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ABSTRACT 

 

    Since the addition of Hf or Zr provides a cost-effective alternative to NiTi alloyed 

with Pd, Pt and Au, due to the high cost of the latter, NiTiHf and NiTiZr alloys have 

recently attracted considerable attention [1]. In Ni-rich NiTiHf and NiTiZr alloys, it is 

possible to form nano-scale Ni-rich precipitates upon heat treatment, which strengthen 

the matrix by acting as barriers against plastic deformation [2-6].The increase in strength 

due to precipitation also permits reversible martensitic transformation at higher stress 

levels [2, 3, 7, 8].Furthermore, nano-precipitation in Ni-rich NiTiHf and NiTiZr alloys 

allows for precise control of transformation temperatures through the change in Ni 

content of the matrix as a function of precipitate volume fraction [4]. Consequently, the 

possibility to tailor these properties through nano-precipitation make the Ni-rich NiTiHf 

SMAs promising candidates for practical applications that involve elevated temperatures 

and high stresses. Despite the aforementioned advantages brought about by nano-

precipitation, many of the envisaged applications also require a stable fatigue response 

and long fatigue lives, and thus, it is of utmost importance to assess the cyclic 

deformation response of NiTiHf and NiTiZr high temperature SMAs (HTSMAs) at 

elevated temperatures.  

    Even though numerous studies have been conducted on superelastic fatigue properties 

of SMAs [9-13], only a very few reports are available in the literature addressing their 

actuation fatigue response [14-17], and to the best of the authors' knowledge, none on 

the actuation fatigue response of HTSMAs. The current study was undertaken with the 
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motivation of addressing these problems, and thereby establishing a thorough 

understanding of the effect of microstructure, upper cycle temperature, applied stress 

level on thermo-mechanical cyclic behavior and fatigue response of Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 alloys  

    Overall, the current findings constitute the first systematically obtained set of results 

demonstrating the microstructure dependence of actuation strain, irrecoverable strain, 

thermal hysteresis, transformation temperatures and fatigue performance of the Ni-rich 

Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMAs, demonstrating the importance of 

controlling H-phase precipitate size. Furthermore, the work presented herein focused on 

the roles of UCT and applied stress levels on the actuation fatigue performance of the 

Ni-rich Ni50.3Ti29.7Hf20 Ni50.3Ti29.7Zr20 HTSMAs. The experimental results reported 

herein not only revealed the optimum UCT and applied stress levels for desired high-

temperature actuation fatigue performance, but also constitute the first set of data 

towards building a comprehensive database for HTSMA actuation performance to guide 

the efforts in designing durable and stable HTSMA actuators with the maximum 

possible work output.  
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NOMENCLATURE 

 

Af                                                 Austenite finish 

As                                 Austenite start 

BSE                             Back-scattered electron 

CC                               Clasius-Clapeyron 

CSS                             Critical shear stress 

CVP                             Corresponding variant pair 

DSC                             Differential scanning calorimetry 

EDM                            Electrical discharge machining 

EDS                              Energy-dispersive spectroscopy 

EDX                              Energy-dispersive X-ray 

εirr                                  Irrecoverable strain 

εact                                  Actuation strain 

FC                                  Furnace cooling 

HRTEM                         High resolution transmission electron microscopy 

HTSMA                         High temperature shape memory alloy 

LIS                                 Lattice invariant shear 

Mf                                   Martensite finish 

Mp                                   Martensite peak 

Ms                                   Martensite start 

MT                                  Martensite transformation 
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SADP Selected area diffraction pattern 

SE       Superelasticity 

SEM  Scanning electron microscopy 

SHT     Solution heat treated 

SIMT     Stress induced martensitic transformation 

SMA      Shape memory alloy 

SME Shape memory effect 

σSIM Critical stress to induce martensite 

TEM     Transmission electron microscopy 

TRIP       Transformation induced plasticity 

TTs Transformation temperatures 

TWSME   Two way shape memory effect 

TWSMS   Two way shape memory strain 

XRD       X-ray diffraction 

WQ            Water quenched
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CHAPTER I  

INTRODUCTION  

   The focus of this study is centered on development of functionally durable, reliable 

and thermally stable NiTiHf and NiTiZr high temperature shape memory alloys 

(HTSMAs) to be utilized as a solid state actuator in many engineering applications. 

Reliability and durability of these materials are significant criteria before any 

commercial use. The precipitation strengthening mechanism is employed to improve 

their functional and thermal stability and actuation fatigue performance. The objectives 

of the present study are undertaken with addressing these issues.  

1.1 Motivation and Significance 

   Shape memory alloys (SMAs) have the capability to recover large deformations upon 

heating through reversible martensitic transformations from low symmetry, low 

temperature martensitic state to higher symmetry, higher temperature austenitic state [1, 

18]. Nickel-titanium (NiTi) SMAs are the most commonly used ones in applications, and 

they frequently find use in actuators, especially in automotive, robotic and aerospace 

industries, mainly owing to their high work output, acceptable durability, and corrosion 

resistance [18, 19]. However, the utility of NiTi SMAs is restricted to relatively low 

temperatures (< 100°C) and applied stresses below 500 MPa, which prevents them from 

being employed in applications involving elevated temperatures and requiring high 

strengths [1, 18-21]. Furthermore, NiTi SMAs exhibit dimensional instability during 

thermo-mechanical cycling due to the accumulation of a large amount of irrecoverable 

strains [22, 23].  
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   In order to address these shortcomings, NiTi has been alloyed with ternary elements, 

including Au, Hf, Pd, Pt, and Zr, with the intent of increasing the martensitic 

transformation temperatures and improving their shape memory properties through solid 

solution hardening. Over the last ten years, the martensitic transformation behavior and 

thermo-mechanical response of such ternary alloys have been extensively studied [2, 24-

33] . Since the addition of Hf or Zr provides a cost-effective alternative to NiTi alloyed 

with Pd, Pt and Au, due to the high cost of the latter, NiTiHf and NiTiZr alloys have 

recently attracted considerable attention [1]. 

    Despite the favorable increase in transformation temperatures, the addition of Hf to 

NiTi has been shown to introduce few issues related to shape memory response, such as 

lower actuation strains as compared to binary NiTi, and fast degradation of the 

reversibility of transformation during thermal and mechanical cycling [24, 34-36]. 

However, the latter issue is mostly observed in NiTiHf alloys that have near-

stoichiometric or Ni-lean chemical compositions (containing 50 at.% or less Ni) [7]. The 

main reasons for thermo-mechanical instability during martensitic transformation upon 

cyclic loading in these alloys are the significant incompatibility between austenite and 

martensite phases (more pronounced than in binary NiTi) [37], the change in martensite 

twinning modes with the addition of Hf (more compound twins instead of conventional 

Type I and Type II twin formation in martensite) [37, 38], and low strength against 

dislocation plasticity that accompanies the transformation in order to accommodate the 

incompatibility between the transforming phases [2, 24, 25, 34, 39].  
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    In Ni-rich NiTiHf and NiTiZr alloys, on the other hand, it is possible to form nano-

scale Ni-rich precipitates upon heat treatment, which strengthen the matrix by acting as 

barriers against plastic deformation [2-6].The increase in strength due to precipitation 

also permits reversible martensitic transformation at higher stress levels [2, 3, 7, 

8].Furthermore, nano-precipitation in Ni-rich NiTiHf and NiTiZr alloys allows for 

precise control of transformation temperatures through the change in Ni content of the 

matrix as a function of precipitate volume fraction [4]. Consequently, the possibility to 

tailor these properties through nano-precipitation make the Ni-rich NiTiHf and NiTiZr 

SMAs promising candidates for practical applications that involve elevated temperatures 

and high stresses. 

   Despite the aforementioned advantages brought about by nano-precipitation, many of 

the envisaged applications also require a stable fatigue response and long fatigue lives, 

and thus, it is of utmost importance to assess the cyclic deformation response of NiTiHf 

and NiTiZr high temperature SMAs (HTSMAs) at elevated temperatures. In general, 

most of the current practical applications of SMAs, especially biomedical applications 

[40-42] rely on the superelastic behavior of these materials: when loaded, SMAs exhibit 

stress-induced martensitic transformation from austenite to martensite, followed by the 

reverse transformation back to austenite upon unloading. The aerospace and automotive 

applications, on the other hand, can take advantage of high energy densities of SMAs as 

actuator materials [43-45]. In such cases, initially deformed SMA actuators can do work 

against an external load upon heating, undergo large shape changes upon subsequent 

cooling under the same load due to forward martensitic transformation, and once heated, 
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recover their original shape due to reverse martensitic transformation, while still 

providing work against the same external load. Even though numerous studies have been 

conducted on superelastic fatigue properties of SMAs [9-13], only a very few reports are 

available in the literature addressing their actuation fatigue response [14-17], and to the 

best of the authors' knowledge, none on the actuation fatigue response of HTSMAs. 

Additionally, even though several studies are reported on two-way shape memory effect 

(TWSME) properties of Ni-rich NiTiHf alloy, there is no study in the literature about 

TWSME for Ni-rich NiTiZr alloy and its thermal stability at elevated temperature as 

well as comparison with its counterpart Ni-rich NiTiHf. So far, the experimental results 

on these aspects are rather limited, particularly in promising candidate Ni-rich NiTiZr 

alloy.  

     In general, fatigue lives and actuation fatigue performance as well as TWSME 

properties of SMAs are dictated by several material parameters, including chemical 

composition, surface finish, training cycles, microstructural changes as a result of 

various thermo-mechanical processing parameters, and operating temperatures [16, 17]. 

Recent studies on the actuation fatigue of NiTi and NiTiCu SMAs were conducted by 

Miller and co-workers [46, 47]. NiTiCu wire specimens aged at different heat treatments 

were thermo-mechanically cycled until failure under constant stress level. It is reported 

that actuation fatigue performance depends on heat treatment conditions and optimal 

heat treatment needs to be identified to utilize the SMA on a best effort basis. Thus, 

there is a need to understand optimum microstructure to attain best actuation fatigue 

performance of Ni-rich NiTiHf since recent studies indicated that nano-sized precipitates 
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upon heat treatment lead to precise control of transformation temperatures, outstanding 

shape memory response and high resistance to plastic deformation, as well as excellent 

superelastic shape recovery for Ni-rich Ni50.3Ti29.7Hf20 [2, 3]. Furthermore, a notable 

observation regarding the operating temperatures of SMAs is that an increase in UCT 

above austenite finish temperature in NiTi SMAs leads to shorter fatigue lives under 

thermo-mechanical cyclic loading [20, 48]. However, the role of UCT and applied stress 

levels on the cyclic deformation response of Ni-rich NiTiHf and NiTiZr alloys have not 

been studied to date. Moreover, the transformation temperatures in most HTSMAs can 

be relatively high especially under applied stress (e.g., near 0.3TH 1 and higher), and 

diffusional mechanisms may accompany the phase transformation and negatively impact 

its reversibility. Transformation temperatures under stress can approach the temperatures 

at which new precipitates may form or existing ones may further grow during thermo-

mechanical cycling. Additionally, to our knowledge, comprehensive study in NiTiHf and 

NiTiZr HTSMAs is still lacking in the literature. Available comparative studies are 

mostly limited to transmission electron microscopy (TEM) and calorimetry 

investigation.  

   The present work was undertaken with the motivation of addressing this issue and 

providing the first systematic study on the actuation fatigue response of HTSMAs, and 

more specifically, establishing a thorough understanding of the thermo-mechanical 

fatigue response of a nano-precipitation hardened NiTiHf and NiTiZr HTSMAs. In 

                                                 

1 TH: Homologous temperature 
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particular, for NiTiHf alloy, three heat treatments were selected to form different 

microstructures: 550°C-3h (corresponding precipitate size: <20nm in length), 600°C-10h 

(precipitate size: 40-80 nm), and furnace cooling from 700 to 100°C at 48h (precipitate 

size: 70-200nm). After failure of specimens, actuation fatigue performance of distinct 

microstructures was examined through microstructural characterization using differential 

scanning calorimetry (DSC), scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) to understand effect of heat treatments on failure 

mechanism, as well as evolution of shape memory response of material. Moreover, the 

effects of upper cycle temperature (UCT) and stress level on the thermo-mechanical 

cyclic response and actuation fatigue life of the Ni-rich Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 HTSMA were investigated, where nano-precipitates with sizes less than 

50 nm lead to excellent reversibility of martensitic transformation and dimensional 

stability under thermo-mechanical loading [2-4, 26, 29]. The experimental results 

reported herein not only revealed the optimum UCT and applied stress levels for desired 

high-temperature actuation fatigue performance, but also constitute the first set of data 

towards building a comprehensive database for HTSMA actuation performance to guide 

the efforts in designing durable and stable HTSMA actuators with the maximum 

possible work output.  

1.2 Objectives  

    Primary objective of the present study can be summarized as an intensive 

investigation on actuation fatigue performance and TWSME properties of 

Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys to attain improved functional and cyclic 
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stability for high temperature actuator applications. Furthermore, this study establishes 

the fundamental understanding on the role of microstructure parameters on functional 

and cyclic stability during repeated transformations. Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 

compositions are most widely investigated Ni-rich NiTiHf and NiTiZr alloys, having 

high transformation temperatures (>100°C) after nano-precipitation with excellent shape 

memory characteristics. 

The overall objectives of the present work are: 

1.Investigation on the role of precipitates size, morphology and distribution on the cyclic 

response and actuation fatigue performance of Ni50.3Ti29.7Hf20 HTSMA through thermo-

mechanical testing, SEM, TEM and DSC. 

a. Optimum microstructure for extended actuation fatigue lives, durability and 

damage tolerance. 

b. Control of level of actuation strain, fatigue life and irrecoverable strain by 

controlling precipitates size. 

c. Fracture analysis and cracks density measurement of failed samples with 

different microstructures. 

d. Post-mortem analysis on transformation temperatures and heat of 

transformation prior to fatigue testing and after fatigue test is completed. 

2.Evaluation of effect of upper cycle temperature on the actuation fatigue properties of 

Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMA through isobaric thermal cycling, SEM, 

TEM and DSC. 
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a. Determination of UCT level on actuation fatigue life, irrecoverable strain and 

actuation strain for nano-precipitation hardened Ni50.3Ti29.7Hf20 at 550°C-3h. 

b. Determination of stability of precipitates during thermo-mechanical cycling 

by comparing the precipitates size and morphology after failure of samples 

relative to those of untested samples. 

3.Testing on the influence of applied stress level on the thermo-mechanical properties of 

Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMA through actuation fatigue testing, SEM, 

TEM and DSC. 

a. Understanding the effect of stress levels on actuation fatigue life, level of 

actuation strain and total irrecoverable strain. 

b. Speculated a universal empirical rule for describing the actuation fatigue 

response of shape memory alloys that determines suitability of material as an 

actuator. 

c. Understanding suitability of work-based model to predict actuation fatigue life of 

SMAs by relating work-output of samples with two empirical constants to 

number of cycles to failure. 

4.Two-way shape memory characterization of Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 

HTSMAs and investigation its cyclic stability at elevated temperatures. 

a. Generation of two-way shape memory strain (TWSMS) during thermo-

mechanical cycling on nano-precipitation hardened Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 HTSMAs. 
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b. Determination of stability TWSME of Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 

HTSMAs through annealing treatment at elevated temperatures. 

5.Comprehensive comparison of shape memory properties of Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 alloys. 

a. Evolution of transformation temperatures and thermal stability of Ni-rich 

NiTiHf and NiTiZr alloys. 

b. Precipitates size, morphology and distribution of Ni-rich NiTiHf and NiTiZr 

alloys after aging at 550°C-3h. 

c. Stress vs. strain behavior of Ni-rich NiTiHf and NiTiZr alloys after aging at 

550°C-3h. 

d. Determination actuation fatigue properties of Ni-rich NiTiHf and NiTiZr 

alloys after aging at 550°C-3h. 

The present study aims to establish fundamental understanding on actuation fatigue 

properties and two-way shape memory properties of Ni-rich NiTiHf and NiTiZr 

alloys for their potential application in the automotive, energy and aerospace 

industries. Additionally, the durability and actuation tests will be employed to 

develop parameters for damage models and actuator design tools and to evaluate 

them for applicability to life cycle predictions needs. 
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CHAPTER II  

BACKGROUND 

   In this chapter, brief literature review will be conducted covering martensitic 

transformation and its two unique shape memory effect and superelastic properties, high 

temperature shape memory alloys (HTSMAs), NiTiHf and NiTiZr HTSMAs, H-phase 

precipitation hardening, as well as actuation fatigue properties of HTSMAs, work-based 

approach to predict fatigue life of SMAs and origins of two-way shape memory effect 

(TWSME). 

2.1 Martensitic Transformations  

   Shape memory alloys (SMAs) exhibit two distinct crystal structures or phases, high 

symmetry and high temperature austenite phase and low symmetry and low temperature 

martensite phase [1]. SMAs flip back and forth between austenite and martensite solid 

crystalline states. SMAs take the form of austenite at higher temperature, which is 

relatively harder material and much more difficult to shape and deform while they 

transform into martensite at lower temperature, which is relatively plastic, soft, and easy 

to deform and shape [49]. Martensitic transformation (MT) is solid to solid phase 

transformations from high temperature austenite phase to low temperature martensite 

state upon cooling [1]. Due to difference in their crystal structure, it is possible to 

introduce macroscopic shape changes. Figure 2.1 demonstrates mechanism of one-way 

and two-way shape memory effect. Two-way shape memory effect will be discussed in 

the following chapter. In the one-way shape memory effect, self-accommodated 

martensite transforms to single-variant martensite in the presence of stress. Upon 
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heating, detwinned martensite transforms to austenite. Atoms maintain close relationship 

one another instead of diffusion of atoms.  Martensitic transformation has two unique 

properties; shape memory effect and superelasticity which can be activated temperature, 

stress or magnetic field [1]. 

                    

Figure 2.1 Simple illustration of one-way shape memory effect and two-way shape 

memory effect. In one way shape memory effect, martensite returns back to self-

accommodated structure upon cooling from austenite, while martensite returns to single 

variant orientation in the two-way shape memory effect. Internal stresses favor certain 

habit plane variants, resulting in shape changes after cooling from austenite state [1]. 

   

   Local strains occurring during transformation from austenite to martensite is so large 

that it is impossible to accommodate strains elastically. Large strains are only able to be 

accommodated by formation of twins in martensite state [1]. In the absence of stress, 

martensite lattice correspondence variants are formed with self-accommodated 

martensite. Crystallographic structure of two phases determines the number of 

martensite variants [1]. For example, there are 12 lattice variants between B19' 

monoclinic structure (martensite) and B2 body centered cubic structure (austenite) 

transformation [1]. There are no shape changes in the absence of stress due to formation 
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of a self-accommodated martensite structure. On the other hand, in the presence of 

stress, certain habit plane variants are energetically more favorable to form and grow at 

the expense of others called as the martensitic detwinning/reorientation. As a result of 

martensite detwinning/reorientation, large amount of recoverable strain takes place. 

Shape memory effect and superelasticity are a consequence of martensite 

detwinning/reorientation. 

2.1.1 Shape Memory Effect and Superelasticity 

    Shape memory effect is phenomena where materials can restore the original shape of 

pre-deformed specimen after being heated shown in Figure 2.2 [50]. This phenomenon is 

consequence of a crystalline phase change called as “thermo-elastic martensitic 

transformation”. At lower temperature, SMAs take form of martensite, which their 

microstructure consists of “self-accommodating twins”. The martensitic state is soft and 

can be shaped and deformed easily by de-twinning. Detwinned martensite state 

undergoes austenite phase by recovering original shape upon heating. When this 

procedure is performed against biasing force, materials is able to produce work. Figure 

2.2 shows the mechanism of shape memory effect [1]. Sample under load undergoes 

thermally-induced martensitic transformation across martensitic temperatures.  
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Figure 2.2 (a) Schematic illustration of the actuation fatigue loading cycles on a stress-

temperature phase diagram, and (b) a representative strain-temperature response 

describing how the relevant shape memory characteristics of the HTSMA actuator are 

determined from this kind of response. Mf: martensite finish, Ms: martensite start, As: 

austenite start, Af: austenite finish temperatures [50]. 

 

    The forward transformation from austenite to martensite state and reverse 

transformation from martensite to austenite state do not occur at the same temperature. 

Figure 2.2 (b) demonstrates a typical strain vs. temperature transformation cycle for 

SMA sample under load. Plot of transformation cycle also shows how shape memory 

characteristics are determined such as transformation temperatures, austenite strain, 

martensite strain, thermal hysteresis, actuation strain and irrecoverable strain. The 

complete transformation cycle consists of martensite start temperature (Ms), martensite 

finish temperature (Mf), austenite start temperature (As) and austenite finish temperature 

(Af). There is a dependency between applied stress level and transformation 

temperatures called as Clausius-Clapeyron relationship. As applied stress level increases, 

transformation temperatures of SMAs rise, resulting a constant dσ/dT diagram as shown 

in Figure 2.2(a). Generally, transformation temperatures and heat of transformation of 

SMAs can be determined using differential scanning calorimetry (DSC) as shown in 
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Figure 2.3. Forward and reverse transformation temperatures are determined as Ms, Mf 

and As, Af, respectively through tangent line method. Exothermic reaction occurs with 

transformation from austenite to martensite, while endothermic reaction takes place with 

transformation from martensite to austenite. The thermal hysteresis (ΔT) is determined 

as the difference in the Af and Ms (Af-Ms) under stress-free DSC thermal cycling. 

                        

Figure 2.3 Schematic illustration of how transformation temperatures are determined 

using DSC curve. 

 

   Superelasticity (pseudoelasticity) is isothermal phenomena, whereby materials can 

recover large deformation induced by stress. SMAs exhibit superelasticity if deformed at 

a temperature which is slightly above Af temperature [1]. This phenomena occurs due to 

stress-driven formation of martensite above its normal temperature. Since martensite is 

formed above its normal temperature, as soon as stress is removed, martensite reverts to 

undeformed austenite phase immediately. Superelastic behavior gives SMAs a springy 

and rubberlike elasticity. Martensite state requires less energy to be deformed than 

austenite state. Stress-induced transformation process can induce accommodation of 
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transformation strain up to 10%. If this procedure is applied to single crystal of specific 

alloys, it is possible to attain 25% pseudoelastic strain in specific directions. When 

applied stress is removed, material returns back into its pre-deformed shape. This 

phenomenon is known as transformational superelasticity or pseudoelasticity. As 

temperature increases above Af, it becomes increasingly difficult to obtain stress-induced 

martensite state. Therefore, pseudoelastic (superelasticity) behavior can be obtained over 

a narrow temperature range. Md is temperature where martensite can be no longer stress-

induced. Above Md, SMA material deforms similar to conventional and ordinary 

materials [51]. As mentioned, superelastic characteristics are determined through 

constant temperature loading and unloading tests at a temperature above Af. Figure 2.4 

demonstrates a superelastic cycle and superelastic properties such as stress required to 

induce SIMT (σSIM), recoverable strain (εrec), unrecoverable strain (εirr), super elastic 

strain (εSE), and elastic strain (εel). 

            

Figure 2.4 (a) Schematic representation of superelasticity using a σ-T phase diagram. 

Austenite transforms fully detwinned martensite when sufficient stress is applied at 

temperature slight above Af. (b) illustration of  superelasticity on strain (ε) vs. stress (σ) 

[1]. 
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2.2. High Temperature Shape Memory Alloys 

   As mentioned previously, while NiTi continues to remain as the most widely studied 

SMA, due to its biocompatibility, large recoverable strain, and resistance to corrosion, 

its application is rather limited due to low transformation temperatures (<100°C) [18, 

19]. Many envisioned applications require higher temperature capability than 100°C, 

particularly in the automotive, energy and aerospace industries [1, 18-21]. There are 

some SMAs such as NiAl and CuAlNi which display high transformation temperatures 

yet exhibit microstructural instabilities [52]. Cu-based alloys decompose at intermediate 

temperatures whereas martensite of NiAl alloys decomposes to Ni5Al3 phase [53] . Ru- 

and Rh- based alloys also have high transformation temperatures [54]. However, due to 

cost of these alloys, they have not received great attention beyond some preliminary 

study. Thus, addition of ternary elements into NiTi binary alloy appears to be most 

promising and grandest technique to develop NiTiX materials with increased 

transformation temperatures. 

