace 

cooling from higher temperatures such as 800oC or 900oC leads to a greater depletion 

of Ni in the matrix through the formation of TiNi3 and thus, the final microstructure 
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may contain only TiNi3 phase in martensite microstructure.  Otherwise, furnace 

cooling from between 600oC and 800oC, the specimen spends greater time at 

intermediate temperatures where Ti2Ni3 and TiNi3 are most likely to form.  

6.4.6 DSC: Evidence of Shape memory 

Due to the removal of Ni from the matrix in the form of precipitates, the 

overall Ni composition in the matrix reaches near equiatomic level, thus leading to 

stable shape memory effect between 20oC and 70oC.  Figure 6.15 and Figure 6.16 

demonstrate the evidence of shape memory behavior through DSC observations for 

ST-anneal-FC and AR-anneal-FC 60NiTi (wt.%), respectively.  While the ST-anneal-

FC samples show only one-peak on the DSC curve during cooling or heating, the AR-

anneal-FC exhibits multiple peaks, similar to the findings of [33, 40].  The likely 

reason seems to be that a direct austenite – martensite (B19’) is resisted by the 

precipitates and the extensive line defects that formed during hot rolling procedures, 

thus leading to a multiple-step transformation, viz., B2-R-B19’.  However, the ST-

aged-WQ structures possess only the precipitates which do not seem to resist a direct 

B2-B19’ transformation, indicating that the dislocations are the governing factor in the 

transformations observed in these alloys.  All the DSC data point to an austenite start 

temperature, As > 22°C, i.e., room temperature.  However, the transformation is more 

pronounced for SM 60NiTi (wt.%) without any prior solution-treatment.  These 

findings indicate that the transformation temperatures may be delicately controlled by 

heat-treatment alone and any use of prior cold work or solution-treatment processes 

may be obviated, thus proving economically beneficial.   
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6.4.7 Hardness 

The Hardness of solution-treated 60NiTi (wt.%) was found to be as high as 67 

RC. The variation in hardness with aging temperature and time for the AR+aged and 

ST+aged 60NiTi (wt.%) is shown in Figure 6.17.  The homogenizing heat-treatment at 

1100oC completely anneals the sample with further aging leading to several hardening 

precipitates and, overall, the hardness of the alloy remains high between 70 and 55 RC. 

The AR 60NiTi (wt.%) has a martensitic microstructure. Aging above 580oC, the Ni 

composition in the matrix adjusts to a value such that the matrix is austenitic (see 

Figure 6.18). This is reflected in the measure hardness values shown in Figure 6.17 

where the martensitic structure is softer than the austenitic matrix. Aging between 

600oC and 800oC, the hardness steadily increases from 40 to 55 RC. Beyond 800oC, 

the AR material is annealed and contains only the stable TiNi3 precipitates; thus the 

structure is similar to the homogenized and aged material that exhibits a high hardness 

but brittle behavior. The aging heat treatments of the material that obviate the ST 

process exhibit reasonable ductility and high strength and also greater SE or SM 

characteristics [23, 24, 29].  Additionally, the indentation studies used reasonably high 

loads so that the indentation does not recover in the material even after room 

temperature aging for several days, therefore these values may be taken as ‘real’ 

hardness values. 

6.4.8 Superelasticity and Shape Memory in 60NiTi (wt.%) 

As shown in Figure 6.18, the DSC curves indicate that the AR material is 

martensitic and the aged alloy is austenitic. The corresponding shape memory and 
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superelastic characteristics of 60NiTi (wt.%) are compared with those of 50NiTi 

(at.%) or 55NiTi (wt.%) in Figure 6.19.  In Figure 6.19a, the alloys are loaded to 3% 

in tension followed by unloading.  Subsequently, the specimen is reloaded to 6% 

followed by unloading. The stress-strain data indicate three important observations:  

(1) During the first loading cycle, while the elastic portions of both the alloys 

coincide up to ~400 MPa, the main difference between 55NiTi (wt.%) and 60NiTi 

(wt.%) becomes evident in the plateau region. In 55NiTi (wt.%), the plateau 

corresponds to the austenite → martensite stress-induced martensitic (SIM) 

transformation that begins with the formation of Lüder bands [41] and a concomitant 

drop in the load (at ~1%). Further transformation occurs at constant stress until the end 

of the plateau. However, in 55NiTi, there is no indication of load drop and the stress-

strain curve monotonically increases beyond the 1% strain value. Since upon 

unloading, the material recovers the 3% strain, it is reasonable to assume that SIM 

occurs in 60NiTi (wt.%).  

(2) Furthermore, the “plateau” region of 60NiTi (wt.%) has a finite slope 

indicating that increased stress is necessary to drive the SIM transformation. One can 

hypothesize that any Lüder bands that may have formed could be ‘locked’ in by the 

precipitates and to drive the SIM transformation, i.e., to move the Lüder band along 

the gage length of the specimen, increased stress are necessary. Alternatively, it is 

possible that an increased stress may be needed to initialize multiple Lüder bands 

across different regions in the specimen since the earlier bands may have been 

‘pinned’ at the precipitates. Further work is needed to confirm these hypotheses.  
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(3) The unloading stress-strain curve is highly nonlinear unlike the near-flat 

unloading behavior of 55NiTi (wt.%).  