   If ternary alloying elements are below 10 at-%, transformation temperature remains 

unchanged or decrease. Addition of Cu or Mn has not remarkably changed the 

transformation temperature of NiTi alloys [1]. Alloys in the form of Ni-Ti-X where 

X:Pd, Pt, Au, Hf and Zr have been adopted to increase its transformation temperatures 

and strength [54].  Figure 2.5 demonstrates increase in transformation temperature (Ms 

or Mp) as a function of X: Pd, Au, Pt, Hf and Zr beyond 10 at-%. At same stoichiometry, 

addition of Hf and Zr are more effective in transformation temperatures than Pd and Au 

addition. Highest increase in TTs is observed with the addition of Pt element. 
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   Ternary alloying has influence on the thermal hysteresis of NiTi materials since crystal 

structure of martensite experience a change. For instance, NiTiCu containing B19 

martensite possesses 10-15°C of thermal hysteresis while NiTi alloy containing B19' 

exhibits 20-40°C of ΔT [54]. Nb addition increases ΔT to nearly 100°C [55]. 

   Addition of ternary elements into NiTi was adopted to increase its transformation 

temperatures and strength, where Hf and Zr stand out among the other ternary element 

candidates, such as Pd, Au, and Pt, mainly due to their lower cost [1-4, 6, 24-29, 56-68]. 

In particular, the Ni-Ti-Hf/Zr system has shown significant improvement in the last half-

decade, and we will focus on these alloys.   

 

Figure 2.5 Increase in transformatiom temperatures of NiTi alloys with addition of Pd, 

Pt, Au, Hf and Zr elements [69]. 
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2.3 NiTiHf and NiTiZr Alloys 

   Shape memory properties of NiTi(Hf,Zr) high temperature SMAs (HTSMAs) have 

been extensively studied, especially in the last 15 years [2-6, 24, 29, 34, 59, 61, 62, 66, 

68, 70]. The Ni-Ti-Hf and Ni-Ti-Zr high temperature shape memory alloys have initially 

received great interest due to lower cost compared to alloys containing precious metals 

such as Pd, Pt and Au [1]. Addition of Hf and Zr elements into binary NiTi alloy at the 

expense of Ti achieves the temperature range of 100-400°C [71-73]. NiTiHf and NiTiZr 

alloys have a reversible martensitic transformation between an ordered cubic austenite 

(B2) phase and ordered monoclinic martensite (B19') phase [1, 74]. Figure 2.6 displays 

the change of the TTs of NiTiHf alloy with respect to hafnium content [24, 39, 75].  The 

martensite peak (Mp) temperature increases after 3 at-% Hf addition and Hf addition 

beyond 10 at-% results in rise Mp at a rate of 20°C/at-% [76]. Similarly, Figure 2.7  

exhibits that increase in Mp begins beyond 10 at-% Zr addition and continues at a rate of 

18°C/at-% until 20 at-% Zr [72]. Figure 2.8 indicates that, transformation temperatures 

experience sudden drop in the ternary NiTi-Hf/Zr alloys similar to binary NiTi when Ni 

content is above 50 at.% [72, 74, 76, 77]. 
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Figure 2.6. Change in the transformation temperatures of NiTi alloys as a function of Hf 

addition [1]. 

 

    It has been demonstrated that the addition of Hf, replacing Ti,  in the amount of 8 at.% 

[24, 78], 10 at.% [70], and 15.at % [34, 39, 79] introduced new limitations, such as  poor 

shape memory effect [34, 78], degradation of thermal and mechanical cyclic responses 

during reversible martensitic transformation [1, 24], and brittleness [1, 80, 81], which 

become prevalent when Ni content is stoichiometric or lower than 50 at. %. The majority 

of early works concentrated upon the (Ti, Hf/Zr)-rich side of the stoichiometry [39, 70, 

71, 82-87]. In this composition range, (Ti, Hf/Zr)-rich second phases such as Hf2Ni(Ti), 

Ti4Ni2Ox (x<1), and Ti2Ni, HfNi(Ti) or (Ti,Hf)2Ni were reported.  Since the size of such 

second phases is generally large, their availability in matrix mostly worsens the strength 

of the alloys and shape memory properties [74, 85, 88, 89].  These second phases result 
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in poor workability and brittleness, contributing to poor reversibility, thermal, 

mechanical and cyclic stability as well as leading to low recoverable strains and large 

thermal hysteresis [85, 87-89]. These problems take place as a result of high 

detwinning/reorientation stress and low yield strength of austenite and martensite phases 

[24, 54]. In order to improve shape memory properties of HTSMAs, three methods have 

been proposed: (i) adding quaternary elements for solid solution hardening [25, 90-93], 

(ii) cold deformation followed by annealing, or warm deformation [24, 26, 80, 94], and 

(iii) precipitation hardening [2, 8, 34, 59, 62, 66, 68, 94-99]. It has been reported that 

first method does not improve the shape memory properties at a desired level [25, 90, 

93], and the second method is not practical due to the brittleness of these materials [1, 

24, 36, 80]. On the other hand, it was shown that precipitation hardening plays an 

important role in tailoring mechanical and shape memory properties of HTSMAs [2, 68, 

97, 100]. Desirable precipitation hardening in NiTi(Hf,Zr) alloys requires Ni 

compositions higher than 50 at.%, however, the increase in Ni content beyond 50 at.% 

results in a significant decrease in transformation temperatures [2, 3, 6, 68].It has 

recently been proven that proper precipitation heat treatments allow for higher 

martensitic transformation temperatures, by depleting the matrix from Ni, and improve 

mechanical and thermal cyclic stability of martensitic transformation in Ni-rich NiTiHf 

alloys [2, 4, 5, 29, 59, 68, 96-98, 101]. For instance, Bigelow et al. [59, 68, 96], Evirgen 

et al. [2, 4, 6], and Saghaian et al. [8, 97, 99] reported that a heat treatment of 550°C for 

3 hours in the Ni50.3Ti29.7Hf20 alloy leads to the formation of Ni- and Hf-rich coherent 
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nano-precipitates inside the matrix, providing thermal and mechanical cyclic stability for 

the martensitic transformation.  

                             

Figure 2.7. Change in the transformation temperatures of NiTi alloys as a function of Zr 

addition [1]. 

    Recent studies have concentrated on the Ni-rich NiTiHf and NiTiZr alloys, where 

nanoprecipitation hardening is demonstrated to be far more effective in modifying 

transformation temperatures and enhancing shape memory characteristics [5, 102-104]. 

Coherent nano-precipitates after heat treatment give rise to excellent mechanical and 

thermal stability as well as outstanding shape recovery [2-6, 62, 102]. In the beginning, 

it was viewed that precipitates in Ni-rich NiTiHf and NiTiZr SMAs were Ni4(Ti, Hf/Zr)3 

type phase similar to the Ni4Ti3 precipitates in NiTi alloys [102, 105]. On the other hand, 

recent investigations found a more complicated crystal structure called as “H-phase” 

(Figure 2. 9). The structure of H-phase is a face-centered orthorhombic lattice with a 

space group of F 2/d 2/d 2/d with lattice parameters close to 𝑎=12.56°A, 𝑏=8.89°A, 

𝑐=26.02°A [95]. H-phase precipitates are generally generated through heat treatments in 
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the range of 400°C to 700°C but it depends on composition. Generally, the size of H-

phase precipitates are small relative to second phases: for instance, heat treatment at 

450°C-10h results in precipitates size of 4-7 nm in the long axis in Ni50.3Ti34.7Zr15, while 

precipitate size grows to 60-300 nm after aging at 600°C-10h [29]. Both Ni-rich NiTiHf 

and Ni-rich NiTiZr compositions are indicated to contain the same H-phase precipitates 

with the same crystal structure [29].  H-phase is rich in nickel and hafnium and lean in 

titanium relative to martensite matrix for all NiTi(Hf/Zr) alloys. 

         

Figure 2.8. Change in martensitic peak temperature as a function of Ni content [1]. 

2.4 Two-Way Shape Memory Effect in High-Temperature Shape Memory Alloys 

    Even though numerous studies are available concerning on TWSME characterization 

of NiTi alloys and Cu-based SMAs, limited studies are present regarding TWSME 
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characterization of HTSMAs. TWSME requires specific training procedure and 

microstructural conditioning to form oriented internal stress fields since it is not an 

intrinsic property. Some of specific procedures to generate the microstructural 

conditioning are marforming [24, 34, 106] and mechanical deformation, following by 

annealing at low temperature [107, 108] as well as thermomechanical training [109, 

110]. These techniques form oriented internal stress fields in the matrix which bias 

martensite variants during thermal cycling, led to actuation strain in the absence of 

external biasing force. Microstructural origin of internal stress fields is up to debate. 

However, the most accepted theory is generation of dislocation substructures; presence 

of remnant martensite or oriented precipitates to form remnant oriented stress field 

around precipitates [111-113]. Trained elements are mostly employed as solid actuator, 

where multiple motion cycles are applied to trained elements. From the application 

perspective, the functional stability during repeated employment is important criteria. 

   Although many experimental results have been reported regarding TWSME of NiTi 

SMAs in the literature [107, 114-118], limited studies are available on thermo-

mechanical training and resulting TWSME in HTSMAs  [5, 108, 110, 119]. TWSME in 

HTSMAs are low cycle tests, up to several hundred cycles, targeted to evaluate the 

formation of TWSM in HTSMA. The reason behind that is difficulty to acquire TWSME 

in HTSMAs due to their elevated transformation temperatures that can also result in 

modification and elimination microstructural characteristics which are origin of 

TWSME. Kockar et al. obtained TWSME in Ni49.8Ti42.2Hf8 after investigation the 

influence of the severe plastic deformation on cyclic stability of shape memory 
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characteristics in Ni49.8Ti42.2Hf8 [24]. Atli et. al reported the influence of Pd and Pt 

addition on TWSME in NiTi alloy  [110, 120, 121]. Thermo-mechanical training rather 

than severe deformation is more effective in obtaining TWSME in NiTiHf since origin 

of TWSME is originated from oriented internal stress fields or oriented remnant 

martensite. Recently, Benafan et al. investigated effect of several parameters such as 

tube thicknesses, sizes and applied stress level on TWSME evolution of nano-

precipitation hardened NiTiHf torque tubes  [122]. Digital image correlation exhibited 

6% actuation strain. TWSMS was obtained as 3% after 100 training cycles. Additionally, 

Benafan investigated the influence of loading configurations on evolution of TWSME of 

Ni-rich NiTiHf torque tubes [123]. Hayrettin et. al made research on the effects of the 

training parameters and geometric factors including thickness of tube walls, shear stress 

levels, training cycles on the evolution of TWSME of Ni50.3Ti29.7Hf20 and its thermal 

stability at elevated temperature [119]. Even though several studies are reported on 

TWSME properties of Ni-rich NiTiHf alloy, there is no study in the literature on 

TWSME for Ni-rich NiTiZr alloy and its thermal stability at elevated temperature as 

well as comparison with its counterpart Ni-rich NiTiHf. So far, the experimental results 

on these aspects are rather limited, particularly in promising candidate Ni-rich NiTiZr 

alloy.  
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Figure 2. 9 (a) EDS scan carried out on a H-phase precipitate (H) and martensite matrix 

(M) (b) compositional line scan from H-phase precipitate to matrix phase [124]. 

2.5 Actuation Fatigue Properties of High Temperature Shape Memory Alloys 

    Many applications benefiting from SMAs involves cyclic loading in service, hence 

structural and functional fatigue are considered as the main failure mechanisms for 

SMAs in those applications [125]. As opposed to conventional metals, plastic 

deformation occurs in SMAs during repeated phase transformation even though applied 

stress level is often below the yield strength of the alloys [126]. Moreover, the fatigue 

performance of an SMA is strongly dependent on few parameters such as material 

composition, test temperatures, heat treatment procedures, and applied stress level [11, 

127-135] . 

   SMAs have found use as actuating materials with high energy densities in the 

aerospace and automotive industries. Actuators undergo thermally-driven transformation 

under load, generating macroscopic recoverable strains. Boeing Company has used 

SMAs in many applications such as Variable Geometry Chevron (VGC) and Variable 

Area Fan Nozzle [44, 136, 137]. VGC is designed and tested to change efficiency and 

noise characteristic of the engine of a Boeing 777. VGC uses SMA actuators to morph 

shape of chevrons on fan cowling on engine of airplane  [44, 136, 137]. This design 
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permits for a quiet configuration during take-off and landing. Variable Area Fan Nozzle 

has also been developed to change the efficiency and noise characteristics of the engine. 

   As SMAs gain popularity for use as high energy actuators, in addition to cyclic 

stability and maximum recoverable strain, one constitutive parameter become 

increasingly significant is the actuation fatigue lives.  Important criteria in determining 

their durability and reliability are to establish fundamental understanding influence of 

temperature induced transformation on actuation fatigue characteristics and integrity of 

actuator. Federal Aviation Administration (FAA) has strict rules and regulation for safe 

operation of SMA actuating materials on an aircraft. 

    Behavior of metal alloys under cyclic loading depends on the type of fatigue loading, 

the surface quality, strength, and microstructure [138]. As for SMAs, the fatigue 

behavior is classified under two main categories; namely structural fatigue and 

functional fatigue [11]. Structural fatigue refers to the failure of SMAs under high cyclic 

loads as in the case of other conventional metals. Functional fatigue, on the other hand, 

represents changes in shape memory characteristics, such as recoverable strain, 

irrecoverable strain, dissipated energy, transformation temperatures and thermal 

hysteresis during repeated martensitic transformation [139]. While few studies are 

available on functional fatigue of SMAs [13, 140-142] when specimens are thermally 

cycled between austenite and martensite, there are many works that reported on 

structural fatigue of SMAs, when specimens are subjected to varying stresses [143-146]. 
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2.6 Stress-induced Pseudoelastic Fatigue of SMAs 

    After discovery of SMAs, fatigue behaviours of SMAs have remained untouched and 

unsolved until many years. Delaey and his co-workers performed first fatigue testing on 

CuZnAl samples in 1978 where specimens were cycled under load until fracture [147]. 

What they have done was similar to stress-based fatigue experiment being performed at 

the time on the ordinary and conventional metals. Mercier and Melton around similar 

time performed similar fatigue testing on almost same CuZnAl materials in 1979 [148]. 

At the same year, Mercier and Melton also performed some of first study on fatigue 

properties of NiTi alloys [149]. Pseudoelastic fatigue testing and fatigue crack growth 

were performed on NiTi wire samples. It was found that rates of fatigue crack growth 

were almost equivalent with conventional and ordinary metals. NiTi wire achieved 1,000 

cycles tested with strain amplitude of 5%, while conventional metals were capable of 

producing 1,000 cycles tested with a strain amplitude of 1% [150].  

   Numerous researchers have primarily continued to study stress-driven fatigue 

properties as development of SMAs, specifically NiTi alloys, exhibited great potential in 

the variety of applications. Majority of pseudoelastic fatigue testing has been conducted 

through a rotating-bending apparatus to cycle samples until fracture [151-155]. SMA 

wires are firstly bended into a selected radius, rotating-bending testing is applied to the 

wires, producing a constant-amplitude cyclic strain. Conventional metals have not 

commonly utilized from this testing method, however it is quick and consistent way for 

SMA wires with a cycling rate of 100 – 1000c.p.m [154].  



28 

 

   Recently, McKelvey and Ritchie performed testing to identify crack growth behavior 

and ultimate strength of NiTi SMAs in uniaxial tensions tests [156].  Four different 

temperatures were selected; stable austenite at 120°C, pseudoelastic austenite at 37°C 

and two in martensite -65°C and -177°C. Fastest crack growth rates associated with four 

temperature studied were observed with pseudoelastic austenite samples, followed by 

stable austenite, slowest rate of crack growth was associated with martensite. 

2.7 Temperature-induced Actuation Fatigue of SMAs 

   Even though there are numerous studies concerning on the structural fatigue of SMAs 

through pseudoelastic cycling at constant temperatures, few studies are available in 

thermally-driven actuation cycling. Specifically, McNichols and Brookes performed one 

of the earliest structural fatigue experiments on NiTi SMAs undergoing thermal cycling 

in 1981 [14], where helical SMA wires were heated and thermo-mechanically cycled 

until fracture with the motivation of employing SMA wires in heat engine applications. 

Two key conclusions were reported from this study: there is a linear log-log relationship 

between fatigue life and strain amplitude, and NiTi alloy is able to produce recoverable 

strains an order of magnitude larger than conventional metals for a given fatigue life. 

   Morin and Bigeon had performed on CuZnAl and NiTiCu wire specimens in 1996 

undergoing repeated temperature-induced transformation under constant stress until 

fracture of samples [157]. Applied stress levels are within the range of 50MPa to 

800MPa for NiTiCu samples, and 20MPa to 200MPa for the CuZnAl samples. 

Experimental results revealed that there was a correlation between applied stress level 

and fatigue lives of SMAs [147].  
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    More recent studies on the actuation fatigue of NiTi and NiTiCu SMAs were 

conducted by Miller and co-workers [46, 47]. NiTiCu wire samples aged at different 

heat treatments were thermally cycled through partial and complete transformation until 

failure under constant nominal stresses. Primary objective of this study was to identify 

the influence of aging treatment and partial transformation on actuation fatigue lives. For 

partial transformation fatigue testing, same heat treatment was applied. Two stress levels 

were determined and samples at each stress level were tested with varying amounts of 

actuation strain which was adjusted by controlling cooling and heating time of samples. 

When level of actuation strain was maintained constant, there was a strong correlation 

between actuation fatigue life and applied stress level.  It was also reported that actuation 

fatigue performance depends on the heat treatment conditions and an optimal heat 

treatment needs to be identified in order to utilize the SMAs in fatigue sensitive 

applications.  

    Bertacchini and his coworkers investigated as follow up study the influence of 

corrosion on number of cycles to failure of NiTiCu wires employed previously by 

Lagoudas, however different aging treatment [130]. Wires were thermally cycled under 

load until failure with partial and full transformation, which were described as thermally 

cycling from 25% of full actuation and 75 of full actuation. Solution used in the testing 

resulted in corrosion on the surface of sample as a brittle oxide layer. Incompatibility of 

the thermomechanical response of transforming core of sample and non-transforming 

oxide layer generates cracks. 
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    Schick performed the earliest work of actuation fatigue of samples made of plate 

Ni55Ti45 (at-%) [158]. Samples were machined using an electro-discharge machining 

(EDM), which formed a recast layer on the sample surfaces. This study utilized Ni55Ti45 

actuators since variable geometry chevron (VGC) used this actuating material. It is 

possible to generate high volume fraction of Ni4Ti3 and Ni3Ti Ni-rich precipitates in the 

Ni55Ti45 alloy which enhance the cyclic and dimensional stability. All samples were 

thermally cycled under load until failure through complete transformation. Experimental 

results demonstrated that actuation fatigue life was shortened due to formation recast 

layer after EDM machining. Additionally, corrosive environment obtained through 

ethylene-glycol resulted in shorter actuation fatigue lives. SEM observation revealed that 

cracks were initiated in or around Ni-rich precipitates, which was likely result of 

incompatibility of shape memory response of non-transforming Ni4Ti3 and transforming 

core of materials. 

   Ramaiah et. al performed actuation fatigue tests on NiTi wire samples, focusing on the 

cracking properties [159]. Periodic cylindrical cracking was observed. Experimental 

investigations revealed that cracks initiated in the core of transforming matrix during 

repeated transformations but there is no preferential locations favoring crack formations. 
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CHAPTER III  

EXPERIMENTAL METHODS 

 The objective of this chapter introduces details on fabrication and processing of 

the shape memory alloys (SMAs), actuation fatigue testing and characterization methods 

employed in this study. 

3.1 Materials Fabrication  

   Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 (at. %) HTSMAs were vacuum induction melted 

under a partial argon atmosphere using a graphite crucible and high purity elemental 

constituents (99.98% Ni, 99.95% Ti, 99.9% Hf and 99.9% Zr) and subsequently cast into 

to a 25.4 mm diameter by 102 mm long copper mold. The as-cast was homogenized at 

1050 °C for 72h, followed by hot extrusion at 900 °C with a 7:1 area reduction. Dog-

bone shaped tensile testing specimens with gauge dimensions of 40 mm x 2.5 mm x 1 

mm were machined from the hot-extruded rods using wire electrical discharge 

machining (EDM). Specimens were aged at 550 °C for 3h followed by a water quench, 

an aging procedure which was proven to induce perfect superelastic behavior, near 

perfect functional stability and high work output in Ni-rich NiTiHf and NiTiZr HTSMAs 

through nano-precipitation [2, 160]. 

3.2 Actuation Fatigue Processing 

   Each specimen was heat treated at different temperatures and time, mostly at 550°C for 

3 hours, followed by air cooling in order to precipitate out nano-particles with sizes 

below 20 nm. The parameters utilized in the current actuation fatigue experiments were 

UCT of 250, 300 and 350 °C. To investigate the role of stress levels, stress levels of 200, 



32 

 

300 and 400 and 500 MPa were applied. For instance, in order to reach stress levels of 

300 MPa, the required dead weights (Figure 3.2) were calculated based on the 

dimensions of specimens (Figure 3.1).  The samples were mechanically mounted onto 

the fatigue testing frame (Figure 3.2) and subjected to constant stresses of 200, 300, 400 

and 500 MPa. All samples were thermally cycled under the constant stress until failure. 

Each experiment was repeated twice or three times on companion samples in order to 

ensure repeatability.  

 

Figure 3.1 Dimensions of the dog-bone shaped fatigue samples of the nano-precipitation 

hardened Ni50.3Ti29.7Hf20 HTSMAs used in this study [161]. 

 

   Electric current was passed through the specimens to heat them above the austenite 

finish (Af) temperature, and cooling down to below martensite finish (Mf) temperature 

was achieved through convection utilizing a slow speed electric fan. The heating-cooling 

cycles were induced within the temperature ranges of 40°C to 300°C and 40°C to 350°C. 

Heating and cooling rates during thermal cycles were kept at approximately 15°C s-1 and 

8°C s-1, respectively, and with these rates, the fatigue test frame has the capability to 
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perform about 1,500 thermal cycles per day. The strains were calculated based on the 

displacements and the reference configuration for the strain measurement was the loaded 

austenite phase. The measurement of displacements was performed via a linear variable 

differential transformer (LVDT) sensor attached to the grips. A Micro-Epsilon CTLaser 

(CTL-CF1-C3) infrared thermometer with an accuracy of smaller than 1 ºC was 

employed to measure the temperature of the specimens at the center of the gage section. 

The specimens were coated with a high-temperature black paint to prevent changes in 

the emissivity of the sample surfaces during thermal cycling. The thermal cycling was 

digitally controlled with a program scripted in LabVIEW, which also collected real-time 

data, including temperature, displacement, time, peak displacements at the upper and 

lower cycle temperatures for each cycle, and the number of cycles to failure. The 

thermo-mechanical loading path for the first cycle of the experiments and the 

determination of the corresponding austenite, martensite, actuation and irrecoverable 

strains are schematically shown in Figure 2.2(a).  
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Figure 3.2 Experimental set-up utilized for the actuation fatigue testing of nano-

precipitation hardened Ni50.3Ti29.7Hf20 HTSMAs. See text for details [161]. 

3.3 Two-Way Shape Memory Effect Procedure 

   Thermomechanical training of Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMAs was 

conducted using a custom-built actuation fatigue testing setup. Tensile specimens were 

thermally cycled between 35 °C and 300 °C to ensure that the lower cycle temperature 

(LCT) stayed below the martensite finish (Mf) temperature and upper cycle temperature 

(UCT) stayed above the austenite finish temperature (Af) under the external stress. 

Temperature of the samples during thermomechanical training was measured using a 

Micro-Epsilon infrared thermometer with an accuracy of ±1 °C. Displacement was 

measured using a linear differential transformer (LVDT). A program scripted in 

LabVIEW was used to control and record temperature and displacement data during 

thermomechanical training. Detailed information on how to determine shape memory 

characteristics such as actuation strain, thermal hysteresis and transformation 

temperatures from training data can be found elsewhere [50, 161].  

   The training procedure conducted for nano-precipitation hardened Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 HTSMAs is shown in Figure 3.3. Total number of training cycles was 

selected as 2000 due to two reasons: compared to precipitation-free NiTi based 

HTSMAs, precipitation hardened NiTiHf and NiTiZr HTSMAs have higher strength 
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levels making it more difficult to induce a training effect by the formation of defects 

[162]; the studies on training of HTSMAs are usually limited to a few hundreds of cycles 

[110], that do not convey useful information about the changes in the shape memory 

behavior of the HTSMA for prolonged applications. The training stress was selected as 

300 MPa, which induced a reasonable level of martensite reorientation without causing 

excessive plastic deformation [123]. Actuation behaviour of materials (actuation strain 

vs. applied stress) was evaluated at certain stages of the training by a running a 

procedure named "the characterization sequence". Characterization sequence simply 

consisted of thermally cycling the trained material at the same temperature interval 

starting at 50 MPa and going up by increments of 50 MPa until 300 MPa, cycling 5 

times at each stress, totaling 30 thermal cycles. Loading to the next higher stress level 

took place when the sample was at the LCT in the martensitic state. Characterization 

sequence was applied at the 1st, 250th, 500th, 1000th and 2000th training cycles. Two-way 

shape memory effect (TWSME) characterization at 0 MPa was not carried out due to the 

limitation of the testing frame, i.e. the smallest load that could be applied on the 

specimen was around 20 MPa. Thus, actual TWSM strain which is merely the actuation 

strain at zero stress, was calculated by extrapolating the actuation strains at 50 and 

100MPa to 0 MPa. To make a clear distinction between experimental data and estimated 

data, estimated data were marked with empty markers and connected with dashed lines 

in the plots. 
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Figure 3.3 Training procedure to obtain TWSME followed by an annealing treatment to 

evaluate the thermal stability of TWSME right after thermo-mechanical training for 

nano-precipitation hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys. 

 

3.3.1 Annealing Process 

  After 2000 training cycles and a total of 5 characterization sequences (Figure 3.3), both 

alloys were unloaded and annealed successively at three different temperatures well 

above the operating temperature range of the materials (400 °C, 500 °C and 600 °C) for 

0.5h in air atmosphere to quantify the changes in the actuation behavior. After each 

annealing heat treatment, one characterization sequence, the same used for 

thermomechanical training procedure, was performed before starting the next heat 

treatment.  
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3.4 Microstructural Characterization 

3.4.1 Microstructure and Compositional Analysis 

    In order to understand the roles of microstructure and testing parameters such as upper 

cycle temperature and applied stress level on the fatigue response, crack formation and 

the corresponding microstructure evolution, microstructural analysis was performed on 

the fracture and flat side surfaces using a FEI Quanta 600 scanning electron microscope 

(SEM) in back scattered electron mode. Electron imaging was carried out using a 

backscattered electron (BSE) detector. Specimens from the side surfaces were 

mechanically ground by 1200 grit polishing paper, followed by fine polishing with 6, 3 

and 1 µm alumina slurries. Chemical analyses were performed an energy dispersive X-

ray spectrometer (EDS) using microanalytical methods and microprobe imaging.  

    A Tecnai G2 F20 transmission electron microscope (TEM) was employed to 

determine the size and morphology of the precipitates induced by different heat 

treatments. Furthermore, effects of temperature and stress on precipitate morphology 

were investigated through a detailed TEM analysis of both tested and untested samples. 

For each aging treatment, one sample was mechanically ground down to 80 µm 

thickness, first, and thereafter, the thin sample was electropolished using a solution of 80 

vol.% methanol and 20 vol.% sulfuric acid at 0°C with a Struers Tenupol-5 twin-jet 

electropolisher [163]. TEM images were collected at room temperature. 
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3.4.2 Nanoindentation Hardness Testing 

    Elastic modulus and hardness of materials were evaluated using a Hysitron TI 950 

Triboindenter nanomechanical test instrument which was equipped with automated X, Y 

and Z staging system. Resolution of load, displacement and Z stage is less than 1 nN, 

0.0005 nm and 3nm, respectively. 

3.4.3 Calorimetry 

    Stress-free martensitic transformation temperatures ( martensite finish, Mf, martensite 

start, Ms, austenite start, As, austenite finish, Af ) and the corresponding heat of 

transformation, ∆H, were determined using a TA Instruments Q2000 Differential 

Scanning Calorimeter (DSC) operated at a heating/cooling rate of 10°C min-1. The DSC 

measurement was performed prior to fatigue testing and after fatigue testing completed. 

All DSC samples were prepared using electrical discharge machining (EDM), which is a 

stress-free and non-contact technique. Slope line extension technique was used to 

measure transformation temperatures. The area under DSC peaks represented the amount 

of heat released (ΔH) during martensitic transformations. 

3.4.5 Isothermal Monotonic Loading Tests 

    A MTS servo-hydraulic testing system was employed to perform the mechanical tests 

of NiTiHf and NiTiZr for critical parameters including yield strength ductility, elastic 

modulus and elongation to failure. Tensile tests were carried out at both martensite and 

austenite states. For tension tests, MTS high-temperature extonsemeter measured the 

axial strain. Extonsemeter which is made of a pair of ceramic rods with capability of 
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exerting force of 300 g per rod on a specimen, had a gage length of 12.7mm. Due to 

gage length of tension samples with 8 mm, the extensometer needs to be attached to 

samples in a complete compressed mode. Specimens were heated through conduction 

with heating band in the grips. Liquid nitrogen in copper tubes wrapped around grips to 

cool samples conductively.  
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CHAPTER IV                                                                                                             

ROLE OF MICROSTRUCTURE ON THE ACTUATION FATIGUE 

PERFORMANCE OF NI-RICH NITIHF HIGH TEMPERATURE SHAPE 

MEMORY ALLOYS* 

   The focus of the present study was to systematically investigate the influence of 

microstructure on the actuation fatigue performance of a Ni-rich NiTiHf high 

temperature shape memory alloy (HTSMA). Different aging heat treatments led to the 

formation of H-phase nano-precipitates with different sizes and morphology within the 

matrix, enhancing thermo-mechanical stability and enabling control of transformation 

temperatures. Specifically, the actuation fatigue testing of specimens was performed 

until failure through thermally-induced reversible martensitic transformation under a 

constant stress level (300 MPa) with two distinct upper cycle temperatures (UCT) of 

300°C and 350°C. 

   There is a need to understand and optimize microstructure to attain best actuation 

fatigue performance in Ni-rich NiTiHf alloys. It has been recently demonstrated that 

nano-sized precipitates lead to precise control of transformation temperatures and 

provide stable shape memory response and high resistance to plastic deformation, as 

well as excellent superelastic shape recovery in the case of Ni-rich Ni50.3Ti29.7Hf20 [2, 3]. 

However, the role of different nanoprecipitate sizes and morphologies on the fatigue 

response of Ni-rich NiTiHf HTSMAs, and which size provides the longest and the most  

* Reprinted with permission from “Role of microstructure on the actuation fatigue 

performance of Ni-rich NiTiHf high temperature shape memory alloys” by O. Karakoc, 

C. Hayrettin, A. Evirgen, R. Santamarta D. Canadinca,c, R.W. Wheelerd, D.C. 

Lagoudasa,d, I. Karaman, 2019. Acta Materialia, Reference: AM 15323, Copyright 2019 

by Acta Materialia Inc. published by Elsevier Ltd. 
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stable fatigue behavior is not known. 

   The present study was undertaken with the motivation of addressing this issue, and 

thereby establishing a thorough understanding of the influence of microstructure on the 

actuation fatigue performance of Ni-rich Ni50.3Ti29.7Hf20. Three heat treatments were 

selected to form different microstructures: 550°C for 3h (corresponding precipitate size: 

<20nm in length), 600°C for 10h (precipitate size: 40-80 nm), and furnace cooling from 

700 to 100°C in 48h (precipitate size: 70-200nm), following the earlier work of 

Santamarta et al. [29] on other NiTiHf compositions. After the failure of the specimens, 

a detailed characterization work was performed using differential scanning calorimetry 

(DSC) and scanning electron microscopy (SEM) to understand the effects of heat 

treatments on failure mechanisms as well as the evolution of shape memory response. 

The primary finding of this study is that shape memory characteristics of nano-

precipitation hardened Ni50.3Ti29.7Hf20, particularly fatigue life and actuation strain, can 

be tailored by controlling the precipitate size.  
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Table 4.1 Martensitic transformation temperatures and transformation heats, determined 

using DSC, before and after the actuation fatigue tests, with two different upper cycle 

temperatures (UCT), of the Ni50.3Ti29.7Hf20 HTSMA samples, precipitation heat treated 

(HT) at three different conditions before the tests. Ms and Mf: Martensite start and finish 

temperature; As and Af: Austenite start and finish temperatures. FC: Furnace Cooled. 

Stress-free represents the sample before the fatigue testing. " Reprinted with permission 

from [164]. "   

 

HT/UCT   

Transformation Temperatures (°C) Hysteresis 

(Af-Ms) (°C) 

Transformation 

Heat (J/g) Mf Ms As Af 

As-Extruded 63±4 101±3 103±3 133±2 32±2 17±1 

Stress Free 

550°C-3h 
125±3 149±5 153±2 178±4 29±4 18±1 

550°C-3h/300°C 105±13 209±13 150±2 251±11 42±12 11±1 

550°C-3h/350°C 120±4 167±5 169±8 219±7 52±6 12±1 

Stress Free (SF) 

600°C-10h 

141±2 183±3 185±2 221±4 38±3 18±1 

600°C-10h/300°C 142±1 214±2 195±7 251±1 37±2 11.0±1 

600°C-10h/350°C 154±3 204±3 203±10 277±8 73±5 14±1 

SF FC from 700-100°C 162±4 212±2 214±2 268±3 56±3 19±1 

FC from 700°C to 

100°C/300°C 

140±9 228±6 186±3 277±10 49±8 7±1 

FC from 700°C to 

100°C/350°C 

152±1 216±2 209±2 279±5 63±4 15±2 
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Table 4.2 Transformation temperatures and thermal hysteresis in the first and last 

thermo-mechanical cycles of the actuation fatigue experiments, extracted from the strain 

vs temperature curves of Ni50.3Ti29.7Hf20 HTSMAs heat treated (HT) at different aging 

times and temperatures. Ms and Mf: Martensite start and finish temperature; As and Af: 

Austenite start and finish temperatures. ∆Ms = Ms
first - Ms

last , ∆Af = Af
 first - Af

 last. UCT: 

Upper Cycle Temperature. " Reprinted with permission from [164]. "   

 
 

 

   HT/UCT 

Trans. Temp.  (°C) 

First Cycle 

Trans.Temp. (°C) 

Last Cycle 

 

∆Ms 

(°C) 

 

∆Af 

(°C) Mf Ms As Af Mf Ms As Af 

550°C-

3h/300°C 

158 176 180 191 162 233 181 252 57 61 

550°C-

3h/350°C 

157 177 176 189 159 213 184 242 36 53 

600°C-

10h/300°C 

161 182 190 210 171 236 198 256 54 46 

600°C-

10h/350°C 

164 184 191 211 174 241 206 268 57 57 

F.C. from 

700°C to 

100°C/300°C 

186 207 227 249 178 247 207 264 40 15 

F.C. from 

700°C to 

100°C/350°C 

190 209 225 252 182 261 219 291 52 39 
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4.1 Microstructure and Martensitic Transformation Characteristics of the 

Precipitation Hardened Ni50.3Ti29.7Hf20 HTSMA   

   To provide a baseline behavior and a comparison for the change in shape memory 

characteristics during actuation fatigue experiments, the samples prior to fatigue tests 

were characterized using DSC and TEM. The transformation temperatures (TTs) and ∆H 

of the samples with different microstructures were measured using DSC. Stress free 

calorimetric responses of the three types of samples and the as-received sample (in as-

extruded condition), during three cooling and heating cycles are presented in Figure 4.1. 

TTs increased concomitant with the aging temperature or duration. This increase is in 

accord with the formation of Ni-rich precipitates, resulting in Ni depletion in the matrix 

[29] and the fact that Ni content above 50at.% Ni decreases TTs [165]. Summary of TTs 

determined from the DSC analysis is presented in Table 4.1. The austenite finish 

temperature (Af) of the as-extruded condition was 133°C, and the Af increased to 178°C 

after aging at 550°C for 3h. Transformation temperatures of Ni50.3Ti29.7Hf20 exhibited a 

large increase as a consequence of the furnace cooling from 700°C to 100°C. The Af 

temperature increased approximately 135°C as compared to the Af of the as-extruded 

sample.  
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Figure 4.1 DSC results of the Ni50.3Ti29.7Hf20 HTSMA specimens in as-extruded 

condition and after different aging treatments. Three DSC cycles are shown for each 

sample. " Reprinted with permission from [164]. "   

 

   The corresponding bright field TEM images of the aged Ni50.3Ti29.7Hf20 specimens are 

presented in Figure 4.2. Aging at 550°C for 3h led to dense distribution of spindle-like 

H-phase precipitates, 7-20 nm in length and 4-6 nm in width. The precipitates preserved 

their spindle-like shapes, but were 40-80 nm in length and 20-40 nm in width after aging 

at 600°C for 10h. The precipitates were much larger after furnace cooling from 700°C to 

100°C in 48 h, reaching to about 70-200 nm in length and 20-70 nm in width. H-phase 

precipitates are a face-centered orthorhombic lattice with lattice parameter 

approximately 𝑎=12.56°A, 𝑏=8.89°A, 𝑐=26.02°A [95]. Generally, H-phase precipitation 

occurs in Ni-rich (50 at-% <Ni) NiTiHf and NiTiZr alloys within aging temperature of 

400°C to 750°C [166]. It is increasingly difficult to form H-phase precipitates at aging 

temperatures less than 400°C and H-phase precipitates start to dissolve into martensite 

0.40

0.30

0.20

0.10

0.00

-0.10

-0.20

-0.30N
o

rm
a

li
z
e

d
 H

e
a

t 
F

lo
w

 (
W

/g
)

2802602402202001801601401201008060
Temperature (°C)

Ni50.3Ti29.7Hf20

 As-Received
550°C-3h
600°C-10h
FC from 700°C to 100°C at 48h

Heating

Cooling



46 

 

matrix at aging temperatures above 750°C. H-phase is richer in Ni and Hf and leaner in 

Ti relative to martensite microstructure [166]. Precipitation strengthening mechanism 

can be explained by looping/shearing interaction of dislocations with precipitates in the 

microstructure [167]. Dislocation shearing mechanism becomes dominant when 

precipitates size is sufficiently small. In this case, a dislocation cuts through a precipitate 

since it is energetically favorable. Shearing resistance exhibits an increase as a function 

of precipitate size due to coherency, ordering, antiphase boundary contributions and 

modulus. However, at larger precipitates size, dislocation loops dominate interaction 

mechanism, and interparticle spacing distances [167]. Strengthening decreases as 

dislocations bypass incoherent precipitates in a microstructure. The details on the crystal 

structure, compositions, and coherency with the matrix as a function of the size of these 

precipitates can be found in [2, 4, 29, 124, 168, 169]. 
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Microstructure 1 Microstructure 2 Microstructure 3 

  

 

550°C 3 h 600°C 10 h 
700 to 100°C furnace cooling 

in 48h 

Length 7-20 nm 

Width 4-6 nm 

Length 40-80 nm 

Width 20-40 nm 

Length 70-200 nm 

Width 20-70 nm 

Entire precipitates are 

absorbed in martensite 

variants 

 Some precipitates are 

absorbed in martensite 

variants and some are located 

in between variants 

Precipitates are incoherent 

and act as a barrier to 

martensite variant growth  

Figure 4.2 Bright-field TEM images of the Ni50.3Ti29.7Hf20 HTSMA specimens 

exhibiting different sizes and distribution of H-phase precipitates within martensite 

variants after aging at (a) 550°C-3h, (b) 600°C-10h and after (c) furnace cooling from 

700°C to 100°C in 48h, where the precipitates that are interfering the martensite growth 

are marked with red dashed elipsoids. " Reprinted with permission from [164]. "   

 

 

100 nm

(c)



48 

 

 

 

 

Figure 4.3 Thermal cyclic response of nano-precipitation hardened Ni50.3Ti29.7Hf20 

HTSMA subjected to 300 MPa. The specimens were exposed to different aging 

treatments before the tests and then tested up to different UCT: (a) 550°C-3h, 300°C 

UCT, (b) 550°C-3h, 350°C UCT, (c) 600°C-10h, 300°C UCT, (d) 600°C-10h, 350°C 

UCT, (e) FC from 700°C to 100°C in 48h, 300°C UCT, and (f) FC from 700°C to 100°C 

in 48h, 350°C UCT. FC: Furnace Cooling, UCT: Upper Cycle Temperature. " Reprinted 

with permission from [164]. " 
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4.2. Actuation Fatigue Experiments 

   The strain vs. temperature curves, obtained from the actuation fatigue experiments 

carried out under constant nominal stress of 300 MPa with 300°C and 350°C UCTs until 

failure, are presented in Figure 4.3 for the specimens with three different heat treatment 

conditions. Figure 4.4 presents the evolutions of actuation strain, strain in martensite and 

strain in austenite (i.e. irrecoverable strain) with the number of thermal cycles. Austenite 

and martensite strains refer to strain levels recorded at the end of each heating and 

cooling cycles, respectively. The difference between the two extreme strains represents 

actuation strain (Figure 2.2 (b)). As expected, a large plastic strain was observed during 

the initial stages of thermal cycles, especially during the first 500 cycles and, thereafter, 

continued to increase at a slower rate throughout the duration of the fatigue test. 

Specimens with the largest precipitates upon heat treatment exhibited the largest 

irrecoverable strains. Actuation strain also decreased throughout the fatigue test for all 

specimens (i.e. an indication of functional fatigue), with the exception of those heat 

treated at 550°C for 3h and cycled under 300MPa up to the UCT of 350°C. Specimens 

with smaller precipitates exhibited larger and more stable average actuation strains (i.e. 

more stable functional fatigue response) and less irrecoverable strains as compared to 

those with larger precipitates. As the UCT was increased to 350°C, actuation and 

irrecoverable strains became larger regardless of the aging treatment. 

   Specimens with the largest precipitates exhibited a substantial increase in thermo-

mechanical fatigue life, such that the failure occurred after 15,500 cycles under 300 MPa 

with the UCT of 300°C. This is indicative of good structural fatigue response. However, 
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the longer fatigue life came at the expense of actuation strain, i.e. the actuation strain 

exhibits large drop from the beginning to end of the fatigue cycling. This behavior is 

indicative of poor functional fatigue response. The test results also indicated that for 

microstructures containing smaller precipitates and for experiments with the higher UCT 

level, fewer thermal cycles were attained before failure. On the other hand, as the UCT 

decreased and precipitate size increased, fatigue life increased substantially.  

   Another critical property characteristic for an HTSMA actuator is the actuation work 

output. Actuation work output is defined as act * act (average actuation strain * applied 

stress level). Figure 4.5 displays the work output, fatigue life and transformation 

temperatures of different low temperature NiTi-based SMAs and the present Ni-rich 

NiTiHf HTSMA samples. The Ni50.3Ti29.7Hf20 samples with the highest transformation 

temperature (i.e. the furnace cooled samples with large precipitates) among those 

presented in the figure demonstrated the lowest work output while exhibiting the longest 

fatigue life amongst others. Even though the transformation temperatures of other Ni-

rich NiTiHf HTSMA samples (i.e. those aged at 550C for 3 h and 600C for 10 h with 

relatively small precipitates) are higher than that of low temperature SMAs, their 

performance in terms of work output and fatigue life is superior or comparable to that of 

low temperature SMAs. This demonstrates the control of precipitate size help achieve 

superior actuation fatigue performance in Ni-rich NiTiHf HTSMAs. 
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Figure 4.4 Evolution of strain in austenite (i.e. irrecoverable strain), strain in martensite, 

and actuation strain until failure during thermal cycling tests under constant stress level 

of 300 MPa for nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA. The specimens 

were exposed to different aging treatments before the tests and then tested up to different 

UCT:  (a) 550°C-3h, 300°C UCT, (b) 550°C-3h, 350°C UCT, (c) 600°C-10h, 300°C 

UCT, (d) 600°C-10h, 350°C UCT, (e) FC from 700°C to 100°C in 48h, 300°C UCT, and 

(f) FC from 700°C to 100°C in 48h, 350°C UCT. FC: Furnace Cooling, UCT: Upper 

Cycle Temperature. " Reprinted with permission from [164]. "   
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Figure 4.5 A comparison of the work output vs. fatigue life responses of Ni55Ti45[158], 

Ni50Ti50[128], Ti50Ni40Cu10 [130], Ti40Ni50Cu10 [47] and Ni50.3Ti29.7Hf20 HTSMA heat 

treated at different aging times and temperatures. The Ti50Ni40Cu10 specimens were in 

the form of wires whereas all others were in form of flat dog-bone shaped specimens. " 

Reprinted with permission from [164]. " 

4.3. Post-Mortem Martensitic Transformation Characteristics 

   DSC analysis was performed prior to and following the fatigue tests in order to 

evaluate the evolution of transformation temperatures and ∆H (Table 4.1). As seen in 

Figure 4.6, ∆H was reduced by about 40-50 % in the failed specimens, while the 

transformation temperatures shifted up for the entire batch of the samples. The 

transformation ranges during cooling and heating cycles (Af - As and Ms - Mf) were 

widened upon actuation fatigue cycling, such that discernible peaks were not prevalent 

in the failed fatigue samples. Particularly, Ms and Af temperatures of the failed samples 

increased as a function of number of cycles to failure for all heat treatment conditions as 

shown in Figure 4.7, featuring a linear relationship between actuation fatigue life and 

increase in Ms temperature (∆Ms = Ms
post−fatigue

− Ms
pre−fatigue

). Similarly, it is also 
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possible to find a direct correlation between ∆Ms and average actuation strain. Based on 

the results presented in Figure 4.5 and Figure 4.7, the higher the average actuation strain 

is in the fatigue tests, the higher the ∆Ms gets in the failed samples. ∆Ms is usually high 

when there is an oriented internal stress triggering martensitic transformation at higher 

temperatures [170, 171]. If there is no oriented internal stress or if the internal stress is 

more isotropic, then the increase in ∆Ms is not as severe, which is the case for the 

furnace cooled samples.   

      

Figure 4.6 Post-mortem DSC results of the nano-precipitation hardened Ni50.3Ti29.7Hf20 

HTSMA specimens with different aging heat treatments, exhibiting the change in the 

transformation temperatures and heat of transformation after the actuation fatigue 

experiments. The figures organized in such a way that (a) and (b) are from the samples 

aged at 550°C for 3h, (c) and (d) are from the samples aged at 600°C for 10h, and (e) 

and (f) are from the samples furnace cooled from 700°C to 100°C in 48h. (a), (c), and (e)  

are for cooling and (b), (d), and (f)  are for heating cycles. The numbers in parentheses 

correspond the fatigue life of those particular samples tested. UCT: Upper Cycle 

Temperature. " Reprinted with permission from [164].  
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4.4. Fracture Surface Analysis 

SEM investigations of the fracture surfaces of the failed fatigue specimens revealed the 

fracture modes of the samples with different microstructures and testing conditions, as 

illustrated in Figure 4.8. Fracture morphology demonstrated that mostly transgranular 

failure was observed in the specimens containing larger precipitates, particularly in the 

case of the furnace cooled samples. Transgranular fracture features were also found in 

the specimens heat treated at 600°C for 10h. The specimens heat treated at 550°C for 3h, 

on the other hand, exhibited a combination of intergranular and transgranular fracture 

features. The area percentage of intergranular fracture in the failed specimens containing 

precipitates with the size of < 20 nm was larger than those containing larger precipitates.  