The second loading cycle also reveals some interesting observations: 

(1) The elastic portion of the stress-strain (S-S) curves of both the alloys match 

only up to ~300 MPa. Furthermore, while 55NiTi (wt.%) exhibits the load drop at 1% 

corresponding to the initiation of the Lüder bands, the 60NiTi (wt.%) S-S curve passes 

through the lower plateau stress of 55NiTi (wt.%) (at 1% strain) with subsequent 

loading leading to a non-flat ‘plateau’ . Since the lower plateau stress corresponds to 

the initiation of the Lüder bands, it is hypothesized that upon loading 60NiTi (wt.%) in 

the second cycle, any pinned Lüder bands may be reactivated and the transformation 

front driven across the gage length. Since it is equally likely that these Lüder band(s) 

may be intercepted by the precipitates, increased stress are once again necessary to 

continue the SIM transformation. 

(2) 60NiTi (wt.%) recovers only 3.4% when unloaded from 5% total strain 

compared to the 6% strain recovery in 50NiTi.  

It has been shown that by appropriate aging heat treatment cycles, the total 

superelastic recoverable strains may be optimized to ~ 4-5% [24].  Figure 6.19b shows 

the S-S response of the shape memory 60NiTi (wt.%) and 55NiTi (wt.%). Similar to 

case (a), the 60NiTi (wt.%) alloys exhibits a non-flat ‘plateau’ that corresponds to 

martensite detwinning [42, 43]. Additionally, upon unloading to zero stress and 

heating the sample at constant zero load condition, it recovers strains of 2%, 4% and 

6% completely; comparable to 55NiTi (wt.%) that also recovers 6% total strain. 

Furthermore, the specimen also shows similar reloading behavior passing through the 
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lower stress point on the S-S curve at 1%. However, the third loading cycle retraces 

the second loading S-S loading curve showing that the S-S curve stabilizes after the 

initial loading.  

6.5 Conclusions 

Microstructural evolution and the phase transformations in a new Ni-rich 

60NiTi (wt.%) has been investigated with the following conclusions: 

(1) Aging the Ni-rich 60NiTi (wt.%) exhibits precipitation reactions with the 

formation of Ti3Ni4, Ti2Ni3 and TiNi3 in seriatim. Among these, Ti3Ni4, Ti2Ni3 are 

metastable phases and TiNi3 is the only stable phase, since upon aging for longer times 

or at higher temperatures, the metastable phases eventually transform to TiNi3 phase.  

(2) A TTT diagram for 60NiTi (wt.%) was constructed and combining the 

upper temperature limits of precipitation of different phases observed in the present 

work with the observations from [1, 2], an upper precipitation limit (UPL) phase 

diagram has been constructed for Ni-Ti alloys system as a function of Ni concentration 

between 50.6– 56 at.%. 

(3) A wide range of transformation temperatures were achieved through 

varying aging parameters (temperature and time) leading to both austenitic and 

martensitic phases at room temperature. 

(4) Superelasticity and shape memory characteristics has been successfully 

demonstrated in Ni-rich 60NiTi (wt.%), thought to be unfeasible, with recoverable 

strains between 4-6%. 
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(5) Given the economy in producing acceptable SE and SM in 60NiTi (wt.%) 

in addition to other attractive properties such as non-magnetic, corrosive resistant, 

high hardness, wide range of transformation temperatures tunable through controlled 

aging heat-treatments, it is proposed that 60NiTi (wt.%) has potential for both SE 

biomedical and shape memory actuator applications [31].  
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6.7 Figures 

  

Figure 6.1 Variation of hardness in Ni-Ti alloys as a function of Ni composition in 
furnace cooled and quenched conditions (from 950°C) [9, 16]. 

 

 

Figure 6.2 (a) Optical micrograph of AR 60NiTi (wt.%). TEM micrographs of (b, 
c) TiNi3 and (d) Ti2Ni3 present in the AR structure. Notice the large 
deformation evident in TiNi3 precipitates due to initial hot-rolling. 
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Figure 6.3 DSC curves for as-received (AR) 60NiTi (wt.%) and furnace cooled 
specimen from 1100°C. The upper curves indicate cooling cycle, 
whereas the lower curves indicate the heating cycle (10oC/min). 

 

 

Figure 6.4   Optical micrographs of (a) Solution-annealed (1100°C) and water-
quenched 60NiTi (wt.%), (b) solution-annealed (1100°C) and furnace-
cooled (1 °C/min) 60NiTi (wt.%); notice the TiNi3 precipitate 
formation both on the grain boundary and interior (c) as-received (AR) 
55NiTi (wt.%) and (d) solution-annealed (1100°C) and water-quenched 
55NiTi (wt.%), notice the twinned martensite.  
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Figure 6.9 Optical micrographs showing the evolution of microstructure as a 
function of aging parameters (time and temperature) for 60NiTi (wt.%). 
(a) 700°C – 1 h, (b) 700°C – 10 h, (c) 700°C – 24 h, (d) 750°C – 1 h, 
(e) 750°C – 24 h, (f) 750°C – 48  
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Figure 6.10 Optical micrographs showing the evolution of microstructure as a 
function of aging parameters (time and temperature) for 60NiTi (wt.%). 
(a) 800°C – 10 h, (b) 800°C – 24 h, (c) 800°C – 48 h, (d) 850°C – 10 h, 
(e) 850°C – 24 h, (f) 850°C – 48 h 
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Figure 6.11  Optical micrographs showing the evolution of microstructure as a 
function of aging parameters (time and temperature) for 60NiTi (wt.%). 
(a) 900°C – 1 h, (b) 900°C – 5 h, (c) 900°C – 10 h, (d) 900°C – 48 h, 
(e) 1000°C – 1 h, (f) 1000°C – 24 h 
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Figure 6.15 DSC data for shape memory (SM) ST-anneal-FC 60NiTi (wt.%) as a 
function of heat-treatment: Furnace cooled from 500°C - 800°C. 
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Figure 6.16 DSC data for shape memory (SM) AR-anneal-FC 60NiTi (wt.%) as a 
function of heat-treatment: Furnace cooled from 500 °C- 800 °C. 
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Figure 6.17 Hardness of 60NiTi (wt.%) as a function of aging heat treatment (time 
in hours) (a) ST-aged-WQ 60NiTi (the hardness values are within ±2 
RC) (b) ST-anneal-FC 60NiTi. 