 

Figure 4.7 Evolution of  the Ms temperatures of the actuation fatigue tested 

Ni50.3Ti29.7Hf20 HTSMA specimens with different aging heat treatments as a function of 

the number of cycles to failure, relative to that of the untested samples (with the same 

aging heat treatments). ∆𝑀𝑠 = 𝑀𝑠
𝑝𝑟𝑜−𝑓𝑎𝑡𝑖𝑔𝑢𝑒

− 𝑀𝑠
𝑝𝑟𝑒−𝑓𝑎𝑡𝑖𝑔𝑢𝑒

." Reprinted with 

permission from [164]. "   
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Figure 4.9 presents the SEM images of the flat side surfaces of the failed fatigue samples 

after polishing. Randomly distributed microcracks apparently formed perpendicular to 

the applied stress direction. Higher crack density was observed on the specimens heat 

treated at 550°C for 3h with the crack lengths ranging between 5 and 400 µm. Cracks in 

the specimens with largest precipitates were longer and more sparsely distributed with 

lengths ranging from 40 to 420 µm. For specimens with larger precipitates, however, the 

crack density seems to be lower. The specimens heat treated at 600°C for 10h had 

similar crack content to the furnace cooled specimens.    

    

      

Figure 4.8 SEM micrographs of the fracture surfaces of Ni50.3Ti29.7Hf20 HTSMA 

samples following the failure after the actuation fatigue experiments. The specimens 

were exposed to different aging treatments before the tests and then tested up to different 

UCT:  (a) 550°C-3h, 300°C UCT, (b) 550°C-3h, 350°C UCT, (c) 600°C-10h, 300°C 

UCT, (d) 600°C-10h, 350°C UCT, (e) FC from 700°C to 100°C in 48h, 300°C UCT, and 

(f) FC from 700°C to 100°C in 48h, 350°C UCT. FC: Furnace Cooling, UCT: Upper 

Cycle Temperature. " Reprinted with permission from [164]. " 
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Figure 4.8 Continued. " Reprinted with permission from [164]. "   

4.5. Role of Microstructure on the Cyclic Evolution of Actuation Strain, Fatigue 

Life and Work Output 

   The role of microstructures, obtained by the three different heat treatments, on the 

actuation fatigue performance of the Ni50.3Ti29.7Hf20 HTSMA was investigated in this 

study. Aging at 550°C for 3h resulted in nano-sized precipitates 7-20 nm in length and 4-

6 nm in width, and the corresponding samples exhibited 2.5 % average actuation strain 
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when tested under 300 MPa - 300°C stress-UCT combination (Figure 4.10). When UCT 

was increased to 350°C, average actuation strain increased to 3.6 % under the same 

stress level. The higher actuation strain in the samples heat treated at 550°C for 3h as 

compared to the other two microstructures is consistent with the size of the nano-

precipitates. Small precipitates impede dislocation motion and allow larger part of the 

samples transforming into detwinned martensite throughout the actuation fatigue cycling 

[29, 166]. The actuation strain remained almost constant until the failure in the case of 

350°C UCT experiments ( Figure 4.10 (b)) while the specimens subjected to 300°C UCT 

exhibited a gradually declining actuation strain. One reason for the variation in the 

evolution of actuation strain is the partial transformation occurring during martensitic 

transformation when UCT is lowered to 300°C. Furthermore, plastic deformation 

prevalent during repeated thermal cycling under stress induces remnant martensite (and 

occasionally remnant austenite [119]. Accumulation of remnant martensite for the 

samples heat treated at 550°C for 3h is more pronounced in the case of 300°C UCT since 

heating specimens to 350°C UCT leads to the annihilation of more dislocations and other 

defects, which are responsible for retaining martensite, and this in turn, leads to reverse 

transformation of stabilized martensite and provides more austenite volume for the 

reversible transformation. In fact, transformation heat (∆H) values reported in Table 4.1 

clearly indicate that the transforming volume in the 350°C UCT cases is higher than 

those in the 300°C UCT experiments since ∆H is directly related to the amount of 

transforming material.  
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Figure 4.9 Fatigue cracks on the side surface of the failed specimens of Ni50.3Ti29.7Hf20 

HTSMA samples for different aging treatments/ UCT: (a) 550°C-3h, 300°C UCT, (b) 

550°C-3h, 350°C UCT, (c) 600°C-10h, 300°C UCT, (d) 600°C-10h, 350°C UCT, (e) FC 

from 700°C to 100°C in 48h, 300°C UCT, and (f) FC from 700°C to 100°C in 48h, 

350°C UCT. FC: Furnace Cooling, UCT: Upper Cycle Temperature. " Reprinted with 

permission from [164]. "   

 

The second heat treatment, i.e. 600°C for 10 h, resulted in an increase in transformation 

temperatures by about 30°C as compared to the 550°C for 3h heat treatment. This heat 
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treatment led to the formation of nano-sized precipitates which were 40-80 nm in length 

and 20-40 nm in width. They were slightly larger than the precipitates obtained with the 

550°C for 3h heat treatment, but the martensite morphologies in both cases were quite 

similar; precipitates were mostly absorbed by martensite variant [166]. As it can be seen 

in Figure 4.10, in contrast to the specimens with the 550 °C-3h heat treatment, the 

specimens aged at 600°C for 10h showed a faster decrease in actuation strain, exhibiting 

2.6 % and 2.0% average actuation strains at 350°C and 300°C UCTs, respectively. The 

larger precipitates led to a more significant decrease in the actuation strain due to the 

early initiation of partial transformation and increase in transformation temperatures. 

When the precipitates get larger with higher temperature or longer aging treatments, 

their effectiveness in strengthening SMAs and suppressing transformation induced 

plasticity deteriorates, leading to much faster functional response as in the case of 

600°C-10h and furnace cooled samples. 
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Figure 4.10 Effect of microstructure, obtained with different aging heat treatments, on 

the actuation fatigue response of the nano-precipitation hardened Ni50.3Ti29.7Hf20 

HTSMA, thermally cycled up to different Upper Cycle Temperatures (UCT) under 300 

MPa: (a) 300°C UCT and (b) 350°C UCT. " Reprinted with permission from [164]. "   
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The last microstructure studied in this work was the one obtained by furnace cooling, 

which led to the formation of large incoherent precipitates. Precipitate size was 

determined to range from 70 to 200 nm in length and 20 to 70 nm in width (Figure 4.2). 

This increase in the size of H-phase precipitates also manifested itself as a change in 

martensite morphology. Even though the 550°C-3h and 600°C-10h heat treatments 

allowed precipitates to be absorbed by martensite plates, the precipitates in furnace 

cooled samples are not suitable to be absorbed by martensite plates, which interferes 

with the martensitic transformation [166]. Actuation strain exhibited a preliminary 

shakedown behavior over few hundred cycles and continued to gradually evolve at a 

lower rate for both UCTs. Specimens subjected to this heat treatment exhibited an 

average actuation strain of 1.4 % and 1.0 % for 350°C and 300°C UCTs, respectively. 

More specifically, the larger precipitates with corresponding higher transformation 

temperatures eventually led to partial transformation to occur relatively quickly upon 

cycling, leaving less volume within the matrix to undergo martensitic transformation, 

and thus, much lower actuation strains. 
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Figure 4.11 Role of microstructure on the evolution of irrecoverable strain (strain in 

austenite, see Figure 2.2 (b)) during thermal cycling under 300 MPa for nano-

precipitation hardened Ni50.3Ti29.7Hf20 HTSMA under different upper cycle temperatures 

(UCT): (a) 300°C UCT and (b) 350°C UCT. " Reprinted with permission from [164]. "   
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   In contrast to actuation strain, larger precipitates in the furnace cooled samples led to 

an increased actuation fatigue life, due to the decreased actuation strain, and thus, these 

samples exhibited the longest average fatigue life of 9,800 and 15,500 cycles for 350°C 

and 300°C UCTs, respectively. In the case of specimens aged at 600°C for 10 h, the 

average number of cycles to failure dropped to 4,800 and 8,200 cycles for 350°C and 

300°C UCTs, respectively. The average number of cycles to failure for the samples heat 

treated at 550°C for 3h were found to be 4,300 at 350°C UCT and 10,800 at 300°C UCT, 

which are comparable or better than that of the 600°C-10 h samples, despite the 

noticeably higher actuation strains in the 550°C-3h samples. Thus, it is concluded that 

partial transformation cycles consistently improve the number of cycles to failure and 

changing microstructure through proper aging heat treatments can facilitate such an 

increase. Accordingly, the fatigue response of NiTiHf HTSMAs is strongly dependent 

on the microstructure and applied UCT.  

   Based on the above discussions, the samples of Ni50.3Ti29.7Hf20 HTSMA with nano-

precipitate sizes less than 20 nm (i.e. the 550°C-3h samples) clearly provide the best 

combination of stable actuation strain and actuation fatigue life among the cases 

investigated in this study. These samples demonstrate higher work output than the 

specimens aged at 600°C for 10h and the furnace cooled samples. This difference is 

related to the difference in martensitic transformation temperatures and precipitate sizes. 

Samples with higher transformation temperatures experience partial transformation more 

easily due to being closer to UCT. In addition, larger precipitates (observed in the latter 

two cases) are less effective in suppressing plastic deformation that accompanies 
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martensitic transformation. Moreover, larger precipitates interfere with martensitic 

transformation (especially in the furnace cooled samples), resulting in poor cyclic 

stability, shape memory response and work output.  

   Actuation fatigue life and corresponding work outputs of low temperature SMAs from 

the literature and the present HTSMAs were plotted as a function of their Ms in Figure 

4.5. The Ni55Ti45 alloy aged at 450°C for 20h had a work output of ~1.8 J/cm3, Ms of 

24°C, and actuation fatigue life of ~9,000 cycles when tested under 200MPa constant 

stress [158]. Due to high Ni content, this particular NiTi composition has very high 

volume fraction of Ni3Ti precipitates and therefore, the actuation strain and thus the 

actuation work output is low. The work output increased to 8.5 J/cm3 for Ni50Ti50 with 

corresponding fatigue life of ~ 3,250 cycles tested under 200MPa constant stress [128]. 

Even though fatigue life of the Ti40Ni50Cu10 alloy was longer than that of Ti50Ni40Cu10, 

the former attained a higher work output than Ti50Ni40Cu10. In contrast, the 

Ni50.3Ti29.7Hf20 alloy aged at 550°C for 3h, with coherent nano-precipitates smaller than 

20 nm in size, appears to be an attractive candidate for HTSMA actuator applications, as 

it produced a significant work output level (~7 J/cm3) while having a much longer 

fatigue life (~10,500 cycles) than the low temperature SMAs included in Figure 4.5, 

despite the much higher stress level applied as compared to what low temperature SMA 

cases in Figure 4.5 were exposed to.  
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Figure 4.12 Summary of the important actuation fatigue characteristics such as the 

average actuation strain, work output, and fatigue life of nano-precipitation hardened 

Ni50.3Ti29.7Hf20 HTSMAs aged at 550°C for 3h, 600°C for 10h and FC from 700 to 

100°C in 48h. Patterned and solid bars represent the average actuation strain and work 

output, respectively. FC: Furnace Cooled. UCT: Upper Cycle Temperature. " Reprinted 

with permission from [164]. "   

4.6. Effect of Microstructure on the Cyclic Evolution of Irrecoverable Strain 

   The strain vs. temperature responses of the aged Ni50.3Ti29.7Hf20 samples upon thermal 

cycling under constant stress and two different UCT levels were studied to assess the 

evolution of irrecoverable strain, transformation temperatures and thermal hysteresis as a 

function of the number of cycles to failure. Figure 4.3 shows selected hysteresis curves 

for 1st, 1000th and last transformation cycles before failure. A comparison of the 

hysteresis curves for all cases revealed that the transformation temperatures increase 

concomitant with the number of cycles, which is a consequence of the changes in the 

microstructure and the accumulation of irrecoverable strain. Figure 4.11 presents the 

accumulation of irrecoverable strain during thermal cycling until failure for all cases. 
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Irrecoverable strain increases rapidly during the initial stages of thermal cycling, namely 

up to 1000 cycles, and then continues to increase more gradually with further cycling 

until failure. The accumulation of irrecoverable strain does not fully saturate and 

continues until failure. Furthermore, the rate of accumulation of irrecoverable strain and 

total accumulated irrecoverable strain increases with increasing precipitate size. The 

samples with precipitate sizes less than 20 nm result in significant reduction of the 

irrecoverable strain rate. When the precipitate size gets significantly larger, however, as 

in the case of the furnace cooled samples, the precipitates do not sufficiently strengthen 

the matrix against plastic deformation as much as the nano-sized precipitates do [3, 166]. 

Moreover, when the precipitate size reaches several hundreds of nanometers, the 

precipitates cannot be absorbed into martensite variants anymore, which, in turn, 

increases the number of intervariant boundaries, further contributing to the irrecoverable 

strain [166]. As seen in Figure 4.11, increase in heat treatment temperature and time 

leads to an increase in irrecoverable strain, where the maximum irrecoverable strains 

were observed in the furnace cooled samples. 

   Thermal hysteresis (ΔT) is another crucial parameter for the practical applications of 

HTSMAs, which is brought about by energy dissipation associated with martensitic 

transformation. As can be seen in Table 4.2, thermal hysteresis increases with the 

increase in precipitate size. This is mainly because of the loss of coherency of the 

precipitates with increasing size and increase in the number of precipitate-martensite 

variant interfaces in the case of large precipitate sizes. These in turn leads to an increase 

in energy dissipation and larger thermal hysteresis. 
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4.7. Evolution of Martensitic Transformation Temperatures 

   Table 4.1 tabulates the pre-fatigue and post-fatigue transformation heat, ∆H, values 

and the transformation temperatures. As also seen in Figure 4.6, Ms and Af temperatures 

increased as a function of number of cycles to failure. Decrease in ∆H after fatigue test 

was observed for all specimens regardless of their prior heat treatment. There is a clear 

trend between fatigue life and increase in Ms and Af temperatures, which is represented 

as ∆Ms = Ms
after fatigue

− Ms
before fatigue

 in Figure 4.7 for all cases. Increase in Ms is due 

to the inhomogeneous martensitic transformation that develops throughout the actuation 

fatigue cycling as a result of the plastic deformation and other defect generation, such 

that the material can no longer transform homologenously as the number of cycles 

increases. As a consequence of this partial transformation, in the regions that transforms 

repeatedly till failure, local oriented internal stress develops. These regions start to 

undergo martensitic transformation at higher temperatures due to local oriented internal 

stress, and the rest of the sample would either transform at lower temperatures (due to 

the inhomogenoeus microstructure and internal stress distribution) or not transform at 

all.  

   DSC results also indicated that failed fatigue samples exhibited about 40-50 % 

reduction in their heat of transformation. The reduction in ∆H is a result of the defects 

forming during thermo-mechanical cycling, which limit the volume of the matrix that 

can undergo reversible thermally-induced martensitic transformation [4, 46, 119, 172].  



68 

 

4.8. Fractography and Fracture Modes 

   SEM was carried out to qualitatively evaluate the fracture surface morphologies in 

failed fatigue specimens. In order to relate topology of the fracture surfaces to fracture 

mode of failure, it is accepted that transgranular fracture is characterized by feather 

markings, cleavage steps and river patterns [173]. On the other hand, intergranular 

fracture is characterized by rock-candy morphology, triple points, and faceted 

appearances [174]. Generally, the latter occurs when grain boundary is brittle and weak, 

and cracks spread rapidly with negligible plastic deformation. The typical SEM pictures 

of the fracture surfaces from failed specimens presented in Figure 4.8 indicate that 

intergranular fracture was the dominant failure mode in the case of the specimens heat 

treated at 550°C for 3hrs, while transgranular fracture dominated the fracture surfaces of 

the furnace cooled samples. It was also observed that the specimens cycled to 350°C 

UCT had more intergranular fracture morphology than the samples exposed to 300°C 

UCT, on their fracture surfaces. The largest river pattern regions, indicative of 

transgranular fracture mode, was observed close to the edge of the specimens with the 

largest precipitates.  

   Following the fatigue experiments, SEM micrographs of the sample surfaces were also 

captured to evaluate surface crack densities. Figure 4.9 shows the room temperature 

postmortem SEM images. While thermal cycling under stress facilitated formation of a 

significant number of cracks across entire samples heat treated at 550°C for 3hrs, less 

cracks were present for specimens with larger precipitates. As the precipitates became 

larger, corresponding cracks also got larger, more sparse, and less in density.  Size of the 
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cracks ranged from 5 to 400 µm for the specimens aged at 550°C for 3h while the 

specimens aged at 600°C for 10h and furnace cooled from 700°C to 100°C in 48h 

contained microcracks with lengths ranging between 20 and 400 µm and 40 and 420 µm, 

respectively.  

4.9. Summary and Conclusions 

   The main purpose of the work presented herein was to investigate the influence of 

different microstructures formed by different aging heat treatments on the actuation 

fatigue performance of the Ni-rich Ni50.3Ti29.7Hf20 high temperature shape memory alloy 

(HTSMA). Particularly, evolution of actuation strain, irrecoverable strain, and number of 

cycles to failure were reported and compared for different microstructures and upper 

cycle temperatures (UCT). Microstructural characterization was performed following the 

failure of the samples to evaluate the associated changes in microstructure and 

martensitic transformation characteristics before and after actuation fatigue experiments. 

Primary findings can be summarized as follows: 

• Isobaric thermal cycling experiments revealed that different sizes of 

precipitates after various aging treatments significantly impact actuation strain 

and irrecoverable strain evolution, and the fatigue life. Even though the largest 

precipitates induced by furnace cooling from 700°C to 100°C in 48h promoted 

the longest fatigue life, namely15,500 cycles under 300MPa for 300°C UCT, 

the corresponding samples suffered from low average actuation strain of 1.0% 

and extensive permanent deformation. Specimens heat treated at 550°C for 3h 

and tested under the same condition are capable of undergoing about 10,800 
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cycles with an average actuation strain of 2.5%. Since suitability of HTSMA 

for actuator applications depends on the fatigue life and work output, samples 

heat treated at 550°C for 3h appear to be promising candidates over those 

samples subjected to the other two selected heat treatments. 

• The durability of Ni-rich Ni50.3Ti29.7Hf20 actuators is improved as a result of the 

increase in the resistance to plastic deformation with precipitation hardening. 

Small precipitates (formed after the heat treatment at 550°C for 3h) less than 

20 nm in size are fully absorbed in the martensite variants, which do not 

strongly interfere with the martensite phase front motion. On the other hand, 

aging heat treatments at higher temperatures and for longer times result in 

precipitates that are several hundred nanometers in size (furnace cooled from 

700 to 100°C in 48 h) and cannot be absorbed by the martensite variants, 

resulting in poor shape memory recovery and larger irrecoverable strains due 

to the lower strength against dislocation plasticity as compared to the samples 

with smaller precipitates. Transformation-induced irrecoverable (plastic) strain 

evolves continuously as a function of the number of actuation cycles and does 

not saturate until failure, regardless of the type of microstructure. The samples 

heat treated at 550°C for 3hr was more stable against plastic deformation as 

compared to the samples subjected to the other two heat treatments.  

• A large reduction in the heat of transformation, ∆H, was detected after fatigue 

failure due to increased volume fraction of remnant martensite or austenite, i.e. 

less volume of material participate in reversible phase transformation. Thermal 
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cycling under constant stress generates dislocations that lock in some of the 

martensite variant. Therefore, some portion of the microstructure is not able to 

transform back to austenite, reducing the heat of transformation. This 

rationalizes the continuous reduction in actuation strain with the number of 

cycles during actuation fatigue experiments. In addition, Ms experienced an 

increase concomitant with number of cycles to failure as a result of the 

oriented internal stresses stored during thermal cycling in the regions of the 

material that participate in reversible phase transformation until failure.  

• Larger precipitates favor transgranular fracture mode as well as long and 

sparse cracking during repeated transformations. However, smaller precipitates 

lead to both intergranular and transgranular fracture modes, as well as dense 

and shorter cracking. 

• The current findings demonstrate that thermo-mechanical properties of Ni-rich 

NiTiHf HTSMAs, such as fatigue life, irrecoverable strain and actuation strain, 

can be altered by changing precipitate size through aging treatments. Longer 

fatigue life comes at the expense of actuation strain and is accompanied by 

significant irrecoverable strain. Experimental observations revealed that nano-

precipitation hardened Ni50.3Ti29.7Hf20 HTSMAs is a viable choice for high-

force actuator applications at elevated temperatures. Overall, nano-

precipitation hardened Ni50.3Ti29.7Hf20 HTSMA at 550°C for 3h exhibits 

superior performance as compared to several low temperature SMAs when 

fatigue life and actuation energy density are considered as the decisive 
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parameters in determining suitability of candidate materials for actuator 

application. 
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CHAPTER V                                                                                                                 

ROLE OF APPLIED STRESS LEVEL ON THE ACTUATION FATIGUE 

BEHAVIOR OF NITIHF HIGH TEMPERATURE SHAPE MEMORY ALLOYS* 

   This study presents the actuation fatigue response of nano-precipitation hardened 

Ni50.3Ti29.7Hf20 high temperature shape memory alloy (HTSMA) undergoing thermal 

cycling between martensite and austenite under various tensile stress levels up to 500 

MPa. Changes in fatigue life, and actuation and irrecoverable strains were monitored as 

a function of the number of cycles to failure. As opposed to conventional metals, plastic 

deformation occurs in SMAs during repeated phase transformation even though applied 

stress level is often below the yield strength of the alloys [126]. Moreover, the fatigue 

performance of an SMA is strongly dependent on few parameters such as material 

composition, test temperatures, heat treatment procedures, and applied stress level [11, 

127-135] . 

   Applied stress level plays a significant role in dictating the cyclic actuation behavior of 

SMAs [47, 130, 132, 133, 175-177], yet the effects of applied stress on the actuation 

fatigue of NiTiHf HTSMAs have never been reported before. From an application point 

of view, it is important to note that SMA actuators need to overcome a constant or 

variable bias force in many cases, yet there is only a limited number of studies focusing 

 

 

 

 

* Reprinted with permission from “Role of applied stress level on the actuation fatigue 

behavior of NiTiHf high temperature shape memory alloys” by O. Karakoc, C. 

Hayrettin, D. Canadinc, I. Karaman, 2018. Acta Materialia, 153, pp.156-168, Copyright 

2018 by Acta Materialia Inc. published by Elsevier Ltd. 
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on the actuation fatigue failure as a function of stress and they are mostly on low 

temperature SMAs [17, 47, 126, 130, 157]. The present study was undertaken with the 

motivation of addressing this issue in HTSMAs, and thereby developing a fundamental 

understanding of the effects of applied stress on the actuation fatigue behavior of the 

nano-precipitation hardened Ni50.3Ti29.7Hf20 alloy (the most studied NiTiHf composition 

so far), in terms of the evolution of actuation strain, durability, actuation work output, 

and the number of cycles to failure. The comprehensive set of experimental results 

reported herein will contribute to the database for designing HTSMA actuators with 

improved performance, stability and durability delivering maximum work output at 

elevated temperatures. 