 

 

Figure 6.18 DSC curves for as-received (AR) and aged (575oC – 1hr) 60NiTi 
(wt.%). Notice that the AR material is martensitic (Af = 45oC) at room 
temperature whereas the aged material is austenitic (Af = 20oC). 
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7 SUPERELASTICITY IN Ni-RICH 55-NiTi ALLOY: 

MECHANICAL BEHAVIOR 

Experimental Mechanics, 2007 

7.1 Abstract 

With the drive towards minimally invasive procedures, the medical industry is 

looking towards ‘avant-garde’ materials, with 50NiTi currently being the prime choice 

for many critical components/applications. This paper examines a new Ni-rich NiTi 

alloy that exhibits superelasticity (SE) and shape memory (SM) properties.  

Superelastic (SE) properties of 55NiTi** are studied here as a function of heat-

treatment between 400ºC – 800ºC, and compared with the corresponding response of 

50NiTi*, with an aim to develop and optimize thermal treatment procedures to 

maximize recoverable elastic strains.  While optimal tuning of the SE properties in 

50NiTi necessitates cold working in conjunction with specific heat treatment/aging, 

55NiTi does not require cold work to achieve its optimal SE behavior.  Moreover, it 

can be heat treated to produce strong, stable SE and SM response from the same ingot, 

with transformation temperatures being a strong function of heat treatment.  The main 

difference between the two alloys is that Ni-Ti alloys with Ni content greater than 50.6 

at.% are sensitive to heat treatment; aging in these materials leads to precipitation of 

several metastable phases.  The initial work focuses on SE properties relevant to 

                                                 
*All compositions are quoted in atomic% throughout the paper. The reader should note the following 

conversions: 50NiTi (at.%) ≈ 55NiTi (wt.%) and 55NiTi (at.%) ≈ 60NiTi (wt.%) 
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biomedical use, such as: plateau stress, recoverable strains and strength, as a function 

of heat treatment and microstructure. 

7.2 Introduction 

The commercial success of ‘superelastic’ Nitinol was essentially triggered by 

the medical industry’s drive towards minimally invasive procedures that demanded 

non-conventional materials [1-4].  Nitinol, among many contenders, proved to be the 

vanguard due to its unique superelastic (SE) properties. Indeed, the success of Nitinol 

alloys was due to the ability to optimize the superelastic ‘window’ around the constant 

body temperature of 37ºC [1, 2]. One of the most important parameter that governs the 

transformation temperatures in Ni-Ti alloys is the Ni composition. Even an increase in 

Ni composition by 1%, from 50.5 at.% to 51.5 at.%, decreases the MS (martensite start 

temperature) to below 100K (in solution-treated condition) [5]. Such high sensitivity 

to Ni composition is highly undesirable in many applications.  However, changes in 

both the transformation temperatures and the superelastic properties of NiTi may be 

achieved through thermo-mechanical treatments, specifically, either through cold 

work or aging heat treatments or even a combination of both [6, 7].  In near-

equiatomic (cold-worked) NiTi alloys, the high density of dislocations constrain the 

martensitic transformation that distorts the lattice, whereas the resistance in Ni-rich 

NiTi alloys is provided by the introduction of both dislocations and precipitates.  This 

leads to a variation in the transformation temperatures and hence the variation of 

superelastic ‘window’ in which the material can exhibit a stable superelastic effect.  

Additionally, this resistance also leads to multiple transformation paths, from B2 
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(austenite) – R-phase – B19’ (martensite) phase [6].  Aging leads to the rearrangement 

of the dislocation networks [6, 8] in 50NiTi or precipitation and grain growth in Ni-

rich NiTi alloys [9].  Earlier aging studies done on Ti-50.6Ni indicates that the aging 

temperature controls the size and distribution of the Ti3Ni4 precipitates, which in turn 

determine the extent of recoverable strains in superelasticity [6].  The combination of 

both cold-work and aging heat-treatment on Ti-50.6Ni was seen to increase the plateau 

stress and also the stability of the superelastic curves [6, 10]. The combination of cold 

work and aging also eliminates the preliminary step of solution treatment, thus being 

economical in some cases. Moreover, in Ni-rich Nitinol alloys that exhibit 

precipitation hardening, the Ni content of the matrix is progressively reduced upon 

aging at higher temperatures and larger times, with excess Ni being partitioned into 

the Ni-rich precipitates (such as Ti2Ni3 or TiNi3), thus providing an excellent handle to 

control the transformation temperatures [2].  

Early studies on Nitinol encompassed alloys with different compositions, 

ranging between 50-56 at.% NiTi [11, 12].  However, due to difficulty in forming and 

working with Ni-rich alloys (around 54-56 at.% NiTi) that exhibited extreme 

brittleness and high notch sensitivity, machining and forming these materials into 

near-net shapes for practical applications became difficult and impractical [13, 14].  

Since the development of hot rolling methods for 55NiTi and special fabrication 

techniques, a number of patents have emerged that exploit some unique properties of 

the alloy, such as: high hardness, non magnetic character, immunity against most 

corrosive agents, high strength and toughness [14, 15].  A decade ago, it was shown 

that under special heat treatment conditions, both the SM and SE effects could be 
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produced in the alloy from the same ingot [15], without any additional mechanical 

processing.  Since then, the interest in the development of Ni-rich 55NiTi alloys has 

seen a resurgence, although very little work exists on the mechanical properties of 

these alloys [14, 16].  

The current work addresses the superelastic properties of 55NiTi that are 

crucial for any development towards medical device applications. The main difference 

between 50NiTi and 55NiTi is that Ni-Ti alloys with Ni content greater than 50.6 at.% 

are sensitive to heat treatment; aging in these materials leads to precipitation of several 

metastable phases [9]. Therefore, this initial work focuses on SE properties such as 

plateau stress, recoverable strains and strength as a function of heat treatment and 

microstructure.  

7.3 Experimental procedure 

7.3.1 Materials 

Equiatomic Nitinol (Ti-50Ni) in the form of 1mm thick rolled sheet was 

obtained from Nitinol Devices and Components, Inc. (NDC, Fremont, CA). The 

austenite finish temperature is 14ºC, and therefore, the material was in superelastic-

austenitic condition at room temperature (RT ~ 22°C).  

Ni-rich Nitinol, Ti-55Ni alloys were obtained from Nitinol Technologies, Inc. 

(Edgewood, WA) in the form of ~3mm plates that were hot-rolled at 950°C.  

Numerous dog bone tensile specimens of a 25mm gage length and measuring 6.4mm 

width x 3mm thickness were cut from this stock and aged according to the schedule 

given in Table 1.  For the solution-treatment (ST), the specimen was held at a 
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temperature of ~1100°C for 1 hour in evacuated quartz tubes and then quenched into 

water. At least two samples were tested at each test condition, however; only typical 

stress-strain data are presented for comparison.  

7.3.2 Microstructure 

The microstructures of as-received 50NiTi and 55NiTi are shown in Figure 

7.1(a) and Figure 7.2(a), respectively.  The microstructure of 50NiTi sheet was similar 

to that observed by Robertson et al. [17], with an average grain size less than 10µm.   

The as-received (AR) 55NiTi contained precipitates of Ti2Ni3 and TiNi3 in various 

morphologies.  The major secondary phase was the TiNi3 precipitate and was typically 

in an elongated, needle shape (see Figure 7.1(b)), whereas, Ti2Ni3 precipitates 

occurred in lenticular morphologies and were only occasionally observed, see Figure 

7.1(d).  It has been known that NiTi alloys containing more than 50.6 at.% Ni 

decompose on aging through the precipitation of Ti3Ni4, Ti2Ni3 and TiNi3, in that 

order, with Ti3Ni4 and Ti2Ni3 being metastable phases [9, 18].  Typically, Ti2Ni3 and 

subsequently TiNi3 form at higher aging temperatures and times [6].  Ti3Ni4 is usually 

formed at lower aging temperatures (~400-500ºC) and shorter times, with the upper 

temperature limit for the formation of a particular precipitate being a function of Ni 

composition in the Nitinol alloys [18].  Due to the hot rolling of 55NiTi, the 

precipitates have been deformed severely and extensive dislocations in TiNi3 

precipitates can be seen in Figure 7.1(b).   

Another major difference between 50NiTi and 55NiTi is evident upon 

observing their microstructure in solution-treated (ST at 1100ºC and water-quenched) 
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condition.  While 50NiTi shows a typical twinned martensitic microstructure (see 

Figure 7.2(b)), 55NiTi does not exhibit any twinned microstructure, i.e., it formed 

cubic austenite phase (see Figure 7.2(c)).  Moreover, upon furnace cooling (FC) of the 

materials from 1100°C, 50NiTi formed only the austenitic phase, whereas 55NiTi 

formed an extensive network of TiNi3 precipitates, as shown in Figure 7.2 (d).  The 

furnace-cooled 55NiTi also exhibited shape-memory characteristics (Ms = 16ºC, Mf = 

0ºC, As = 38ºC, Af = 57ºC).  TiNi3 precipitate formed both on the grain boundaries 

that exhibited blocky morphology and in the grain interior in the form of long 

elongated needles of different lengths. In the grain interior, lenticular martensite was 

also observed along with the TiNi3 precipitates. 

7.3.3 Heat Treatment: Aging schedule 

Following the procedure recommended by [15], the as-received (AR) 55NiTi 

material was aged between 400ºC and 800ºC.  Various aging schedules that were 

followed are summarized in Table 1.   While HT-1 and HT-2 were single-step aging at 

various temperatures for 1 hour and 5 hours respectively, HT-3 consisted of step-aging 

treatment. Finally, solution-treatment (at 1100ºC) followed by aging between 600ºC – 

800ºC for 24 hours was accomplished.  To compare the superelastic properties of 

55NiTi against the popular 50NiTi, annealing of 50NiTi sheet was accomplished 

according to the schedule indicated in Table 1. 
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Table 7.1 Aging Schedule for 50-NiTi and 55-NiTi Alloys 

 
50NiTi: HT-1 400ºC, 500ºC, 600ºC, 700ºC: 1 hour 

55NiTi: HT-1 400ºC, 500ºC, 600ºC, 700ºC, 800ºC: 1 hour 

55NiTi: HT-2 500ºC, 600ºC, 700ºC: 5 hours 

55NiTi: HT-3 

(Step aging) 

500ºC (5 hours) + 400ºC (1 hr), 600 ºC  (5 hrs) + 500ºC (1 hr),  

700ºC (5 hours) + 600ºC (1 hour) 

55NiTi: HT-4 ST + 600ºC (24 hrs), ST + 700ºC (24 hrs), ST + 800ºC (24 hrs) 

 

7.3.4 Testing and Characterization  

Tensile testing of both 50NiTi and 55NiTi and compression testing of 55NiTi 

was done using a standard servo-hydraulic load frame at a quasi-static strain rate of 

~10-3/s.  Metallographic studies were done on specimens that were mechanically 

polished to diamond finish and then etched with HF+HNO3+deionized water.  In 

addition, 3mm diameter disk specimens measuring 0.1-0.2 µm in thickness were 

prepared for TEM studies on a 120 kV Philips EM420.  Prior to the TEM observation, 

they were electropolished using the twin jet method that utilized electrolyte of 

composition 20% H2SO4 + 80% Methanol at 10ºC and 15-20V.  