Table 5.1 First and last cycle transformation temperatures obtained from the strain-

temperature responses of the Ni50.3Ti29.7Hf20 HTSMA specimens, heat treated at 550°C 

for 3 hours, for different stress levels during the actuation fatigue experiments. " 

Reprinted with permission from [50]. "  
Stress 

Level 

(MPa) 

Transformation Temps.  (°C) 

First Cycle 

Transformation Temps. (°C) 

Last Cycle 
∆Ms 

(°C) 

∆Af 

(°C) 

Mf Ms As Af Mf Ms As Af 

200 153.5±0.7 160.5±0.7 171.5±0.7 183.5±0.7 152.0±17.6 216.5±4.9 171.5±2.1 249.5±0.7 56 66 

300 156.5±2.1 177.0±1.4 182.0±2.8 193.0±2.8 163.5±2.1 237.0±5.6 183.0±2.8 254.0±2.8 60 61 

400 160.0±1.4 194.5±7.7 184.0±1.4 209.5±3.5 161.5±0.7 244.0±1.4 186.5±2.1 270.5±0.7 49 61 

500 172.5±3.5 208.5±2.1 205.0±4.2 236.5±4.9 168.5±9.1 263.0±2.8 179.5±2.1 286.0±1.4 54 49 
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Table 5.2 Change in martensitic transformation temperatures and the transformation 

heat of the Ni50.3Ti29.7Hf20 HTSMA heat treated at 550 °C for 3 hours after failure in the 

actuation fatigue experiments under different stress levels. DSC was utilized for 

measuring the transformation temperatures, and the results represent the average of the 

measurements carried out on two different failed specimens. " Reprinted with permission 

from [50]. "  

 

Stress Level   

Transformation Temperatures (°C) Hysteresis 

(Af-Ms) (°C) 

Transformation 

Heat (J/g) Mf Ms As Af 

Initial Material 124.6±0.7 149.7±1.7 153.4±1.4 178.2±0.0 28.5±0.8 18.3±0.8 

200MPa 115.5±0.7 184.5±0.7 158.4±6.3 240.3±1.4 55.8±1.0 8.7±0.5 

300MPa 122.5±3.5 195.2.3±4.2 168.7±6.8 235.1.±6.3 39.9±5.2 9.4±0.6 

400MPa 109.9±0.4 184.8±0.9 160.4.3±7.8 220.2±5.0 35.4±2.9 9.0± 1.2 

500MPa 97.9±4.9 167.3±5.2 150.2±1.7 208.6±14.0 41.3±9.6 11.4±0.3 

 

5.1 Initial Material Properties 

   The samples were characterized prior to the fatigue tests in order to provide baseline 

data for evaluating the post-mortem experimental results. The transformation 

temperatures and heat of transformation of Ni50.3Ti29.7Hf20 HTSMA samples heat treated 

at 550°C for 3 hours were determined using DSC ( Figure 5.1 (a)). Corresponding 

precipitate size and morphology in the heat treated samples were determined using TEM. 

Figure 5.1 (b) shows coherent and homogeneously distributed nano-sized precipitates 

(<20 nm in length) in the matrix. Carbide content representing the purity level of the 

samples was calculated by processing the backscattered electron (BSE) images (Figure 

5.1 (c)) with the ImageJ software, and the corresponding area fraction of carbides was 

estimated as 0.41 ± 0.15 %. The carbide particles appeared as heterogeneously 
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distributed with < 3µm in size and were determined to be hafnium carbide, through EDS. 

These carbides stem from the diffusion of carbon atoms from the matrix or from the 

crucibles used for melting, causing slight loss of hafnium in the matrix from the nominal 

composition [178].  

 

  

Figure 5.1 (a) Initial DSC results of the Ni50.3Ti29.7Hf20 specimen in as extruded and heat 

treated (HT) at 550°C for 3 hours conditions before the actuation fatigue tests, (b) the 

corresponding bright field TEM image of the microstructure, showing H-phase nano-

precipitates, and (c) representative carbide size and distribution in the microstructure for 

the same Ni50.3Ti29.7Hf20 sample. White particles in (c) are the hafnium carbides. " 

Reprinted with permission from [50]. "  

 

-0.2

-0.1

0.0

0.1

0.2

N
o

rm
a
li
z
e
d

 H
e
a

t 
F

lo
w

, 
(W

/g
)

30025020015010050
Temperature (°C)

Ni50.3Ti29.7Hf20

As_Extruded
HT:550°C-3hrs

 Heating (10°C/min)

Cooling (10°C/min)As Af

MsMf

(a)



77 

 

5.2 Actuation Fatigue Experiments 

   Actuation fatigue response of the nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA 

was investigated through thermal cycling under tensile loads across the martensitic 

transformation temperatures. Figure 5.2 depicts the representative strain-temperature 

responses under different stress levels. From these results, the evolutions of strain in 

martensite, total irrecoverable strain (i.e. austenite strain as described in Figure 2.2 (a) 

Schematic illustration of the actuation fatigue loading cycles on a stress-temperature 

phase diagram, and (b) a representative strain-temperature response describing how the 

relevant shape memory characteristics of the HTSMA actuator are determined from this 

kind of response. Mf: martensite finish, Ms: martensite start, As: austenite start, Af: 

austenite finish temperatures [50].), and actuation strain were determined as a function 

of the number of cycles until failure, and summarized in Figure 5.3 for the cases shown 

in Figure 5.2. Specifically, the change in the stress level from 200 MPa to 500 MPa leads 

to an increase in the average actuation strain from 2.15 % to 3.22 %, respectively. In 

terms of the number of cycles to failure, the samples loaded at 200 MPa experienced 

~21,000 cycles while the specimens under 500 MPa lasted only ~2,100 cycles, 

demonstrating that the longer fatigue lives were attained at the expense of actuation 

strain.  

   An important aspect in the selection of HTSMAs for practical applications is improved 

actuation fatigue performance with minimum amount of total irrecoverable strain, which 

is a consequence of the stabilized martensite and/or plastic strain due to dislocations and 

the formation of other defects during actuation cycling. Accordingly, based on the 
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results shown in Figure 5.3, the stress level has a substantial influence on the 

irrecoverable strain accumulated during cyclic martensitic transformations. The 

specimens loaded to 500 MPa had high damage accumulation accompanied by 6.90 % 

total irrecoverable strain on the average, while the samples tested under 200 MPa 

exhibited only ~3 % total irrecoverable strain at the failure. 

 

   

Figure 5.2 Evolution of strain vs. temperature responses with the number of cycles to 

failure for the nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA, heat treated (HT) at 

550°C for 3 hours, under (a) 200MPa, (b) 300 MPa, (c) 400 MPa, and (d) 500 MPa 

tensile stresses. Only one representative case for each condition is shown. " Reprinted 

with permission from [50]. "  

 

   From the strain-temperature responses shown in Figure 5.2 and the responses of other 

samples tested in the same conditions, the transformation temperatures were determined 

in the first and last cycles of the experiments for each stress level, and the results are 
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presented in Table 5.1. During actuation cycling, plastic deformation and defect 

generation lead to accumulation of internal stresses, which in turn contributes to the 

increase in martensitic transformation temperatures (∆Ms and ∆Af in Table 5.1), more 

than 50°C prior to the fatigue failure. The corresponding evolution of transformation 

temperatures with the applied stress level for the first and last cycles of the strain vs. 

temperature responses of the Ni50.3Ti29.7Hf20 HTSMA is provided in Figure 5.4. One 

clear observation in this figure is the large shift in Ms and Af temperatures during 

thermal cycling under stress, while Mf and As temperatures stay almost constant until 

failure, indicating that the transformation range (Af-Mf) extends significantly throughout 

the cycling. This is the consequence of the localization of internal stress accumulation, 

i.e. defects that stabilize martensite and lead to internal stress accumulation are localized, 

and those defect regions are where the austenite to martensite transformation starts and 

the martensite to austenite transformation ends, due to the local high stress levels.  

 

 



80 

 

 

Figure 5.3 Evolution of the martensite strain, total irrecoverable strain, and actuation 

strain as a function of the number of thermal cycles until failure for the nano-

precipitation hardened Ni50.3Ti29.7Hf20 HTSMA, heat treated (HT) at 550°C for 3 hours, 

under (a) 200 MPa, (b) 300 MPa, (c) 400 MPa and (d) 500 MPa tensile stress levels. " 

Reprinted with permission from [50]. "  

 

                      

Figure 5.4 Evolution of martensitic transformation temperatures as a function of stress 

level in the first and last cycles of the actuation fatigue experiments for the nano-

precipitation hardened Ni50.3Ti29.7Hf20 HTSMA demonstrating large shifts in Ms and Af 

temperatures while almost constant Mf and As temperatures. " Reprinted with permission 

from [50]. "  
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5.3 Post-Mortem Analysis- DSC and SEM Results 

   Figure 5.5 (a), (b) and (c) illustrate the changes in transformation temperatures and 

transformation heat of the fatigue specimens prior to and following the actuation fatigue 

experiments under different stress levels. The corresponding values extracted from the 

DSC results are summarized in Table 5.2. In order to ensure the reliability of the results, 

all DSC samples were cut 3 mm away from the fracture surfaces of the failed samples. 

Large reduction of almost 50 % in latent heat of transformation was observed after the 

fatigue tests. Transformation temperatures of the failed specimens, particularly Ms and 

Af, increased in comparison to the stress-free transformation temperatures prior to the 

fatigue tests, which was also clearly observed in the strain-temperature responses of the 

specimens, discussed in the previous section. The results show that the thermal cycling 

under stress causes the transformation peaks and transformation range to get wider, 

indicating the evolution of microstructural inhomogeneity. Figure 5.5 (c) demonstrates 

the difference between pre- and post-fatigue Ms temperatures, where an increasing trend 

in Ms (∆Ms = Ms
after fatigue

− Ms
before fatigue

) was observed with increasing number of 

cycles to failure for the stress levels ranging from 300 to 500 MPa. The specimens 

loaded under 200 MPa, however, slightly deviated from this trend since less amount of 

internal stresses was accumulated compared to the other selected stress levels [46, 66, 

179] . 

   Fracture surfaces of the failed specimens are illustrated in Figure 5.6 (a)-(d), where the 

failure mode appears to be intergranular fracture for the specimens loaded at 500 MPa 

and transgranular fracture for the samples under 200 MPa. A mixed fracture mode was 
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prevalent in the case of 300 MPa. Based on the actuation fatigue and fractography results 

one can conclude that higher stress levels favor intergranular fracture leading to rapid 

failure, while transgranular fracture facilitates failure in the case of lower stress levels 

promoting relatively longer fatigue lives.  

Figure 5.6 (e) and (f) present the backscattered scanning electron (BSE) micrographs on 

the side surfaces near the fracture surface, where many cracks ranging from 5 to 200 µm 

in size are visible for the two extreme stress cases (200 MPa and 500 MPa). It can be 

clearly seen that failure occurs when a certain amount of crack density is attained. 

However, it was noted that the specimens cycled under 500 MPa have slightly larger 

crack sizes than the samples loaded at 200 MPa. Higher stress level facilitates formation 

of cracks, which promotes higher irrecoverable strains and shorter fatigue lives. 
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Figure 5.5 Post-mortem DSC results exhibiting changes in transformation heat and  

martensitic transformation temperatures of the fatigue failed specimens as compared to 

the initial nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA samples: (a) heating and 

(b) cooling DSC curves of the samples before and after fatigue failure under different 

stress levels, and (c) the corresponding evolution of  Ms temperatures of these fatigue 

specimens relative to that of an untested specimen. ∆𝑀𝑠 = 𝑀𝑠
𝑎𝑓𝑡𝑒𝑟 𝑓𝑎𝑡𝑖𝑔𝑢𝑒

− 

𝑀𝑠
𝑏𝑒𝑓𝑜𝑟𝑒 𝑓𝑎𝑡𝑖𝑔𝑢𝑒

. " Reprinted with permission from [50]. "  

 

5.4 Discussion of The Results 

To better understand the role of applied stress level on the cyclic evolution of the 

actuation behavior, Figure 5.7 is constructed to present the evolution of actuation strain 

as a function of the number of thermal cycles under the stress levels ranging from 200 to 

500 MPa. The difference between the austenite and martensite strains are defined as the 

actuation strain for each cycle. As expected in NiTiHf HTSMAs [2, 4], the higher 
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constant stress levels during actuation cycling result in higher initial actuation strain 

values since more oriented / detwinned martensite forms under these stresses. Following 

the high actuation strains of more than 3%, a rapid reduction in actuation strain was 

observed in the early stages of thermal cycling under 400 and 500 MPa. The specimens 

loaded under 200 and 300 MPa, on the other hand, exhibited a continuous and almost 

linear decrease in actuation strain until failure. This discrepancy in the rate of reduction 

in actuation strain for the two extreme stress cases is related to the difference between 

their initial martensitic transformation temperatures consistent with the Clausius-

Clapeyron (CsCl) relation. According to the CsCl relation, higher stress levels 

correspond to higher martensitic transformation temperatures [130, 180]. In addition, in 

most SMAs, higher applied stresses lead to faster increase in transformation 

temperatures with the number of thermal cycles as compared to the lower stress levels 

[23, 24, 27, 162]. The combination of these two effects causes the faster onset of partial 

transformation under higher stress levels during thermal cycling, in the presence of 

constant upper cycle temperature of cycling, and thus more rapid initial reduction in the 

actuation strain is observed under 400 and 500 MPa.  
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Figure 5.6 Backscattered scanning electron micrographs of the fracture surfaces of the 

nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA specimens after failure during the 

actuation fatigue experiments under (a) 200 MPa, (b) 300 MPa, (c) 400 MPa and (d) 500 

MPa. Cracks detected in the interior sections of the failed specimens for (e) 200 MPa 

and (f) 500 MPa. The arrows in (e) and (f) indicate the loading direction of the 

specimens. " Reprinted with permission from [50]. "  
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Relatively slower reduction in actuation strain under 200 and 300 MPa from the onset of 

thermal cycling, and under 400 and 500 MPa following the rapid initial reduction is a 

result of the continuous dislocation and other defect generation upon repeated 

martensitic transformation. These defects lead to oriented internal stress accumulation, 

which increases the martensite start and austenite finish temperatures in localized 

regions, as also inferred from the DSC results mentioned above. This eventually brings 

about more remnant martensite at the upper cycle temperature with further cycling, the 

reduction in transforming volume in subsequent cycles, and thus, the actuation strain. 

Higher stresses cause faster accumulation of defects during actuation cycling, as 

compared to lower stress levels, resulting in a faster reduction in the volume of austenite 

transforming into martensite. This is why the slope of the reduction in actuation strain in 

Figure 5.7 is a function of the applied stress level.  

                              

Figure 5.7 Effect of constant tensile stress level on the evolution of actuation strain as a 

function of the number of thermal cycling in the Ni50.3Ti29.7Hf20 HTSMA samples aged 

at 550°C for 3 hrs during the actuation fatigue experiments. Lower and upper cycling 

temperatures were 40 °C and 300 °C, respectively. The results from two different 

samples are presented here to demonstrate the relatively small sample to sample 

variation in actuation strains and fatigue lives. " Reprinted with permission from [50]. "  
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It should be noted here that the effects of applied stress on the evolution of actuation 

strain and the resulting fatigue lives, presented in Figure 5.7, are reliable since the 

sample to sample variations were relatively small, as it can be seen in the Figure 5.7 and 

Figure 5.8. Overall, the current experimental results reveal that applied stress dictates 

both the number of cycles to failure and the evolution of actuation strain (Figure 5.8) 

during actuation fatigue experiments for a constant upper cycle temperature of thermal 

cycling.  

The average actuation strain shown in Figure 5.8 was calculated as the sum of actuation 

strain per cycle divided by the number of cycles to failure. Samples loaded at 200 MPa 

exhibited 2.15 % average actuation strain while increase in stress level to 500 MPa led to 

3.22 % average actuation strain. The actuation strain is the consequence of the strain 

from detwinning/reorientation of martensite upon the transformation, and it increases as 

a function of the increase in applied stress due to the higher volume fraction of the 

reoriented / detwinned martensite. As opposed to binary NiTi, the transformation / 

actuation strains in NiTiHf HTSMAs do not saturate even under very high stress levels 

as detwinning / reorientation in these alloys is significantly more difficult than 

detwinning in NiTi binary SMA compositions [4, 66, 181, 182].  
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Figure 5.8 Comparison of the average actuation strains, average work output levels, and 

fatigue lives as a function of the applied tensile stress levels during actuation fatigue 

experiments on nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA, heat treated at 

550°C for 3 hrs. The error bars represent the sample to sample variations. " Reprinted 

with permission from [50]. " 

 

In order to correlate the actuation characteristics and applied loading conditions to the 

actuation fatigue lives in NiTiHf HTSMAs, and eventually to be able to predict the 

fatigue lives, a work-based approach has been adopted as an alternative to stress- and 

strain-based methods to fatigue life estimation. This is because of the fact that neither the 

strain- nor stress-based fatigue prediction methods properly capture the actuation fatigue 

behavior of SMAs, as shown by Calhoun et al. [129, 175] for low temperature SMAs. 

Accordingly, the average work output vs. fatigue life data for the present material are 

shown in Figure 5.9, in comparison with the published actuation fatigue results for low 

temperature SMAs. In the work-based approach, actuation lifetime (Nf) is correlated 

with the actuation work output in each actuation fatigue cycle through a power law 

formulation based on the critical plane model of Smith, Watson and Topper [183]. The 
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work-based model is described as 𝜎𝑎𝑐𝑡𝜀𝑎𝑐𝑡 = 𝑎𝑁𝑓
−𝑏 [129, 175], where the average 

actuation strain (act) multiplied by the applied constant stress level (or actuation stress, 

act) from the actuation fatigue experiments represents the average work output for 

actuation cycles. The model utilizes two empirical fatigue parameters a and b that relate 

the work output to number of cycles to failure (Nf). In this formulation, an increase in the 

proportionality constant a corresponds to an increase in the reduction in work output 

with fatigue life, which refers to cyclic deterioration of the functional properties at a 

higher rate. Similarly, a higher rate of cyclic deterioration of the work output is implied 

by an increased power exponent b.  

  

Figure 5.9 A comparison of the work output vs. fatigue life results obtained from 

Ti50Ni40Cu10 wires [130], bulk Ni50Ti50 [128], bulk Ni60Ti40 [184], Ti40Ni50Cu10 wires 

[47], and bulk nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMAs. The solid lines and 

the equations next to them are the best fit lines of the data presented to the power-law 

relationship 𝜎𝑎𝑐𝑡𝜀𝑎𝑐𝑡 = 𝑎𝑁𝑓
−𝑏. " Reprinted with permission from [50]. "  
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The correlations provided by this method are presented in Figure 5.9 for the present 

NiTiHf HTSMA data in comparison with the power law fits to the above equation for 

the actuation fatigue results reported in the literature for low temperature binary NiTi 

and NiTiX SMAs [47, 128, 130, 158]. The provided results in the literature were 

obtained from both small wires and dog-bone shaped samples. It is clear from the figure 

that the work-based model can successfully capture the actuation fatigue response of 

both low and high-temperature SMAs. Based on these power law fits, the exponent b 

was determined to be either ~ -0.5 or ~ -0.8. The physical significance of and the reasons 

for observing these two discrete values in completely different SMAs are currently 

unknown. More actuation fatigue experiments are presently being conducted in different 

SMAs to further investigate the physical significance of these values. However, the fact 

that there is a very good fit to several experimental data with the same power law 

exponents, capturing the actuation fatigue behavior of SMAs very well, make us believe 

that there might be a universal empirical rule for describing the actuation fatigue 

response of SMAs. We speculate that the fatigue exponent b might be correlated with the 

resistance to plastic deformation, accompanying martensitic transformation, as the main 

difference between the alloys having b ≈ -0.8 and those with b ≈ -0.5 is the former alloys 

having lower yield strength against plasticity than the latter alloys. The latter alloys are 

either strengthened with precipitates or have smaller grain size or strong crystallographic 

texture.   

For the present material, the parameter a and the exponent b were determined to be 744 

MJ/m3 and -0.5, respectively. Interestingly, the Ni50.3Ti29.7Hf20 HTSMA cycled under 
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500 MPa exhibits outstanding fatigue performance with a 16 MJ/m3 energy density. The 

work outputs and fatigue lives attained by the present NiTiHf HTSMA is superior to 

those exhibited by the several low temperature SMAs, even though the operating 

temperatures are significantly higher. 

5.5 Effects of Stress Level on Irrecoverable Strain 

As opposed to conventional metal alloys where they are cyclically loaded to stress levels 

considerably lower than their yield strengths during fatigue loading, SMA actuators 

usually operate in an elastic loading range, however, through cyclic martensitic phase 

transformations. The distinguishing feature of SMAs in comparison to conventional 

metal alloys is that repeated cyclic martensitic transformation can cause local plastic 

deformation, even if the stress levels applied can be significantly lower than the stress 

required for global dislocation plasticity in SMAs. This permanent deformation usually 

occurs due to the incompatibility between the transforming phases, which causes the 

inelastic accommodation of the transformation shear. Therefore, the accumulation of 

plasticity, even it might be very small, is unavoidable in HTSMA actuators. The 

corresponding irrecoverable strain represents the remnant shape change that cannot be 

recovered through shape memory effect, upon heating to the selected upper cycle 

temperature. 

To better quantify the role of applied stress on the evolution of irrecoverable strain as a 

function of the number of cycles and on the level of total irrecoverable strain at failure, 

Figure 5.10 is constructed to provide a comparison. As it can be seen in the figure, the 

irrecoverable strain levels increased with each subsequent cycle and attained a maximum 
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value of 2.96 % and 6.76 % prior to failure at applied stress levels of 200 MPa and 500 

MPa, respectively. The irrecoverable strain accumulated quickly within the first few 

hundred cycles for both extreme cases, and then started to stabilize for specimens under 

200 MPa, however, continued to accumulate at a certain rate for specimens subjected to 

500 MPa. The accumulation of irrecoverable strain was also observed for other stress 

levels and did not fully saturate until failure. The rate of accumulation of the 

irrecoverable strain is notably higher under 400 MPa and 500 MPa as compared to the 

lower stress levels. Specifically, dislocations and other defects generated during the 

cycling under high stress levels reduce the amount of austenite transforming into 

martensite due possibly to remnant martensite, leading to larger irrecoverable strains, 

and eventually earlier failure. 

5.6 Calorimetric Results and Phase Transformation Behavior 

Based on the DSC results, the changes in the heat flow curves for the transformation 

prior to and following the fatigue experiments are provided for different stress levels in 

Figure 5.5 (a) and (b), and the list of corresponding transformation temperatures and 

transformation heat values are tabulated in Table 5.2. It can be observed in the figures 

and the table that the failed samples possess higher Ms and Af temperatures as compared 

to the stress-free initial transformation temperatures, regardless of the applied stress 

level. Furthermore, the reduction of the transformation heat was observed in all failed 

samples. As seen in the figure, the discernible peaks in the heating and cooling curves 

almost disappeared following actuation cycling. For example, the transformation heat 

dropped from 18 Jg-1 to about 10 Jg-1 for the sample cycled under 400 MPa, 
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corresponding to a 45 % reduction, which stems from the reduction in the transforming 

volume at the selected upper cycle temperature, due to the remnant martensite and 

formation of defects. This is consistent with previous reports on low temperature SMAs 

by Miller et al. [46] and Lim et al. [185] that the martensite remains pinned in the 

microstructure due to the defects generated and internal stresses accumulated during the 

actuation cycling, resulting in a drop in the latent heat of transformation due to less 

material undergoing the transformation. Note that as demonstrated in our earlier work 

[186], the upper cycle temperature of thermal cycles play a significant role in the 

accumulation of the irrecoverable strain, the amount of transforming volume, and thus, 

the actuation fatigue lives; therefore, the changing the upper cycle temperature from 

300C of the current study to a higher temperature would influence the most of the 

actuation characteristics reported here.  