7.4 Results and Discussion 

7.4.1 As-received (AR) vs. Solution-treated (ST)  

The tensile stress-strain curves of as-received (AR) and solution-treated (ST) 

50NiTi and 55NiTi   are shown in Figure 7.3.  The ST material of both compositions 

are extremely brittle and exhibit strengths of ~350-400 MPa. The AR 50NiTi exhibits 
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typical superelastic behavior with plateau strains between 1-7% coupled with a 

ductility of ~25%, whereas, 55NiTi displays a non-flat ‘plateau behavior’ between 1-

4%.  The reason for the positive slope of the ‘plateau’ (strictly speaking, 55NiTi does 

not exhibit a zero-slope plateau, but for the purpose of comparison, the term ‘plateau’ 

will be used in this context throughout the paper) is due to the presence of the 

precipitates that resist the stress-induced transformation, and as a result, progressively 

higher stresses are necessary to drive the transformation to completion [19-21].  

Similar to the well known compression-tension asymmetry in 50NiTi [22-27], 55NiTi 

also exhibits a large asymmetry in tension-compression behavior, as shown in Figure 

7.3(a).  The strength levels in both AR and ST condition for 55NiTi reach nearly 

~2500MPa under compression.  Additionally, the superelastic ‘plateau’ is evident in 

the AR 55NiTi material compression curve, although the slope in compression is 

greater than the slope in tension.  

7.4.2 Heat-treatment (HT-1): Compression and Tension 

 The compression stress-strain curve for 55NiTi heat-treated according to the 

HT-1 schedule is shown in Figure 7.4 along with the AR and ST compression data. 

The variation in the overall stress-strain behavior due to different aging temperatures 

is not significant. The major observations are that the ‘plateau’ disappears for the 

specimens aged at 800ºC (1 hour), while only a small portion of the curve for 700ºC 

exhibited the ‘plateau’. Compared to the AR material, however, the ductility and 

strength levels have increased to about ~30% and 3GPa, respectively.  
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The tensile stress-strain curves for 55NiTi and 50NiTi for HT-1 aging 

conditions are shown in Figure 7.5(a) and (b), respectively.  Similar to the 

compression behavior in 55NiTi, the tensile ‘plateau’ is clearly evident in 55NiTi aged 

between 400ºC to 600ºC, barely visible at 700ºC, and completely disappears at 800ºC.  

Additionally the ‘plateau’ start-stress increases as the aging temperature is increased 

from 400ºC to 700ºC. Moreover, the typical strain range for the ‘plateau’ was ~1-5%, 

with reversible strain up to 3-4%. It may be possible to optimize the reversible elastic-

strains up to 6% in these Ni-rich 55NiTi alloys [15].  Another interesting property of 

these alloys is that they are extremely hard. For example, depending on the aging 

temperature and time, the hardness of the SE 55NiTi can be varied between 40 – 70 

RC (Rockwell C hardness).   

As we will see in the subsequent section, the aging treatment given after 

solutionizing treatment does not provide enough ductility and the concomitant 

precipitation hardening is also not enough to provide adequate strength in order to 

encourage any superelasticity in the matrix for the HT-4 heat-treatment condition. 

This would suggest that solution treating and cold-working, as necessary parameters to 

tune the superelasticity, are obviated in comparison to 50NiTi, where they are very 

crucial. This would render the process of using these alloys very economical, since the 

essential SE or SM properties can be tuned using aging heat-treatments only (in 

addition to perhaps additional preliminary hot-rolling steps). 

The effect of HT-1 annealing of 50NiTi on its stress-strain behavior is shown 

in Figure 7.5(b).  The first manifestation of annealing is the decrease of plateau stress 

from ~400 MPa to ~250-300MPa.  Additionally, the ductility due to annealing at 
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600ºC and 700ºC was seen to increase from 25% in the AR condition to nearly 60% 

(the data in Figure 7.5(b) is shown only until 20%), whereas, the tensile strength drops 

from 1200MPa to below 1000MPa (see [28]).  The plateau strains are essentially 

unchanged, i.e., between 1 - 6.5%.  An interesting observation is that 50NiTi 

specimens annealed at 400ºC and 500ºC exhibited an early plateau (at a low stress 

level of ~50MPa) in a very small strain range, indicating the formation of R-phase that 

was subsequently followed by the larger plateau at ~250MPa, indicating the formation 

of B19’ martensite phase. 

7.4.3 Heat-treatment (HT-2, 3, 4): Tension 

Aging of the AR 55NiTi was also accomplished for 5 hours single-step and (5 

hours + 1 hour) two-step heat-treatments at different temperatures. The corresponding 

tensile stress-strain results are shown in Figure 7.6(a) and (b), respectively. Aging for 

longer times typically reduced the ‘plateau’ start stress and the tensile strength, while 

an increase in ductility by 2-5% was observed. However, the post-‘plateau’ work 

hardening rate was similar to the specimens aged for 1 hour, see Figure 7.6(a). In the 

two-step aged specimens, while the ‘plateau’ start stress was reduced, the tensile 

strength remained nearly the same compared to 5 hours single-step aging (HT-2). 