Another notable observation in Figure 5.5 is the significant increase in the 

transformation range, i.e. Af-Mf. The defects induced and cracks formed towards the 

later stages of the cycling cause microstructure to heterogeneously undergo martensitic 

transformation. While part of the microstructure undergoes martensitic transformation at 

higher temperatures due to localized accumulation of internal stresses, the remainder of 

the microstructure transforms at colder temperatures, and hence, the calorimetric 

transformation curves for cooling and heating become broader after the actuation fatigue 

failure.  
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Figure 5.10 Effect of applied stress level on the evolution of the irrecoverable strain 

until failure upon thermal cycling of the nano-precipitation hardened Ni50.3Ti29.7Hf20 

HTSMA heat treated at 550°C for 3 hrs. " Reprinted with permission from [50]. "  

 

Figure 5.5 (c) depicts the evolution of Ms temperature comparing pre-test and post-test 

results, represented as ∆Ms = Ms
after fatigue

− Ms
before fatigue

: there is a clear trend in the 

increase of the onset of the transformation with the number of cycles to failure for 

specimens tested under stresses ranging from 500 MPa to 300 MPa. However, 

specimens cycled under 200 MPa significantly deviated from the observed trend. This 

deviation is a consequence of  less amount of defects forming under this stress level as 

compared to the defects generated under 300 MPa. Under 200 MPa, the actuation strain 

is lower, less oriented martensite forms at each cycle, and thus, lower level of oriented 

internal stress accumulates leading to the less increase in the Ms temperature despite the 

higher number of cycles to failure. 
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5.7 Failure Mechanisms 

From the SEM images showing the fracture surfaces of the failed samples in Figure 5.6, 

it can be seen that the higher stress level (500 MPa) favored intergranular cracking 

where fracture took place along the grain boundaries, as evidenced by the rock-candy 

and faceted fracture surface appearance, and apparent triple points [173]. When the 

samples were cycled under low stress level (200 MPa), transgranular cracking was more 

favorable, as identified by river patterns, cleavage steps and feather markings (Figure 

5.6). Following the failure of specimens cycled under 200 MPa and 500 MPa, specimen 

surfaces close to fracture zone were polished to remove recast and oxide layer formed 

upon heat treatment, and thereafter the crack analysis was performed on the specimen 

surfaces as shown in Figure 5.6 (e) and (f). The SEM images showed that cracks formed 

perpendicular to applied stress direction and were distributed uniformly across the 

sample. The corresponding crack size ranged between 5-200 µm. Even though the crack 

density appears similar just prior to failure for two extreme cases, the specimens cycled 

under 500 MPa featured slightly wider and longer cracks as compared to the specimens 

cycled under 200 MPa. It is noted that Ni50.3Ti29.7Hf20 material aged at 550 °C for 3 

hours are prone to large amount of crack formation prior to failure under all selected 

stress levels, yet the higher stress levels facilitated formation of longer cracks, leading to 

earlier failure of specimens. 

5.8 Summary and Conclusions 

The primary objective of this study was to evaluate the effect of stress level on the cyclic 

actuation response and fatigue performance of the Ni50.3Ti29.7Hf20 high temperature 
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shape memory alloy (HTSMA). Tensile specimens heat treated at 550 °C for 3 hours 

were subjected to actuation fatigue experiments, under different constant stress levels 

ranging from 200 to 500 MPa, while cycling the temperature across the martensitic 

transformation between 40C and 300C. Based on the experimental results presented 

herein, the main observations and conclusions can be summarized as follows: 

▪ The applied stress level has a significant influence on the actuation response of 

nano-precipitation hardened HTSMAs, particularly on the actuation strain, 

fatigue life and irrecoverable strain. Increase in the stress level resulted in a 

decrease in fatigue life but at the same time an increase in the actuation strain. 

In particular, the specimens cycled under 200 MPa achieved 21,000 cycles 

while samples loaded at 500 MPa survive only 2,100 cycles on the average. 

The experimental results showed that the actuation strain attained a maximum 

value of 3.22% under 500 MPa, whereas the minimum actuation strain was 

recorded under 200 MPa, namely 2.15 %, on the average.  

▪ Saturation of irrecoverable strain was not observed during the actuation fatigue 

experiments up to the failure, regardless of the applied stress level. Substantial 

irrecoverable strain accumulation was monitored during the cycling. 

Specifically, the samples cycled under 500 MPa exhibited large irrecoverable 

strain accumulation (6.76 %) within a relatively short fatigue life. Tensile 

specimens loaded under 200MPa, on the other hand, experienced irrecoverable 

strain accumulation of about 2.96 %, and are considered durable against 

dimensional instability.  
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▪ DSC results of the fatigue failed samples displayed a large reduction in the 

transformation heat. Dislocations and other defects generated during the 

cycling led to the retention of martensite in the austenite phase at the selected 

upper cycle temperature, and thus, prevented a portion of the sample 

undergoing martensitic transformation and resulted in the drop of the 

transformation heat. Reduction in actuation strain with the number of actuation 

cycles is also an indication of the reduction in the available volume for the 

transformation. Therefore, the Ms temperature increased concomitant with the 

number of cycles to failure as a consequence of oriented internal stresses 

accumulated during actuation cycling for the stress levels ranging between 300 

-500 MPa. 

▪ Transgranular fracture was prevalent when the sample was loaded at 200 MPa, 

as characterized by river patterns and cleavage steps. However, specimens 

cycled under 500 MPa exhibited intergranular fracture as identified rock-candy 

appearance and triple points across the grain boundaries. The SEM images 

proved that both extreme stress levels of 200 and 500 MPa facilitated the 

formation of similar volume fractions of cracks throughout the specimens, 

pointing out that failure takes place only when specimen reaches certain 

amount of crack density. 

▪ Precipitation hardened Ni50.3Ti29.7Hf20 HTSMA aged at 550 °C for 3 hours 

exhibited a significantly high work output of 16 MJ/m3 when thermally cycled 

under the stress level of 500 MPa, dimensional stability up to more than 
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21,000 cycles when cycled under 200 MPa, and an impressive cyclic stability 

as compared to NiTi binary SMAs. The fact that these outstanding properties 

were achieved at much higher operating temperatures than the NiTi SMAs, the 

current Ni50.3Ti29.7Hf20 HTSMA emerges as a promising actuator material 

suitable for service at elevated temperatures. 

▪ In order to accurately capture the actuation fatigue response of HTSMAs in 

this study, a work-based fatigue life prediction approach was adopted and 

demonstrated that the actuation fatigue lives of the present HTSMA exhibit an 

almost perfect power law correlation with average actuation work output. The 

same work-based power law was shown to successfully capture the fatigue 

lives of several low temperature SMAs, as well. Surprisingly, the power law 

exponents for many SMAs were shown to be either ~ -0.5 or ~ -0.8, which 

points out the likelihood of the existence of a universal empirical rule for 

predicting actuation fatigue lives of SMAs. The power law exponent can be 

correlated with the strength of SMAs against plastic deformation 

accompanying reversible martensitic transformation. 
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CHAPTER VI                                                                                                                   

EFFECTS OF UPPER CYCLE TEMPERATURE ON THE 

THERMOMECHANICAL FATIGUE PERFORMANCE OF NITIHF HIGH 

TEMPERATURE SHAPE MEMORY ALLOYS* 

   The present study focuses on the effects of upper cycle temperature (UCT) on thermo-

mechanical cyclic behavior and fatigue response of nano-precipitation hardened 

Ni50.3Ti29.7Hf20 high temperature shape memory alloy (HTSMA). A series of actuation 

fatigue experiments were conducted under different constant tensile stresses while 

cycling temperature between two extreme martensitic transformation temperatures. The 

cyclic evolution of actuation strain and fatigue lives were monitored as a function of 

UCT and applied stress level. 

   Despite the aforementioned advantages brought about by nano-precipitation, many of 

the envisaged applications also require a stable fatigue response and long fatigue lives, 

and thus, it is of utmost importance to assess the cyclic deformation response of NiTiHf 

high temperature SMAs (HTSMAs) at elevated temperatures. Even though numerous 

studies have been conducted on superelastic fatigue properties of SMAs [9-13], only a 

very few reports are available in the literature addressing their actuation fatigue response 

[14-17], and to the best of the authors' knowledge, none on the actuation fatigue 

response of HTSMAs. The present work was undertaken with the motivation of 

addressing this issue  

 

* Reprinted with permission from “Effect of upper cycle temperature on the actuation 

fatigue response of NiTiHf high temperature shape memory alloys” by O. Karakoc, C. 

Hayrettin, M. Bass, S. J. Wang, D. Canadinc, J.H. Mabe, I. Karaman, 2017. Acta 

Materialia, 138, pp.185-197, Copyright 2017 by Acta Materialia Inc. published by 

Elsevier Ltd. 
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and providing the first systematic study on the actuation fatigue response HTSMAs, and 

more specifically, establishing a thorough understanding of the thermo-mechanical 

fatigue response of a nano-precipitation hardened NiTiHf HTSMA. In particular, the 

effects of upper cycle temperature (UCT) and stress level on the thermo-mechanical 

cyclic response and actuation fatigue life of the Ni-rich Ni50.3Ti29.7Hf20 HTSMA were 

investigated, where nano-precipitates with sizes less than 50 nm lead to excellent 

reversibility of martensitic transformation and dimensional stability under thermo-

mechanical loading [2-4, 26, 29]. 

Table 6.1. Evolution of transformation temperatures and enthalpies of nano-precipitation 

hardened Ni50.3Ti29.7Hf20 HTSMAs following failure in the thermo-mechanical fatigue 

experiments. The measurements were conducted using DSC. The average values from 

two or three different failed fatigue samples are provided. DSC samples were cut from a 

region near the fracture surface. " Reprinted with permission from [161]. "  
Stress Level  and 

UCT 

Transformation Temperatures (°C) Hysteresis 

(Af-Ms) (°C) 

Transformation 

Enthalpy (J/g) Mf Ms As Af 

Initial Material 124.2 149.5 153.1 178.3 28.8 18.3 

300MPa -300°C 104.6±12.6 209.3±13.3 150.4±1.7 250.6±11.0 41.3± 2.3 11.0±1.0 

300MPa - 350°C 106.3±7.0 168.5±1.4 154.2± 9.9 218.5±0.5 50.0± 1.4 10.9± 0.2 

400MPa - 300°C 98.6±4.2 187.3±8.1 145.3±4.0 223.4±4.0 36.1±5.5 10.4± 0.7 

400MPa - 350°C 101.1±1.4 156.5±2.1 150.2±0.3 186.2±7.1 29.7±4.9 12.4±0.7 

 

6.1. Initial Material Properties 

        DSC results and corresponding microstructure for the initial material heat treated at 

550°C for 3 hours are shown in Figure 6.1 (a) and (b). This particular heat treatment was 

selected here because it leads to the best thermo-mechanical stability among many other 
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heat treatments applied to Ni50.3Ti29.7Hf20 composition due to the perfectly coherent 

nano-precipitates [6, 7, 29, 187, 188]. Transformation temperatures Mf, Ms, As and Af 

were measured as 124°C, 149°C, 153°C and 178°C, respectively. The heat of 

transformation was calculated from the area under the heating and cooling cycles, and 

found as approximately 18.3 J/g. The provided exemplary bright field image in Figure 

6.1 (b) demonstrates the size and distribution of the H-phase precipitates [29] within the 

matrix upon aging the material at 550°C for 3 hours, leading to nano-sized (< 20 nm) 

and coherent precipitates. 

   

Figure 6.1. (a) DSC result for the Ni50.3Ti29.7Hf20 specimen heat treated at 550°C for 3 

hours and (b) the corresponding TEM image showing H-phase precipitates. HT:Heat 

Treatment. " Reprinted with permission from [161]. " 

 

6.2. Thermo-Mechanical Fatigue Experiments 

   Figure 6.2 (a) and (b) indicate the strain vs. temperature response of the 550°C - 3 

hours heat treated Ni50.3Ti29.7Hf20 under two extreme conditions: 300 MPa stress - 300°C 

UCT and 400 MPa stress - 350°C UCT. The loading path shown in Figure 2.2 applied to 

the samples consisted of thermal cycles through the transformation temperatures, i.e. 

from T < Mf to T > As, until fracture. The results exhibit development of plastic strain as 
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a function of number of cycles. Upon thermo-mechanical cycling, the total irrecoverable 

strain increased with increasing cycles until failure, and reached a maximum value of 

3.39% and 4.11% for samples subjected to 300 MPa - 300°C UCT and 400 MPa - 350°C 

UCT, respectively. In addition, the hysteresis associated with martensite-austenite 

transformation is around 12°C for the first cycle and remains constant at failure cycle for 

300MPa-300°C while it starts from 7°C and reaches to 18°C prior to failure in the case 

of 400MPa-350°C. In the figure, it can also be seen that the transformation temperatures 

evolve with the number of cycles. This change in transformation temperatures 

manifested itself in form of smaller shifts during 400 MPa - 350°C UCT test, while a 

more significant increase in the transformation temperatures was observed in the case of 

300 MPa - 300°C UCT experiment, especially in the Ms and Af transformation 

temperatures. 

  

Figure 6.2. Strain vs. temperature curves for the nano-precipitation hardened 

Ni50.3Ti29.7Hf20 HTSMA heat treated at 550°C for 3 hours under (a) 300 MPa with the 

UCT of 300°C and (b) 400MPa with the UCT of 350°C. UCT: Upper Cycle 

Temperature. " Reprinted with permission from [161]. " 

 

  Figure 6.3 (a) and (b) demonstrate the fatigue response for each specimen, in the form 

of actuation strain vs. the number of thermo-mechanical cycles. For each test condition, 
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two or three companion specimens were first mechanically loaded at room temperature, 

and then thermally cycled between 40°C and the corresponding UCT until the failure. It 

is immediately noted that the increase of UCT and stress level decreased the fatigue life 

while leading to larger average actuation strain. The highest number of cycles to failure 

of about 10,500 cycles was obtained for the specimens tested under 300 MPa - 300°C 

UCT, where the corresponding lowest average actuation strain was about 2.53%. In 

contrast, the specimens loaded under 400 MPa - 350°C UCT lasted about 1,530 cycles to 

failure, exhibiting the highest average actuation strain of 3.92%. The corresponding 

cyclic evolution of the irrecoverable strain is presented in Figure 6.4. In the figure, 

increase in stress level and higher UCT promote plastic deformation during thermal 

cycling, such that the irrecoverable strains, i.e. the strain in austenite state that cannot be 

recovered, increase concomitant with number of cycles. In order to demonstrate the UCT 

dependence, additional fatigue tests were carried out at 250 °C and 375°C, and the 

results are presented in Figure 6.13. 
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Figure 6.3. Effect of upper cycle temperature (UCT) on the actuation fatigue response of 

the nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA heat treated at 550°C for 3 

hours under (a) 300 MPa and (b) 400 MPa constant stress levels. HT: Heat Treatment. " 

Reprinted with permission from [161]. " 
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6.3. Post-Mortem Characterization – DSC Results 

   DSC results prior to and following the fatigue experiments are presented in Figure 6.5 

(a), (b) and (c) in a comparative manner, demonstrating the evolution of transformation 

temperatures and latent heat of transformation, which are also summarized Table 1. The 

DSC samples from the fatigued specimens were cut 3 mm away from the fracture 

surface for all cases. As seen in Figure 6.5 (a) and (b), and Table 1, the transformation 

temperatures (Ms and Af) increased during thermal cycling, while latent heat of 

transformation decreased. Furthermore, the transformation peaks got broader, such that a 

discernible peak was not obvious in some cases. As seen in Figure 6.5 (c), the difference 

between the initial and post-fatigue Ms temperatures increased concomitant with the 

number of cycles, following a noticeable pattern with the applied stress level and UCT. 

              

Figure 6.4. Evolution of the irrecoverable strain upon thermo-mechanical cycling of 

nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA (heat treated at 550°C for 3 hours) 

for the four stress - UCT combinations employed in the current experiments. " Reprinted 

with permission from [161]. " 
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6.4. Post-Mortem Characterization – SEM and TEM Results 

   The post-fatigue failure characterization of the samples involved examination of side 

surface cracks, fracture surfaces through SEM and evolution of precipitates by TEM. 

Examination of the fracture surfaces indicated that the crack growth mode was more 

intergranular for samples with shorter fatigue lives and more transgranular for specimens 

with longer fatigue lives, as illustrated in Figure 6.6(a), (b), (c) and (d). 400 MPa or 

350°C UCT samples demonstrate more intergranular crack mode than the other cases. 

The side surface analysis revealed a slightly larger crack density for the specimens tested 

under 400 MPa - 350°C UCT as compared to those tested under 300 MPa - 300°C UCT 

(Figure 6.6(e) and (f)).  

   A detailed examination of the TEM results in different foils and images for each tested 

case indicated that the size and morphology of the H-phase nano-precipitates in the 

failed specimens are similar regardless of the induced stress -UCT condition during 

cycling when compared with the untested specimens (Figure 6.7 Figure 6.8). This 

indicates that the testing conditions did not noticeably change the precipitate size and 

structure in the fatigued samples, and thus, the change in the precipitates cannot be 

responsible for the change in the transformation characteristics observed in Figure 6.2 

and Figure 6.5. Furthermore, the bright field images and corresponding diffraction 

patterns in martensite at room temperature demonstrated that all fatigued specimens 

exhibited (001)-compound twins and (011) Type I twins (Figure 6.10), in various grains, 

similar to what is observed in the untested specimens [29]. There was not a notable 

difference in the martensite phase, in terms of the type and amount of twins observed, 
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between the untested and fatigued samples, other than the fact that the fatigued samples 

featured more oriented martensite than the untested samples, as expected.  

 

 
 

  
Figure 6.5. Post-mortem DSC results of nano-precipitation hardened Ni50.3Ti29.7Hf20 

HTSMA specimens, demonstrating the change in the transformation temperatures and 

heat of transformation after the thermo-mechanical fatigue experiments: (a) heating and 

(b) cooling DSC curves of pre- and post-fatigue samples, and (c) the corresponding 

evolution of  Ms temperatures of these fatigue specimens relative to that of an untested 

specimen: ∆𝑀𝑠 = 𝑀𝑠
𝑝𝑟𝑜−𝑓𝑎𝑡𝑖𝑔𝑢𝑒

− 𝑀𝑠
𝑝𝑟𝑒−𝑓𝑎𝑡𝑖𝑔𝑢𝑒

. The numbers in parentheses in (a) and 

(b) correspond the fatigue lives of those particular samples tested. " Reprinted with 

permission from [161]. " 

 

6.5. Cyclic Evolution of Actuation Strain 

   Experimental isobaric strain-temperature results are presented for two extreme cases, 

namely 300 MPa - 300°C UCT and 400 MPa - 350°C UCT, in Figure 6.2, where the 

thermal cycles were applied until failure. While the initial irrecoverable strain response 
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evolved rapidly with each thermal cycle in both cases, the rate of increase stabilized and 

the irrecoverable strain continued to increase at a certain rate until failure in the case of 

300 MPa - 300°C UCT; however, the samples under 400 MPa - 350°C UCT exhibited 

faster irrecoverable strain rate over the first few hundreds cycle and continued at 

increasing irrecoverable strain rate until failure. Specifically, plastic deformation 

facilitated by increased UCT and applied stress level resulted in earlier failure of the 

samples. Transformation temperatures (Ms and Af), on the other hand, increased with 

each subsequent thermal cycle for both cases: in the case of 300 MPa - 300°C UCT, Ms 

and Af temperatures increased from 177°C and 190°C to 236°C and 248°C, respectively. 

As for the  400 MPa - 350°C UCT experiment, Ms and Af temperatures increased from 

201°C and 208°C to 210°C and 228°C, respectively.  

   Figure 6.3 (a) and (b) show the evolution of actuation strains for both 300°C and 

350°C UCTs under each 300 MPa and 400 MPa. Based on these results, the cycles to 

failure, average actuation strain, and corresponding work output were determined and 

are presented in Figure 6.11. Here, the actuation strain is defined as the difference 

between austenite strain and martensite strain for each cycle, and the average actuation 

strain is obtained by normalizing the sum of cyclic actuation strains by the number of 

cycles to failure. The work output is employed for better representing fatigue lives and is 

quantified as actact, actuation strain (act) multiplied by the applied stress (or actuation 

stress, act) for constant uniaxial loading in the actuation fatigue tests. Calhoun et al. 

[15] demonstrated in several low temperature NiTi and NiTiCu SMAs that the fatigue 

lives in SMAs are much better correlated with actuation work output than the actuation 
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stress or actuation strain alone, following the relationship 𝜎𝑎𝑐𝑡𝜀𝑎𝑐𝑡 = 𝑎𝑁𝑓
−𝑏, which is 

mainly based on the critical plane model of Smith, Watson, and Topper [189] proposed 

for the low and intermediate-cycle fatigue life of conventional elastic–plastic materials. 

Below, it will be shown that the same relationship between actuation work output and 

fatigue lives also holds for NiTiHf HTSMAs.   

                                                                                                           

                                                                                                               

       
Figure 6.6. SEM micrographs of the fracture surfaces of nano-precipitation hardened 

Ni50.3Ti29.7Hf20 HTSMA specimens following failure after the thermo-mechanical fatigue 

experiments under (a) 300 MPa with 300°C UCT, (b) 300 MPa with 350°C UCT, (c) 

400 MPa with 300°C UCT, and (d) 400 MPa with 350°C UCT. Detected fatigue cracks 

on the side surface of the failed samples are demonstrated for (e) 300 MPa with 300°C 

UCT and (f) 400 MPa with 350°C UCT cases. The arrows in (e) and (f) show the 

loading direction of the samples. " Reprinted with permission from [161]. " 
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Figure 6.6. Continued [161]. 

   The fatigue experiments shown in Figure 6.2 and Figure 6.3 revealed that the 

specimens loaded under 300 MPa with a 300°C UCT exhibited an average fatigue life of 

about 10,500 cycles, while the specimens loaded under the same stress level with a 

350°C UCT lasted about 4300 cycles on the average (Figure 6.3 and Figure 6.11). 

Loading under 400 MPa, however, significantly altered the fatigue lives at both 300°C 

and 350°C UCTs, such that the samples failed at 4175 cycles and 1530 cycles (on the 

average), respectively. Note that the sample-to-sample variations in the fatigue lives 

were relatively and remarkably small indicating that the observed trend on the effect of 

the stress level is reliable, i.e. the higher the stress level is, the lower the actuation 

fatigue life becomes. When the UCT was increased to 350°C, for both stresses, the 

fatigue lives became shorter; however, still the lower stress level resulted in longer 
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fatigue lives as compared to the higher stress level, similar to the case of the 300°C 

UCT. This observation, i.e. the shorter fatigue lives in the higher UCT cases independent 

of the stress level, is expected since it is anticipated that the potential microstructural 

deformation mechanisms are activated and yield strength decreases at higher UCTs. Two 

additional UCT levels (250 and 375 °C) were considered under the stress level of 300 

MPa in order to verify the UCT dependence trend (Figure 6.13). Due to partial cycling, 

specimen tested at 250 °C UCT did not fail until 31,000 cycles, and thus, the experiment 

was stopped at that point. As for the UCT of 375 °C, the actuation strain went up while 

the sample failed at about 2,500 cycles. 

   

Figure 6.7. Bright field TEM images exhibiting size, volume, and morphology of 

precipitates in nano-precipitation hardened Ni50.3Ti29.7Hf20 HTSMA specimens: (a) the 

sample heat treated at 550°C for 3 hours prior to fatigue testing, (b) failed sample under 

300 MPa stress and an UCT of 300°C, and (c) the failed specimen under 400 MPa stress 

and an UCT of 350°C. All images were captured at room temperature. " Reprinted with 

permission from [161]. " 

 

In contrast to the trends in actuation fatigue lives, the average actuation strains were 

observed to increase with increasing UCT and the applied stress level: the higher the 

UCT and applied stress levels were, the higher the average actuation strains became 

(Figure 6.3 and Figure 6.11). This behavior can be attributed to the early onset of partial 
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martensitic transformation in the lower UCT cases, such that a lower UCT is not 

sufficient to facilitate a complete martensitic transformation upon temperature cycling, 

as also evidenced by the results provided in Figure 6.2. This leads to a decrease in the 

actuation strain concomitant with the number of thermal cycles, which, in turn, brings 

about an increased fatigue life as compared to that of a sample loaded under the same 

stress level yet at higher UCT. A similar behavior was also reported for the actuation 

fatigue experiments on binary Ni40Ti50Cu10 wires [130, 180], where higher UCT leads to 

more actuation strain at the expense of fatigue performance. As for the 350°C UCT case, 

a complete phase transformation seems likely to occur throughout the cyclic loading as 

evidenced by the constant (under 300 MPa) or increasing (under 400 MPa) actuation 

strain. Consequently, one of the reasons for the shorter fatigue lives in the higher 

(350°C) UCT cases is the nearly complete martensitic transformation as compared to the 

only partial transformations and lower actuation strains (i.e. lower actuation energy 

provided at each cycle) in the lower UCT (300°C) cases. 
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Figure 6.8. Average precipitate size along the long and short axes based on the TEM 

observations carried out on the Ni50.3Ti29.7Hf20 HTSMA samples prior to and following 

thermo-mechanical cyclic experiments. The error bars indicate the range of the measured 

lengths for each case. Minimum 20 different TEM images from different locations and 

more than 500 precipitates were analyzed for each case. " Reprinted with permission 

from [161]. " 

 

Another possible reason for the increase in actuation strain with the number of cycles in 

the 350°C UCT case is the fact that higher UCTs accelerate formation of cracks, due to 

complete transformation of austenite to martensite, which undergo cyclic opening and 

closing, and thereby propagate, between two different states. This opening and closing of 

the cracks are expected to contribute to the measured overall actuation strain, such that 

the complete phase transformation at higher UCT and the higher applied stresses 

promote an increase in actuation strain at the expense of fatigue performance (Figure 

6.9). This argument warrants further investigation of the crack initiation and propagation 
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behavior utilizing in situ optical microscopy or digital image correlation analysis, which 

remains beyond the scope of the current work. 