Additionally, the slope of the ‘plateau’ region increased under the two-step heat-

treatment; see Figure 7.6(b).   

Figure 7.7(a) shows the stress-strain data for compression and tension loading 

of 55NiTi specimen that were solutionized (solution annealed at 1100ºC for 1 hour and 

subsequently water quenched) and then aged for 24 hours at 600ºC, 700ºC and 800ºC. 
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The tensile curves (see the inset in Figure 7.7(a)) indicate that the material is 

extremely brittle with low strength and hence not preferable for any SE applications. It 

was, however, in these aging conditions, that the largest asymmetry between tension 

and compression in 55NiTi was observed. The compression results indicate good 

ductility of nearly 20% and strength levels in excess of 2GPa. As pointed in the earlier 

section and also shown elsewhere [9], the precipitation products are dependent on the 

aging temperature and time. In the case of 55NiTi, aging at 600ºC, 700ºC and 800ºC 

for 24 hours leads to the precipitation and growth of Ti3Ni4 + Ti2Ni3, Ti2Ni3 + TiNi3, 

and TiNi3 precipitates respectively.  Optical micrographs of 55NiTi, which were 

solutionized and then aged for 24 hours for 600ºC, 700ºC, and 800ºC are shown in 

Figure 7.7(b-d), respectively.  In Figure 7.7(b) and (c) the precipitates grow to span 

the whole grain, while in Figure 7.7(c), blocky grain-boundary and needle-like grain-

interior TiNi3 precipitates and precipitate-free-zones (PFZ) near these grain boundaries 

were observed.  

7.5 Conclusions 

Preliminary studies have shown many promising features of 55NiTi as a 

candidate for future medical applications. It has been shown that 55NiTi possess some 

unique properties such as, high strength and very high hardness (can be varied 

between 25RC – 70RC Rockwell C hardness) along with low thermal conductivity 

and low modulus [15].  More importantly, 55NiTi allows extremely fine surface finish 

[15] that is very important for medical devices as the susceptibility of failure in these 

devices is higher for surface defects that arise due to non-optimal surface finish than 
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bulk volume defects (such as scratches or pitting during electropolishing).  In addition, 

55NiTi is non-magnetic and immune to most corrosive agents [15]. Above all, it has 

been shown in this work and elsewhere [14-16] that both SE and SM properties may 

be obtained from the same ingot without resorting to cold-work or solutionizing 

treatments or a combination of both, which are usually very expensive. A range of SE 

and SM properties may be obtained by strictly controlling the microstructure through 

various aging conditions only. The lone shortcoming in these alloys is that the range of 

recoverable superelastic strains is about 60-75% less than conventional 50NiTi due to 

the presence of large precipitates that typically resist the stress-induced martensitic 

transformation. However, given the fact that the superelastic window in these alloys 

can range between –150°C to 600°C [15], and combined with the afore-mentioned 

properties, this preliminary work encourages further study of 55NiTi for exploitation 

in critical medical device applications and elsewhere. Currently, work is underway to 

optimize the SE and SM properties of 55NiTi in order to wheedle maximum reversible 

strains in these alloys.  
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7.7 Figures 

 
(a) 

 
(b) 

 
(g) 

 
(h) 

Figure 7.1 (a) Optical micrograph of AR 55NiTi. TEM micrographs of (b) TiNi3 
and (c,d) Ti2Ni3 present in the AR structure. Notice the large 
deformation evident in TiNi3 precipitates due to initial hot-rolled plate. 
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(a) 

 
(b) 

 

 
(c) 

 
(d) 

 

Figure 7.2 Optical micrographs of (a) AR 50NiTi sheet, (b) solution-annealed 
(1100oC) and water-quenched 50NiTi, notice the twinned martensite 
microstructure, (c) solution-annealed (1100oC) and water-quenched 
55NiTi and (d) solution-annealed (1100oC) and furnace-cooled 
55NiTi. Notice the TiNi3 precipitate formation both on the grain 
boundary and grain interior. 
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Figure 7.3 Quasi-static tension stress-strain curves for 50NiTi and 55NiTi for AR 
and ST heat-treatment conditions. Also, Compression curves for AR 
and ST 55NiTi are included. 

 

 

Figure 7.4 Compression stress-strain curves for 55NiTi heat-treated according to 
the HT-1 schedule indicated in Table 7.1. 
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(a) 
 

 
 
 

(b) 

 
 

(c) 

 
 

(d) 

Figure 7.7 Tension and Compression stress-strain curves for solution-treated (ST) 
+ aged (for 24Hrs) 55NiTi. The tension data is enlarged and shown in 
the inset. Optical Micrographs of 55NiTi that were solutionized and 
then aged for 24 hours for (b) 600oC, (c) 700oC, (d) 800oC. In (b) and 
(c), due to the presence of very large precipitates that span the whole 
grains, differential interference contrast imaging was used to reveal 
the microstructure. Ti3Ni4 and Ti2Ni3 precipitates at 600oC (24hr), and 
Ti3Ni4 and Ti2Ni3 precipitates at 700oC (24hr) are precipitated on 
aging. (c) is a regular bright field image. Notice the presence of blocky 
grain boundary  and needle-like grain interior TiNi3 precipitates and 
precipitate-free-zones (PFZ) near these grain boundaries.   