            

Figure 6.9. (a) Crack opens in the martensite state and (b) closes in the austenite state 

during thermomechanical cycling. NiTiHf sample was thermally cycled between 50°C-

300°C under 545 N [190]. 

 

One of the primary objectives of fatigue testing is to generate fatigue life data in order to 

develop a life prediction design method. Since neither the strain- nor stress-based fatigue 

prediction methods properly capture the actuation fatigue behavior of SMAs, an 

alternative work-based formulation has been adopted in the literature, which takes 

varying stress levels and actuation strains into account [15, 191]. In this context, the 

change in work output is defined as the work done on the material during each thermo-

mechanical cycle, such that 

𝜎𝑎𝑐𝑡𝜀𝑎𝑐𝑡 = 𝑎𝑁𝑓
−𝑏     (Equation 1) 

In Equation  1, 𝜎𝑎𝑐𝑡 and 𝜀𝑎𝑐𝑡 represent actuation stress and actuation strain, respectively, 

while a and b are the fatigue parameters that relate the work output to the fatigue life (Nf) 

through a power law formulation (based on the critical plane model of Smith, Watson, 

and Topper [189]), such that the work output is inversely proportional to the bth power of 
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fatigue life. From a physical point of view, an increase of the proportionality constant a 

corresponds to an increase in the reduction in work output, which, in turn, refers to 

cyclic deterioration of mechanical properties at a higher rate. Similarly, a higher rate of 

cyclic deterioration of the work output is implied by an increased power exponent b.  

In order to verify the suitability of the work-based formulation for the HTSMAs and 

compare the fatigue response of the NiTiHf HTSMA with that of conventional SMAs, 

data obtained from fatigue experiments carried out on Ni60Ti40 [192], Ni50Ti50 [128] and 

NiTiCu [193] were fit to Equation 1 along with the data on the current Ni50.3Ti29.7Hf20 

HTSMA (Figure 6.12). The results show that the adopted work-based method can 

successfully capture the actuation fatigue response of both low and high-temperature 

SMAs. Moreover, one can conclude that the NiTiHf-based HTSMAs are appropriate 

when SMA-based actuator design requires high work density. Furthermore, the fatigue 

response of the present NiTiHf SMA is comparable to, and for some cases better than, 

the fatigue response of other NiTi-based SMAs reported in Figure 6.12. This finding is 

remarkable, especially considering the much higher transformation temperatures of the 

NiTiHf HTSMA.  

   An analysis of the fatigue parameters (defined in 𝜎𝑎𝑐𝑡𝜀𝑎𝑐𝑡 = 𝑎𝑁𝑓
−𝑏  

   (Equation 1) for the four different materials compared in Figure 

6.12 has important implications regarding the microstructure. In particular, both Ni60Ti40 

and Ni50.3Ti29.7Hf20 fit to Equation 1 with significantly lower proportionality constants a, 

which are at least one order of magnitude smaller as compared to those of the other two 

materials: about 100 and 250 as opposed to 10630 and 6400. Similarly, the power 
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coefficients are also smaller in the cases of Ni60Ti40 and Ni50.3Ti29.7Hf20, such that the 

cyclic change in work output is relatively less for these two materials, as evidenced by 

the smaller slopes of the fit lines (Figure 6.12). The corresponding stability of Ni60Ti40 

and Ni50.3Ti29.7Hf20 can be explained by the nano-precipitation observed in both 

materials ([54] and Figure 6.7), which enhances the thermo-mechanical fatigue 

performance of these materials.   

 
 

                      
 

Figure 6.10 (a) An exemplary bright field TEM image of two variants of (001) 

compound twins observed in the matrices of all failed specimens, (b) the corresponding 

SAD pattern evidencing the compound twins observed in tested samples, (c) an 

exemplary bright field TEM image of {011} Type I twins observed in all failed samples, 

and (d) the corresponding SAD pattern demonstrating two martensite variants on the 

(011)B19’ type I twin plane along the [100]B19’ zone axis, and precipitates. " Reprinted 

with permission from [161]. " 
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6.6. Cyclic/Dimensional Stability 

   Evolution of irrecoverable strain (strain in austenite) upon thermo-mechanical cycling, 

which is an indication of cyclic and dimensional stability, for stress – UCT combinations 

employed in the current experiments is presented in Figure 6.4. Accordingly, the 

irrecoverable strain is dependent on applied stress level, UCT and the number of cycles. 

An important observation is that, in certain conditions (e.g. 400 MPa – 350°C), the 

samples exhibited an increasing rate of irrecoverable strain starting in the middle of or 

toward the end of their life span, which constitutes an unstable cyclic response, where 

this instability was accompanied by inferior fatigue performance as evidenced by the 

significantly altered number of cycles to failure (Figure 6.11). Specifically, the samples 

tested at 350°C exhibited an unstable fatigue response, which is indicative of increased 

apparent ductility at the higher UCT. While the samples tested under 400 MPa exhibited 

about 4% irrecoverable strain at 350°C UCT, the samples loaded to 300 MPa exhibited 

about only 2% irrecoverable strain at the same number of cycles. Consequently, these 

results imply that higher UCT and stress levels lead to a rapid increase in plastic strain, 

and thus, promote earlier failure of samples under thermo-mechanical cycling. Based on 

the irrecoverable strain data, more dislocation storage was expected in the 350°C cases, 

which should increase the stored internal stresses. However, according to the post-

mortem DSC results shown in Figure 6.5, the samples with 350°C UCT do not exhibit 

large internal stresses since the Ms temperature does not change as much as those with 

300°C UCT. This brings about two possibilities: first, specimens tested with a 350°C 

UCT may exhibit more ductility and enhanced dislocation formation, but the 
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dislocations may have annihilated or rearranged at this temperature to relax the internal 

stress. The other possible reason for the higher irrecoverable strain might be the crack 

formation and higher damage accumulation. When a crack forms, it cannot easily 

propagate in a transgranular fashion because of the relaxation at higher UCT, but at 

lower UCT they can propagate easier due to less relaxation and the resulting higher 

stress concentrations. This, in turn, implies that a relatively larger number of smaller 

cracks and intergranular fracture are expected at the higher UCT (350°C), as observed in 

the SEM investigations.  

 

Figure 6.11. Summary of the average actuation strains and actuation fatigue lives 

observed in the thermo-mechanical fatigue experiments carried out on nano-precipitation 

hardened Ni50.3Ti29.7Hf20 HTSMAs heat treated at 550°C for 3 hours, for the four stress - 

UCT combinations considered in this work. The error bars were obtained based on the 

companion experiments conducted for each case. " Reprinted with permission from 

[161]. " 
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6.7. Calorimetric Results and Phase Transformation Behavior 

       Transformation temperatures and enthalpies of each specimen prior to and following 

(after failure) the fatigue experiments are presented in Table 1 and the corresponding 

DSC results are demonstrated in Figure 6.5 (a)-(c). Clearly, there are significant changes 

in both transformation temperatures and enthalpies following thermo-mechanical 

cycling. Considering that the variation in transformation enthalpies among the failed 

samples does not exceed 3 J/g, upon thermo-mechanical cycling, the enthalpy of the 

samples dropped about 45% on the average (from 18 J/g to about 10 J/g). This large 

reduction in the enthalpy is a consequence of dislocations and other defects that impede 

the quantity of the material allowed to undergo thermally-induced martensitic phase 

transformation (Figure 6.5 (a) and (b)). Even though the differences are small, the 300°C 

UCT samples seem to have lower transformation enthalpies than the 350°C UCT 

samples following the fatigue failure, indicating that the former may have smaller 

volume of transforming material towards the end of the fatigue cycling. Indeed, this is in 

agreement with the lower actuation strains observed in the 300°C UCT cases.   

In contrast, the failed samples exhibited a significant increase in Ms and Af temperatures, 

and this increase in Ms (∆Ms = Ms
post−fatigue

− Ms
pre−fatigue

) showed a remarkable 

correlation, an almost linear relationship, with the number of cycles to failure (Figure 6.5 

(c)). In particular, the 300°C UCT samples exhibited much higher ∆Ms than the 350°C 

UCT samples for a given stress level while the same trend was observed for the samples 

tested under 300 MPa, i.e. they exhibited notably higher ∆Ms than the samples tested 

under 400 MPa. This increase in the transformation temperatures should be a result of 
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either the internal stresses stored during thermo-mechanical cycling [194], or the growth 

of existing nano-precipitates or formation of new ones, depleting Ni content of the 

matrix and thereby increasing the transformation temperatures. If the latter is correct, 

then one would expect that the 350°C UCT cases should have resulted in higher 

transformation temperatures than the 300°C UCT cases because of the proximity to the 

precipitation temperatures. However, the opposite is observed in Figure 6.5 (c). 

Therefore, the increase in ∆Ms should be a result of the oriented internal stress storage 

facilitated by dislocations and oriented remnant martensite [25, 120, 162].  

 

Figure 6.12. A comparison of the work output vs. number of cycles to failure responses 

of Ni60Ti40 [192], Ni50Ti50 [128], Ti50Ni40Cu10 [193] and nano-precipitation hardened 

Ni50.3Ti29.7Hf20 HTSMA. The Ti50Ni40Cu10 samples were in form of wires whereas all 

others were in form of dog-bone shaped samples. " Reprinted with permission from 

[161]. " 
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6.8. Microstructural Evolution 

SEM images of the fracture surfaces of samples failed under different stress – UCT 

combinations are presented in Figure 6.6, where the observed fracture mode was brittle 

fracture for all tested specimens.  It is noted that thermal cycling under 400 MPa resulted 

in a significant fracture surface roughness (Figure 6.6 (c)-(d)) as compared to the cases 

cycled under 300 MPa. For the former, much higher crack density on the fracture 

surface, especially at triple junctions (shown by arrows), is evident as compared to those 

samples thermally cycled and failed under 300 MPa. It is known that intergranular 

cracking is characterized by rock-candy triple points and faceted appearances, while 

transgranular cracking is characterized by river patterns, cleavage steps and feather 

markings [173]. Accordingly, in the current study, the crack growth mode was 

intergranular for specimens with shorter fatigue lives, while samples with longer fatigue 

lives failed upon transgranular crack propagation based on the fracture surface 

investigations (Figure 6.3 and Figure 6.6).        
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Figure 6.13. Effect of UCT on the actuation fatigue response of the nano-precipitation 

hardened Ni50.3Ti29.7Hf20 HTSMA samples heat treated at 550°C for 3 hours under  300 

MPa. The experiment with 250°C UCT did not result in failure of specimen, and the 

experiment was stopped at about 31,000 cycles. " Reprinted with permission from 

[161]." 

 

   Figure 6.6 (e) and (f) demonstrate the microcracks on the sub-surfaces (roughly 60 m 

below the actual surface due to the polishing) of the Ni50.3Ti29.7Hf20 HTSMA samples 

subjected to thermo-mechanical cycling under 300 MPa with 300°C UCT and 400 MPa 

with 350°C UCT, respectively. Microcrack networks that are randomly distributed cover 

the entire surfaces of the HTSMA samples, and the lengths of the microcracks vary 

between 10 µm and 200 µm. Furthermore, the microcracks formed mostly parallel to 

each other and perpendicular to the loading direction, and at the triple junctions. It is 

noted that the density of cracks is similar for most cases at the point of failure but 

slightly higher in the case of 400 MPa - 350°C UCT sample, implying that the increases 

in both the applied stress level and UCT promote faster formation of cracks, and 

consequently, earlier failure in fatigue experiments. Specifically, higher applied stresses 
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and UCT promote larger irrecoverable strains (Figure 6.4), such that plastic strains 

accumulating at a higher rate during cyclic loading lead to earlier failure of the samples 

loaded under these conditions through intergranular crack propagation (Figure 6.6).  

The microstructural evolution upon thermo-mechanical cyclic loading of the 

Ni50.3Ti29.7Hf20 samples heat treated at 550°C for 3 hours was further investigated, both 

prior to and following the fatigue failure, in order to reveal the evolution of precipitate 

size and morphology, and other microstructural fatigue features during thermal cycling 

under different UCT and applied stress levels. In particular, since nano-precipitates start 

to form above 400°C in Ni50.3Ti29.7Hf20 alloys [187] and applied stress may accelerate the 

precipitation kinetics, it is expected that thermal cycling under stress with UCT of 300°C 

or 350°C can influence the size and morphology of existing nano-precipitates in the 

present alloy. If the precipitate size, morphology, and volume fraction evolve during 

thermo-mechanical cycling, this would substantially affect cyclic evolution of actuation, 

irrecoverable strains and the fatigue lives, and thus, the precipitates should be carefully 

monitored before and after the experiments.  

   The TEM investigations revealed that the precipitates in all Ni50.3Ti29.7Hf20 tested 

samples have similar sizes (maximum 10-15% difference) and morphologies regardless 

of the different stress – UCT combinations used when compared to the samples prior to 

testing (Figure 6.7 Figure 6.8). Therefore, the observed dense distribution of nanometer-

sized ellipsoidal precipitates is mainly a result of the relatively short heat treatment (3 

hours) carried out at 550°C for the present material (Figure 6.7(a)) [29]. It is noted that 

the specimens tested with a 300°C UCT have an average precipitate size of 16 nm along 
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the long axis, while the samples tested at 350°C UCT feature slightly larger precipitates 

with about 18.5 nm average sizes, as indicated in Figure 6.8. This slight increase in the 

precipitate size could arise from the growth of precipitates during thermo-mechanical 

cycling with a higher UCT through enhanced diffusion under stress. It is not clear if such 

a small change in the precipitate size can be responsible for notable differences in the 

cyclic evolution of the properties as a function of UCT and stress level. 

   In addition to the morphology and size of the precipitates, the twinning modes active 

in the B19’ martensite were also investigated using TEM (Figure 6.10). Specifically, 

bright field images and the corresponding diffraction patterns revealed that (001)-

compound twins and (011) Type I twins were present in all tested samples. Even though 

the (011) Type I twins are considered appropriate for lattice invariant shear (LIS) 

deformation, the (001)-compound twins are regarded as deformation twins due to their 

incompatibility with LIS deformation [29]. Figure 6.10 (a) shows two sets of twinned 

variants exhibiting (001)-compound twinning. The main variant and the twins are 

marked by white and yellow indices on the corresponding selected area diffraction 

(SAD) pattern, respectively, and the green indices indicate (002) reflections belonging to 

other variants (Figure 6.10 (b)). In addition, precipitates leading to the 1/3{110}-type 

satellites and fundamental reflections due to either retained austenite or precipitates are 

marked with P labels. Figure 6.10 (c) shows a bright-field image where the boundaries 

between two martensite variants are indeed (011) B19’ common twin plane (type I). 

Another SAD pattern obtained from the failed samples (Figure 6.10). Figure 6.10 (d) 

clearly shows the (011)B19’ type I twin plane and two martensite variants on the [100]B19’. 
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In this figure, precipitates are represented by the fundamental reflections, and ¼(210)B2 

satellites are marked with orange arrow and triangles [29]. All other martensite variants 

are marked with green triangles. Comparing the present TEM results with our earlier 

investigations on the same material [29], it was not possible to identify significant 

differences, in terms of the type of twins and amount of different type twins in 

martensite, between pre- and post-fatigue samples. Therefore, more detailed TEM 

investigations are needed at high temperatures in the austenite phase to better understand 

the dislocation structures in the post-fatigue samples and reveal the fatigue induced 

microstructural changes. Moreover, high energy synchrotron or neutron diffraction 

experiments on the post-fatigued or interrupted fatigue samples can help better reveal the 

microstructural evolution and understand the role of UCT and applied stress level on the 

microstructural evolution.    

 6.9. Summary and Conclusions 

   The effects of applied stress level and upper cycle temperature (UCT) on the thermo-

mechanical fatigue performance of nano-precipitation hardened Ni50.3Ti29.7Hf20 high-

temperature shape memory alloy (HTSMA) were investigated. Fatigue experiments were 

accompanied by a set of pre- and post-experimental differential scanning calorimetry, 

scanning electron microscopy, fractography, and transmission electron microscopy 

(TEM) in order to reveal the microstructural parameters governing the cyclic evaluation 

of actuation and irrecoverable strains, cyclic stability, and actuation fatigue lives. Based 

on the results, main findings and conclusions can be summarized as follows: 
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• As the applied stress level and the UCT increase, the Ni50.3Ti29.7Hf20 HTSMA 

samples exhibit shorter fatigue lives yet higher actuation strains. Specifically, 

thermo-mechanical cycling under 300 MPa with 300°C UCT leads to a fatigue life 

of about 10,500 cycles, while the specimens subjected to 400 MPa with 350°C 

UCT fail at about 1530 cycles. 

• Higher stress levels and UCT in general promote the accumulation of higher 

apparent permanent strains. In particular, the specimens cycled up to 350 °C 

exhibit larger irrecoverable strains as compared to the samples tested up to 300 °C 

under the same stress. Similarly, the samples tested under 400 MPa exhibit about 

twice the irrecoverable strains at a given number of cycles as compared to the 

samples tested under 300 MPa at the same UCT. Furthermore, the actuation strain 

remains constant or increases as a function of the number of cycles when the UCT 

is 350°C; however, the specimens cycled with 300°C UCT exhibit a decreasing 

trend in terms of actuation strain. This increase in actuation strain is also attributed 

to the accelerated formation of cracks at higher UCTs, which open and close when 

the sample reversibly transforms between martensite and austenite, contributing to 

the apparent actuation strain. 

• Fracture surface investigations indicate that higher applied stress levels and 

increasing UCT lead to a much rougher fracture surface and slightly higher 

density of microcracks in the samples, signature of intergranular fracture while the 

lower stress levels and higher UCT result in transgranular fracture. Thus, lower 
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applied stress – UCT combination should be considered for the safe utility of 

Ni50.3Ti29.7Hf20 HTSMAs for actuator applications. 

• TEM analysis revealed that the precipitates observed in the tested and untested 

Ni50.3Ti29.7Hf20 samples exhibit nearly equivalent sizes and morphologies, and 

thus, UCT and applied stress were concluded not to have a considerable impact on 

growth of the precipitates during thermo-mechanical fatigue experiments 

considered in the present work.  

• Post-mortem DSC analysis revealed that there is a significant increase in the 

martensite start temperatures, as high as 80°C, in the fatigued samples. The 

increase in this temperature show a remarkable correlation with the number of 

cycles to failure. The possible change in the precipitate size and associated change 

in the matrix composition was ruled out as a potential reason for this increase due 

to the insignificant change in precipitate size in the fatigued samples. Therefore, 

the increase was attributed to the oriented internal stress storage facilitated by 

dislocations and oriented remnant martensite. 

• Ni50.3Ti29.7Hf20 HTSMA heat treated at 550°C-3 hours exhibited considerably high 

work output 16MJ/m3 for 400 MPa-350°C,  dimensional stability up to more than 

10,000 cycles under condition of 300 MPa-300°C, and impressive cyclic stability 

as compared to NiTi binary SMAs, and these impressive properties were obtained 

at much higher operating temperatures than NiTi.  
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CHAPTER VII                                                                                                                

ON THE ROLE OF APPLIED STRESS LEVEL ON THE ACTUATION 

FATIGUE PERFORMANCE OF NITIZR HIGH TEMPERATURE SHAPE 

MEMORY ALLOYS 

   This study focuses on the influence of applied stress levels on the actuation fatigue 

performance of Ni-rich NiTiZr alloys. Aging treatment of Ni-rich NiTiZr alloys forms 

H-phase precipitates as a superstructure of B2 phase, which not only improves 

mechanical and shape memory properties of the material, but also yields control of 

martensitic transformation temperatures by depleting Ni content in the matrix [3, 6, 29]. 

After this improvement, one constitutive parameter that becomes extremely important 

for widespread implementation of Ni-rich NiTiZr alloy as a high temperature actuator is 

understanding of the actuation fatigue properties of these alloys. Even though 

mechanical fatigue of SMAs are extensively investigated, actuation fatigue behavior of 

Ni-rich NiTiZr alloys remains relatively unknown or available studies are somewhat 

limited to a few hundred thermo-mechanical cycles. This study strives to establish the 

first fundamental understanding on actuation fatigue behavior of nano-precipitation 

hardened Ni-rich NiTiZr under different stress levels. Precipitation hardened 

Ni50.3Ti29.7Zr20 was investigated until rupture to examine this behavior with a focus of 

the effect varying stress levels has on transformation characteristics, such as, actuation 

strain, irrecoverable strain, and fatigue life. Based on fatigue test results, Ni-rich 

Ni50.3Ti29.7Zr20 shows potential for use as a high temperature actuator in practical 

applications due to a significant achievement of 12,600 cycles average fatigue life and 

only ~0.86% actuation strain under a 200MPa load. 
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Aging at 550°C-3h introduced densely populated and heterogeneously distributed small 

H-phase nano-precipitates with a size of 6 to 22nm (measured along the large axis) 

surrounded by a continuous martensite matrix (Figure 7.1(a)). Figure 7.1(b) and (c) 

exhibited temperature vs strain graphs for two extreme load cases; 200MPa vs 400MPa. 

From these results, irrecoverable strain and actuation strain were calculated until sample 

fractured. Detailed information how to calculate shape memory characteristics can be 

found in [50, 161]. Figure 7.1(b) and (c) displayed development of plastic deformation 

as a function of isobaric thermal cycles. Also, transformation temperatures shifted with 

thermal cycles under constant load levels. More significant increase was observed in the 

case of 200MPa due to greater number of fatigue life.  

 

Figure 7.1 (a) Nano-precipitates within the matrix after aging 550°C-3h, temperature vs. 

strain evolution of nano-precipitation hardened Ni50.3Ti29.7Zr20 alloys until failure under 

stress level of (b) 200MPa, (c) 400MPa, and effect of applied stress levels on (d) the 

evolution of actuation (e) work-output of Ni50.3Ti29.7Zr20. 
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Figure 7.1 (d) presented the influence of applied stress on actuation strain and fatigue 

life of nano-precipitation hardened Ni-rich NiTiZr alloys during thermally induced 

transformations. Fatigue life of the specimens decreased as a function of increasing 

applied stress levels, yet in contrast, the actuation strain level increased. Specimens at 

200MPa failed at ~12,600 cycles on average, whereas, at a stress level of 400MPa 

fatigue life was reduced to an average of only ~180 cycles. As stress levels increased 

from 200MPa to 400MPa, the average actuation strain increased from 0.86% to 2.10% 

respectively. Higher fatigue life came at the expense of diminished actuation strain. 