 



 

 

399

 

7.8 References 

1. Duerig, T., A. Pelton and D. Stockel, An overview of Nitinol medical 
applications. Materials Science and Engineering A, 1999. 273-275: p. 149-160. 

2. Pelton, A.R., J. DiCello and S. Miyazaki, Optimization of processing and 
properties of medical grade Nitinol wire. Journal of the Society for Minimally 
Invasive Therapy and Allied Technology (MITAT), 2000. 9(1): p. 107-118. 

3. Stockel, D., Nitinol medical devices and implants. Journal of the Society for 
Minimally Invasive Therapy and Allied Technology (MITAT), 2000. 9(2): p. 
81 

4. Frank, T.G., W. Xu and A. Cuschieri, Instruments based on shape memory 
alloy properties for minimal access surgery, interventional radiology and 
flexible endoscopy. Journal of Minimally Invasive Therapy and Allied 
Technologies (MITAT), 2000. 9(2): p. 89-98 

5. Tang, W., Thermodynamic study of the low temperature phase B19' and the 
martensitic transformation in near-equiatomic Ti-Ni shape memory alloy. 
Metallurgical Transactions A, 1997. 28: p. 537-544. 

6. Otsuka, K. and X. Ren, Physical metallurgy of Ti-Ni based shape memory 
alloys. Progress in Materials Science, 2005. 50: p. 511-678. 

7. Otsuka, K. and C.M. Wayman, eds. Shape memory materials. 1998, 
Cambridge University Press. 284. 

8. Miyazaki, S., Y. Ohmi, K. Otsuka and Y. Suzuki, Characteristics of 
deformation and transformation pseudoelasticity in titanium-nickel alloys. 
Journal de Physique, Colloque (C-4), 1982. p. 255-260. 

9. Nishida, M., C.M. Wayman and T. Honma, Precipitation processes in near-
equiatomic TiNi shape memory alloys. Metallurgical Transactions A, 1986. 
17: p. 1505-1515. 

10. Miyazaki, S., T. Imai, Y. Igo and K. Otsuka, Effect of cyclic deformation on 
the pseudoelasticity characteristics of titanium-nickel alloys. Metallurgical 
Transactions A, 1986. 17(1): p. 115-120 

11. Buehler, W.J. and R.C. Wiley, The properties of TiNi and associated phases. 
Report NOLTR 61-75 (AD 266607), 1961, U. S. Naval Ordnance Laboratory, 
White Oak, Silver Spring MD.  

12. Jackson, C.M., H.J. Wagner and R.J. Wasilewski, 55-Nitinol - The alloy with a 
memory: Its physical metallurgy, properties, and applications. 1972, National 
Aeronautics and Space Administration - SP5110: Washington, D. C.  



 

 

400

 

13. 60-Nitinol Alloys Data Sheet, U. S. Naval Ordnance Laboratory: White Oak, 
MD. 

14. Clingman, D.J., F.T. Clalkins and J.P. Smith. Thermomechanical properties of 
Ni(60%wt)Ti(40%wt). Proceedings of SPIE-The International Society for 
Optical Engineering, 5053 (Active Materials: Behavior and Mechanics). 2003: 
p. 219-229 

15. Julien, G. J., Manufacturing of Nitinol parts and forms, U. S. Patent 6422010, 
2002. 

16. Mabe, J.H., R.T. Ruggeri, E. Rosenzweig and C.-J.M. Yu. Nitinol performance 
characterization and rotary actuator design. Proceedings of SPIE-The 
International Society for Optical Engineering 5388 (Industrial and Commercial 
Applications of Smart Structures Technologies). 2004.: p. 95-109 

17. Robertson, S.W., X.Y. Gong and R.O. Ritchie, Effect of product form and heat 
treatment on the crystallographic texture of austenitic Nitinol. Journal of 
Materials Science, 2006. 41: p. 621-630. 

18. Kainuma, R., M. Matsumoto and T. Honma, Metallographic study of 
precipitation processes in Ni-rich TiNi alloys. Tohoku Daigaku Senko Seiren 
Kenkyujo iho, 1987. 43(2): p. 149-158. 

19. Gall, K., H. Sehitoglu, Y.I. Chumlyakov and I.V. Kireeva, Pseudoelastic cyclic 
stress-strain response of over-aged single crystal Ti-50.8at.%Ni. Scripta 
Materialia, 1999. 40(1): p. 7-12. 

20. Gall, K., H. Sehitoglu, Y.I. Chumlyakov, Y.L. Zuev and I. Karaman, The role 
of coherent precipitates in martensitic transformation in single crystal and 
polycrystalline Ti-50.8at.%Ni. Scripta Materialia, 1998. 39(6): p. 699-705. 

21. Gall, K. and H.J. Maier, Cyclic deformation mechanisms in precipitated NiTi 
shape memory alloys. Acta Materialia, 2002. 50: p. 4463-4657. 

22. Orgeas, L. and D. Favier, Non-symmetric tension-compression behavior of 
NiTi alloy. Journal de Physique IV, 1995. 5(C8, International Conference on 
Martensitic Transformations, Pt. 2): p. 605-10. 

23. Plietsch, R. and K. Ehrlich, Strength Differential effect in pseudoelastic NiTi 
shape memory alloys. Acta mater., 1997. 45(6): p. 2417-2424. 

24. Gall, K., H. Sehitoglu, Y.I. Chumlyakov and I.V. Kireeva, Tension-
compression asymmetry of the stress-strain response in aged single crystal and 
polycrystalline NiTi. Acta Mater., 1999. 47: p. 1203-1217. 



 

 

401

 

25. Gall, K. and H. Sehitoglu, The role of texture in tension-compression 
asymmetry in polycrystalline NiTi. International Journal of Plasticity, 1999. 
15(1): p. 69-92. 

26. Sittner, P., V. Novak, P. Lukas, D. Lugovyy, D. Neov and M. Tovar, Load 
partition in NiTi shape memory alloy polycrystals investigated by in-situ 
neutron diffraction and micromechanics modelling. Materials Science Forum, 
2002. 404-407(ECRS 6, Proceedings of the 6th European Conference on 
Residual Stresses, 2002): p. 829-834. 

27. Adharapurapu, R.R., F. Jiang, K.S. Vecchio and G.T. Gray III, Response of 
NiTi shape memory alloy at high strain rate: A systematic investigation of 
temperature effects on tension-compression asymmetry. Acta Materialia, 2006, 
in press. 

28. Miyazaki, S., Y. Kohiyama, K. Otsuka and T.W. Duerig, Effects of several 
factors on the ductility of the Ti-Ni alloy. Materials Science Forum, 1990. 56-
58: p. 765-770. 

 



402 

8 CONCLUSIONS 

The current work reports: 

(i) The phase-transformation mechanisms in Ni-rich Ni-Ti alloys.  These 

included (a) diffusionless multiple-stage martensitic transformations, and (b) 

diffusion-based phase transformations that govern the precipitation reactions in Ni-

rich alloys and hence the overall time-temperature-transformation (TTT) curves.  

(ii) The systematic study of the high-strain rate response of Ni-rich NiTi alloys 

as a function of temperature (between -196oC and 400oC) and thermomechanical 

treatment, viz., fully annealed, work-hardened and precipitation hardened conditions.   

Two Ni-rich Nitinol alloys, the commercial 50.8-NiTi (at.%) and a new 55-

NiTi (at.%) were selected for the study.  While the conclusions are delineated at the 

end of each chapter more elaborately, only the important conclusions are summarized 

in the following. 

I. High-strain rate studies 

1. A reverse phase transformation from stress-induced martensite to austenite 

was identified by the bilinear nature of the unloading part of the stress-strain curves at 

room temperature (20oC) and 100°C, even though the loading curve did not exhibit 

any plateau region. 

2. In spite of large differences in strength levels occurring due to various 

transformations, all the dynamic tension and compression tests were successfully 

conducted at a constant strain rate of ~1200/s for the entire duration of the loading.  

This was achieved by two modifications to the experimental set-up: 
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(a) Unique pulse-shaping experiments successfully demonstrated that constant 

high-strain rate (~1200/s) is achievable in spite of complex sigmoid-type stress-strain 

curves under compression testing. 

(b) Thin rolled NiTi sheet, which posed significant experimental challenge for 

conducting high-strain-rate tensile testing, due to the problems associated with 

samples small cross-sectional area, difficult gripping, and poor wave signals generally 

associated with dynamic tension testing, have been overcome successfully.  

Acceptable and reliable dynamic responses for NiTi alloys in tension was obtained by 

modifying the sample gripping area in a split Hopkinson tensile bar that ensured 

constant high-strain rate during the entire duration of the testing. 

3. Since the high-strain rate tests are conducted over a wide range of 

temperature spanning -196oC and 400oC, the dynamic response of thermally-induced 

martensite (TIM) at low temperatures (T < Mf), superelastic austenite (Af < T < Md) 

and stable austenite at high temperatures (T > Md) are studied in a systematic manner.  

These studies indicated a different strain-rate sensitivity of the austenite-martensite 

interfaces (during stress-induced martensite) and martensite-martensite interfaces 

(during the deformation of TIM). 

4. Fully annealed NiTi exhibited lowest strength levels compared to the cold-

worked material.  Precipitation hardened alloys exhibited further improvement in the 

overall strength levels compared to the work-hardened NiTi alloy. 

5. Fracture mechanisms are dominated by quasi-cleavage in low temperature 

martensite, void growth at high temperature stable austenite and mixed-mode (void + 

cleavage) in the superelastic austenite at high strain rates.  Increasing strain rates 
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affects the SIM transformation, and thus a transition from cleavage to void type failure 

is observed. 

II. Phase Transformations studies 

1. It was observed that the presence of dislocations (through work-hardening) 

and the presence of Ni-rich precipitates (through age-hardening) contribute to a more 

complex two-stage or multiple-stage transformations and also improve the overall 

strength of the NiTi alloy.  Based on the microstructural changes, such as recovery, 

recrystallization and precipitation formation in 50.8-NiTi alloys, the current work 

uniquely provides a unified and general understanding of the various multiple-stage 

transformations reported in the literature, specifically providing the transition between 

two main transformation sequence mechanisms rationalized on the basis of partial 

differential scanning (DSC) studies.  Additionally, the work also identified unusual 

multiple-stage transformations in 55-NiTi; these were critically different from 50.8-

NiTi in terms of the sequence of transformation. 

2. Aging in Ni-rich 55NiTi elicited precipitation reactions with the formation 

of Ti3Ni4, Ti2Ni3 and TiNi3 in seriatim.  A time-temperature-transformation diagram 

for 55NiTi was constructed, as well as the upper temperature limit of formation for 

several precipitates has been estimated for Ni-rich NiTi alloys system as a function of 

Ni concentration between 50.6–56 at.%. Superelasticity and shape memory 

characteristics have been successfully demonstrated in Ni-rich 55NiTi, thought to be 

unfeasible, with recoverable strains up to ~4-6%. 