   Figure 7.1(e) presented the work-output vs. fatigue life of NiTiZr alloy aged at 550°C-

3h. The work-based approach was adopted to relate the applied loading conditions to the 

actuation fatigue life of SMA. The work-based model was expressed as 𝜎𝑎𝑐𝑡𝜀𝑎𝑐𝑡 =

𝑎𝑁𝑓
−𝑏 [129, 175], where applied stress level (𝜎𝑎𝑐𝑡) multiplied by average actuation strain 

(𝜀𝑎𝑐𝑡) represented actuation work-output of actuation cycles. Empirical parameters 𝑎 and 

𝑏 in the work-output model relate work-output to fatigue life (Nf). Experimental data of 

NiTiZr alloy fitted well with power law formulation of work-based model.  Primary aim 

of this model provides a life prediction method to decrease the number of fatigue testing 

which is time-consuming and costly. 
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Figure 7.2 (a) Effect of applied stress levels on the evolution of the irrecoverable strain 

for nano-precipitation strengthened Ni50.3Ti29.7Zr20 alloy (b) stress vs. strain graph of 

Ni50.3Ti29.7Zr20 aged at 550°C-3h obtained through servo-hydraulic MTS test frame, and 

fracture surface of specimens failed at stress level of (c) 200MPa and (d) 400MPa.    
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   Figure 7.2(a) showed the evolution of irrecoverable strain under different applied 

stress levels. Irrecoverable strain increased rapidly over the first few hundred cycles after 

which it continued to increase but at a lower rate. The rate of increase in the 

irrecoverable strain was faster with a larger applied stress. Highest irrecoverable strain 

was observed at 200MPa and associated with the longest fatigue life. Stress-strain curves 

profile can explain the reason of earlier failure of samples at 400MPa. As seen in Figure 

7.2 (b), nanoprecipitation hardened NiTiZr alloy was brittle with high modulus and 

exhibits low degree of elongation. NiTiZr alloy attained yield strength of 600MPa and 

ultimate strength of 1220MPa. Fractography of broken samples at 200MPa and 400MPa 

were carried out using SEM (Figure 7.2(c) and (d)). Primary predominant fractographic 

feature in SEM micrograph was brittle fracture associated with flat fracture surface 

which was in a good agreement with MTS results.  

                           

Figure 7.3 (a) Stress-free DSC measurements over ten thermal cycles prior to fatigue 

testing for Ni50.3Ti29.7Zr20 alloy in the as-extruded condition and aged at 550°C-3h, (b) 

decrease in the Ms for two conditions (c) post-mortem heating DSC curve of pre- and 

post-fatigue specimens. 
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-45 to 122°C in the first DSC cycle (Figure 7.3(a)). Development of H-phase nano-

precipitates after aging treatment at 550°-3h improved thermal stability of alloy (Figure 

7.3(b)) and these precipitates act as a barrier dislocation motion. Post-fatigue test results 

revealed that heat of transformation decreased by more than 50% after failure (Figure 

7.3 (c)). Since the increase in the number of thermo-mechanical cycles allowed 

formation of more internal stresses, specimens with higher fatigue life experienced a 

greater reduction in the heat of transformation. The reason behind this reduction 

stemmed from less material being available to undergo martensitic transformation due to 

the internal stress accumulation during repeated transformation, stabilizing the 

martensite state. Furthermore, there was a change in Af temperature of failed specimens 

compared to those untested sample ∆Af (𝐴𝑓
𝑃𝑜𝑠𝑡−𝑓𝑎𝑡𝑖𝑔𝑢𝑒 𝑡𝑒𝑠𝑡

− 𝐴𝑓
𝑃𝑟𝑒−𝑓𝑎𝑡𝑖𝑔𝑢𝑒 𝑡𝑒𝑠𝑡

 ). There 

were two main competing factors that affected the transformation temperatures of 

specimens during repeated martensitic transformations. The increase in ∆Af was a 

consequence of oriented internal stresses of dislocation arrays piling up during thermo-

mechanical cycling[110]. The decrease in ∆Af has been rationalized by the increasing 

dislocation density during thermally-driven transformation cycles making it more and 

more difficult for the martensitic phase to undergo martensitic transformation [195]. 

From these deductions the higher fatigue life under 200MPa resulted in a larger 

accumulation of oriented internal stress fields and rise in ∆Af above 0°C. Earlier failure 

under 400MPa induced less oriented internal stress fields, hence, the drop in ∆Af below 

0°C.  
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Figure 7.4. Grain size images of failed Ni50.3Ti29.7Zr20 samples (a) 200MPa, (b) 400MPa 

and (c) grain size distribution plots of 200MPa and 400MPa.  

 

   Figure 7.4 (a) and (b) displayed the grains after failure of the specimens under 200MPa 

and 400MPa. Size of average grain was calculated based on randomly selected 30 grains. 

Specimens under 200MPa had greater average grain size than those under 400MPa. 

Average grain size was determined to be ~14.8±4.0µm for specimens under 200MPa 

after ~12,600 cycles and ~11.6±3.5µm for samples under 400MPa after ~180 cycles 

(Figure 7.4 (c)). Due to differences in fatigue life between two cases, specimens under 

200MPa were exposed to heat for a longer period of time as compared to those under 

400MPa. Expectedly, grain growth increases as a function of the period of time spent at 

higher temperatures increases. 

   The focus of this study was centered on establishing a fundamental understanding of 

reliability, durability, mechanical test data, and the work attributes for the nano-

precipitation hardened Ni-rich Ni50.3Ti29.7Zr20 alloy. Actuation fatigue test results 

revealed that the increase in stress levels decreased fatigue life, yet in contrast, resulted 

in a rise in actuation strain. In other words, a higher fatigue life came at the cost of 
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diminished actuation strain. With a fatigue life as high as ~12,600 cycles and a 

considerable amount of actuation strain of ~0.86%, nano-precipitation hardened 

Ni50.3Ti29.7Zr20 HTSMAs are viable candidates for use as actuators in high temperature 

applications.  
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CHAPTER VIII                                                                                                       

EFFECTS OF UPPER CYCLE TEMPERATURE ON THE ACTUATION 

FATIGUE PERFORMANCE OF NITIZR HIGH TEMPERATURE SHAPE 

MEMORY ALLOYS 

This study focuses on the role of upper cycle temperature (UCT) on the actuation fatigue 

performance of nano-precipitation hardened Ni-rich NiTiZr alloys by studying loaded 

cyclic thermally-induced martensitic transformations to fracture. 

H-phase precipitates in Ni-rich NiTiZr alloys do not only strengthen the matrix against 

plastic deformation, but also modifies transformation temperatures by depleting Ni 

content within the matrix [3, 6, 29, 62, 196]. These developments stimulate growing 

interest towards understanding the actuation fatigue behavior of Ni-rich NiTiZr which 

remains unknown. Widespread implementation of this alloy as a high-temperature 

actuator depends on fatigue performance under various application parameters. Since 

there is no study concerning the influence of upper cycle temperature on actuation 

fatigue response of nano-precipitation hardened Ni-rich NiTiZr alloys (and available 

works are only to investigate several hundred cycles), this work establishes first 

fundamental understanding of transformation characteristics and actuation fatigue life of 

these alloys under thermal cycling at different upper cycle temperatures until failure [3, 

6, 166]. 
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Figure 8.1. Initial material properties of nano-precipitation hardened Ni50.3Ti29.7Zr20 

alloy before the actuation fatigue testing (a) transformation temperatures of specimens in 

as-extruded condition and aged at 550°C-3h, (b) decrease in the Ms of specimen as a 

function of DSC cycles under stress free conditions for as-extruded condition and aged 

at 550°C-3h, (c) bright field TEM micrograph of microstructure after aging at 550°C-3h, 

(d) grain size analysis in the optical microscopy for sample aged at 550°C-3h. 

 

 A sample of Ni50.3Ti29.7Zr20 alloy was produced by induction melting and subsequently 

homogenized in vacuum at 1050°C-72h. The ingots were then extruded at 900°C with 

area reduction ratio of 7:1. The as-extruded rod was machined into dog-bone shaped 

specimens that were aged at 550°C for 3h. Finally, specimens were thermo-mechanically 
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cycled until fracture at different UCT levels, specifically 250, 300, 350 and 400°C in 

custom-built constant load fatigue test frames. 

 

 

Figure 8.2 Effect of UCT levels on the actuation fatigue performance of nano-

precipitation hardened Ni50.3Ti29.7Zr20 alloys, temperature vs. strain vs evolution until 

failure of specimens at (a) 250°C UCT, (b) 400°C UCT and evolution of (c) actuation 

strain and (d) irrecoverable strain for various UCT levels. 

    

   Prior to fatigue testing, initial material characteristics were determined using DSC, 

TEM and optical microscopy to evaluate the evolution of microstructure and thermal 

behavior after the failure of the specimen (Figure 8.1). Examination of the first stress-

free DSC cycle showed as-extruded samples having a Ms of -45°C, whereas, 550°C-3h 

aged samples had a Ms of 122°C (Figure 8.1 (a)). After ten DSC cycles Ms reduced by 

35°C for the as-extruded specimens, and 20°C for the specimens aged at 550°C -3h 

(Figure 8.1 (b)). The change in transformation temperatures was significantly affected by 
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aging treatment as is evident from the large differences between these values. Aged 

samples reached a more stable condition faster than the as-extruded specimens. The 

TEM micrograph shows that aging at 550°C-3h resulted in a homogeneous distribution 

of densely populated H-phase nano-precipitates throughout the martensite matrix and are 

~10-20nm in length and ~3-7nm in width (Figure 8.1 (c)). Grain sizes were measured 

using optical microscopy and were between 3-30µm (Figure 8.1 (d)). 

   Figure 8.2 (a) and (b) show the strain vs. temperature evolution with thermal cycling 

under stress level of 300MPa for two extreme UCT levels of 250°C and 400°C. 

Irrecoverable strain progressively increased throughout the life of the actuator for all 

selected UCT levels (Figure 8.2 (c)). A large accumulation of irrecoverable strain was 

observed over the first few hundred cycles and continued to increase at a lower rate until 

fracture. The rapid increase of irrecoverable strain in the early cycles was more 

prominent at the higher UCTs as the amount of permanent strain increases more rapidly 

at higher operating temperatures. Thermal hysteresis shifted to the right during 

thermomechanical cycling, signifying increased transformation temperatures as a 

function of thermal cycles. Actuation fatigue testing revealed that UCT played an 

important role in determining the durability of specimens and their corresponding 

actuation strain (Figure 8.2 (d)). When comparing the fatigue test results from distinct 

applied UCT levels, it was found that as UCT was increased, so did actuation strain, 

however, fatigue life decreased. UCT of 250°C resulted in a fatigue life of ~21,000, 

however, increased UCT levels reduced fatigue life to ~1,500 at 400°C. These results 

demonstrate that average fatigue life for specimens at 250°C UCT is fourteen times 
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longer than that of samples at 400°C UCT. Unlike the fatigue life trend, increase in UCT 

improved reversibility of actuation strain, hence, the largest actuation strain was 

obtained at the highest applied UCT. Less actuation strain during repeated 

transformations at an UCT of 250°C is an indication of the material undergoing partial 

transformation during cycling. Actuation strain decreased continuously throughout the 

life of the actuator for all UCT levels. Specimens with an UCT of 400°C had ~1.9% 

actuation strain, and those with an UCT of 250°C resulted in ~0.47% actuation strain.  

   Microstructural characterization after failure was aimed to relate the evolution in the 

microstructure, thermal and mechanical properties to shape memory performance of 

nano-precipitation hardened Ni-rich NiTiZr. The DSC curves in Figure 8.3 (a) 

demonstrate the change in heat flow during cooling of the tested and untested samples. 

Broadening of the cooling curve is an indication of heterogeneous transformation due to 

defects and cracks in the material. Stabilization of martensite, caused by internal stresses 

accumulated during repeated transformations, reduced the amount of material available 

to undergo martensitic transformation which significantly reduced the heat of 

transformation. The reduction in the heat of transformation was more pronounced in the 

test with an UCT 250°C. Figure 8.3 (b) displays the differences between tested and 

untested fatigue Ms temperatures of the samples (∆Ms = Ms
after fatigue

− Ms
before fatigue

). 

There was a almost linear relationship between increase in fatigue life and ∆Ms. From 

this experimentation, it was observed that thermomechanical cycling during repeated 

transformations increased transformation temperatures, as can be seen by the increase in 
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Ms temperature after cycling. The largest increase in transformation temperature was 

observed at 250°C and is associated with the highest fatigue life.   

      

Figure 8.3. Post- mortem analysis through DSC after failure of samples (a) heat of 

transformation of failed samples at different UCT levels as compared to untested sample 

in the stress free condition during cooling, (b) evolution of Ms temperature of failed 

samples relative to an untested sample.  ∆𝑀𝑠 = 𝑀𝑠
𝑎𝑓𝑡𝑒𝑟 𝑓𝑎𝑡𝑖𝑔𝑢𝑒

− 𝑀𝑠
𝑏𝑒𝑓𝑜𝑟𝑒 𝑓𝑎𝑡𝑖𝑔𝑢𝑒

. 

 

   The SEM micrographs in Figure 8.4 show the cross-sectional fatigue fracture 

morphologies for the two extreme UCT conditions of 250°C and 400°C. Higher applied 

UCT level promoted mostly intergranular cracking (Figure 8.4 (b)), whereas lower 

applied UCT level mostly favored transgranular cracking (Figure 8.4(a)). It is assumed 

that continual void formation weakened the samples during the extended period of 

repeated martensitic transformation. Upon further examination of the cross-section of the 

samples (Figure 8.4 (c and d)), it appears that a low crack density formed during 

repeated cycling and propagated perpendicular to the applied stress. These cracks 

appeared similarly in all samples and so were identified as a likely cause of fracture. 
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Increased UCT levels caused faster defect formation, hence, shorter fatigue life. Cracks 

ranged from 100 µm to 500 µm in size.                     

        

                 

Figure 8.4. Secondary electron images of the fracture surfaces of nano-precipitation 

hardened Ni50.3Ti29.7Zr20 HTSMA specimens after failure at (a) 250°C-UCT and (b) 

400°C-UCT, backscattered electron micrographs of microstructure examined in the 

interior section of broken samples at (c) 250°C-UCT and (d) 400°C-UCT. 

 

  This first comprehensive thermally activated actuation fatigue study of nano-

precipitation hardened Ni50.3Ti29.7Zr20 alloy was conducted under different applied UCT 

levels. Fatigue tests and microstructural observation show that having an UCT above 
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300°C results in a drastically reduced fatigue life performance, however, actuation strain 

increases at a higher applied UCT. NiTiZr alloys demonstrate a reasonable fatigue life of 

~21,000 at 250°C associated with ~0.47% actuation strain. Higher UCT yields poorer 

mechanical stability, resulting in earlier failure and larger permanent strain over fewer 

cycles. The microstructure of post-failure specimens revealed crack formation during 

repeated transformation ultimately leading to the failure of the samples. This crack 

initiation was accelerated at a higher UCT and these cracks then propagated through the 

thickness of the specimens promoting earlier fracture. This work has demonstrated that 

nano-precipitation strengthened Ni50.3Ti29.7Zr20 can be a viable actuator material in high-

temperature applications provided the UCT is maintained ≤300°C. 
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CHAPTER IX                                                                                                      

COMPARISON OF ACTUATION FATIGUE PERFORMANCE FOR NI-RICH 

NITIHF AND NITIZR HIGH TEMPERATURE SHAPE MEMORY ALLOYS 

   The focus of this study is centered on investigation of actuation fatigue performance of 

Ni-rich NiTiHf and NiTiZr alloys. After proper heat treatment, Ni-rich NiTiHf and 

NiTiZr alloys exhibit reasonable shape memory properties due to formation of nano-

scale H-phase precipitates. But prior to widespread implementation of these promising 

alloys in high temperature applications, characterization and a detailed understanding of 

the actuation fatigue performance of these alloys is needed. Consequently, 

thermomechanical fatigue testing through the thermally induced phase transformation 

under constant loads from 200 to 500 MPa is performed until failure. 

To our knowledge, comprehensive study in Hf- and Zr-based HTSMAs is still lacking in 

the literature. Available comparative studies are mostly limited to transmission electron 

microscopy (TEM) and calorimetry investigation. This study constitutes the first 

systematic comparative investigation on actuation fatigue properties of Ni-rich NiTiHf 

and NiTiZr. Comparing Hf and Zr addition at same stoichiometric composition will 

provide a better assessment of actuation fatigue performance of these alloys under 

different stress levels. Additionally, precise characterization through microstructure 

(precipitates size, morphology and volume fraction), mechanical testing (stress vs. strain 

evolution) and thermal analysis will provide a better understanding on actuation fatigue 

life and strain differences between two alloys. In summary, with larger actuation strain, 

higher fatigue life and work-output, nano-precipitation hardened Ni50.3Ti29.7Hf20 alloy 

demonstrates extraordinary promise. Consequently, utilization of this class of alloys in 
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elevated temperature applications occurs where high work-output density and high 

fatigue life are desired. 

 

Figure 9.1. Comparison of transformation temperatures for Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 alloys in the condition of (a) As-Extruded (b) 550°C-3h and (c) both As-

Extruded and 550°C-3h. 

9.1. Stress-Free Martensitic Transformation Temperature and Thermal Stability 

    As it is known, aging treatment plays significant role in enhancing mechanical and 

shape memory properties of SMAs. Nano-precipitation hardening at 550°C-3h was 

shown to be effective heat treatment in improving actuation fatigue response of 

HTSMAs. The present study has started on the basis of this scenario where as-extruded 

NiTiHf and NiTiZr alloys were heat treated at 550°C-3h to modify transformation 

temperatures and strengthen the thermal and mechanical stability. Ten consecutive DSC 

cycles were performed on as-extruded and aged samples to examine improvement in the 

thermal properties of HTSMAs samples. 
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Figure 9.2. Decrease in the Ms temperatures of  Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 

alloys due to stress free  thermal cycling through DSC in the condition of (a) As-

Extruded (b) 550°C-3h and (c) both As-Extruded and 550°C-3h. 

 

  Figure 9.1 compared the DSC results for Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys in 

both as-extruded and 550°C-3h cases. DSC results indicated that Hf addition instead of 

Zr to binary NiTi alloy is much more effective in increasing transformation temperatures 

in as-extruded (precipitate-free). The transformation temperatures of materials aged at 

550°C-3h were higher than as-extruded condition due to formation of H-phase 

precipitates within the microstructure (Figure 9.1. (a) and (b)). H-phase precipitates are 

relatively Ni-rich compared to microstructure of alloy. Thus, the increase in the 

transformation temperatures after aging was rationalized on the basis of nickel loss in the 

matrix due to creation of Ni-rich H-phase precipitates. Besides, Ni50.3Ti29.7Hf20 alloy 

exhibited higher transformation temperatures than Ni50.3Ti29.7Zr20 counterpart in both as-

extruded and aging at 550°C cases. However, precipitation hardening led to higher 

transformation temperature rise in Zr-based alloy which is consistent with TEM 

observation, indicating that size of H-phase precipitates was bigger in Zr-based alloy 

than that in Hf-based alloy (Figure 9.1). While the difference in Ms was 150°C in as-

extruded case, nano-precipitation hardening reduced this difference to 30°C. Sluggish 
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diffusivity of Hf as compared to Zr was the main reason in the reduction of difference in 

Ms, indicating faster coarsening kinetics for Zr. 

  

Figure 9.3. Comparison of morphology, size and distribution of precipitates after aging 

at 550°C-3h for (a) Ni50.3Ti29.7Hf20 (b) Ni50.3Ti29.7Zr20 and (c) comparison of size of 

precipitates along long axis and short axis for Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys. 

 

   Thermal hysteresis is calculated as (ΔT:Af-Ms). Thermal hysteresis was considerably 

smaller in Hf-based alloy than Zr-based alloy in as-extruded condition. In both alloys, 

aging at 550°C-3h decreased the thermal hysteresis in comparison to as-extruded case as 

a result of precipitation strengthening (Figure 9.2). Change in first Ms temperature with 

respect to following subsequent stress-free thermal cycles represents thermal stability of 

alloy (ΔMs:𝑀𝑠
𝑓𝑖𝑟𝑠𝑡

− 𝑀𝑠
𝑡𝑒𝑛𝑡ℎ). Nano-precipitation hardening improved thermal stability 

of both alloys. The shifts in Ms decreased after 3 or 4 consecutive cycles due to 

formation precipitates as compared to as-extruded case in both alloys since precipitation 

hardening generated fewer amounts of defects during stress-free transformation. The 

shift in Ms was smaller in Hf-based alloy than Zr-based alloy, indicating that Hf-based 

alloy has stronger resistance to formation of defects.  
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Figure 9.4. Strain vs. temperature response of nano-precipitation hardened 

Ni50.3Ti29.7Hf20 loaded at (a) 200MPa, (b) 400MPa and Ni50.3Ti29.7Zr20 loaded at (c) 

200MPa, (d) 400MPa. 

9.2. Microstructure of NiTiHf and NiTiZr Alloys 

Figure 9.3 (a) and (b) showed bright field TEM images to compare the size, morphology  

and distribution of precipitates in the Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys aged at 

550°C-3h. Morphology of precipitates was same and spindle like in shape for both 

alloys. The comparison of precipitate sizes was summarized in Figure 9.3 (c). Aging 

treatment at 550°C-3h resulted in larger precipitates in NiTiZr material than NiTiHf 

alloy for the same stoichiometric composition. This was attributed to faster coarsening 

kinetics in Ni50.3Ti29.7Zr20 alloy due to increased mobility at elevated temperature since 

faster diffusivity of Zr as compared to Hf was readily apparent. After aging at 550°C-3h, 



149 

 

size of average precipitates was in 14.7nm in length along long axis in the NiTiHf alloy, 

while average precipitate size reached to 25.3nm in length in the NiTiZr alloy. 

 

Figure 9.5. Evolution of actuation strain until failure of specimens for nano-precipitation 

hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 materials under (a) 200MPa, (b) 300MPa 

and (c) 400 MPa. 

9.3. Strain vs. Temperature of NiTiHf and NiTiZr alloys 

Strain vs. temperature fatigue tests were carried out on Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 alloys aged at 550°C-3h as a method to evaluate actuation strain, 

dimensional stability and work-output under various stress levels. In the present study, 

specimens were loaded under constant stress levels through a series of ascending load 

levels (200MPa, 300MPa, 400MPa and 500MPa) and thermally cycled twice through 

transformation regime at each applied load levels. 

Figure 9.4 illustrated strain vs. temperature evolution of both alloys until fracture of 

samples under stress levels of 200 and 400MPa. Actuation strain, irrecoverable strain, 

work output and fatigue life were derived from these data and compiled in Figure 9.5 

Figure 9.6, Figure 9.7 and Figure 9.8. Fatigue test on NiTiZr alloy at 500MPa was not 

performed due to poor mechanical properties of this alloy at that stress level. 

Irrecoverable strain is the displacement that alloy can no longer recover through shape 
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memory effect.  Irrecoverable strain was generated in each load-biased thermal cycling. 

Irrecoverable strain reached to maximum value at highest applied load levels for NiTiHf 

alloy, but NiTiZr alloy attained similar amount of irrecoverable strain at all stress level 

before failure. Shape of hysteresis loop in the 1st and last cycles in both alloys was 

different due to microstructural change during repeated transformations. Each load-

biased thermal cycling contributed to plastic deformation through accumulation of 

dislocations and other type of defects that led to change in the microstructure of alloy.  

 

Figure 9.6. Effect of stress levels on the evolution of actuation strain for nano-

precipitation hardened (a) Ni50.3Ti29.7Hf20  and (b) Ni50.3Ti29.7Zr20 alloys. 

9.4. Actuation Fatigue Properties of NiTiHf and NiTiZr alloys 

Nano-precipitation hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys were subject to 

isobaric thermal cycles until specimen fractured to evaluate their actuation fatigue 

properties. Stress levels were increased from 200MPa in 100 increments up to 400MPa 

and 500MPa. Figure 9.5 compared evolution of actuation strain at different applied 

stress levels. Ni50.3Ti29.7Hf20 alloys had considerably higher actuation strain than 

Ni50.3Ti29.7Zr20 counterpart at all applied stress levels. For instance, NiTiHf alloy were 

capable of generating 2.01% at 200MPa, while NiTiZr alloy can induce lower actuation 

strain of 0.86% on the average. This study suggested that addition of Hf to NiTi instead 



151 

 

of Zr element results in greater recoverable strain. The difference in the actuation strain 

may be rationalized that thickness of martensite plate in the NiTiHf material, is much 

smaller than that in NiTiZr material for similar precipitate sizes. Santamarta attributed 

this observation as an evidence for easier accommodation of transformation strain in 

NiTiZr materials than NiTiHf, which in turn resulted in lower transformation strain in 

the NiTiZr materials. Furthermore, NiTiHf alloy exhibited greater number of fatigue life 

over broad range of stress level than NiTiZr alloy. Average fatigue life was obtained as 

20,200 for NiTiHf alloy loaded at 200MPa, while NiTiZr alloy can only withstand up to 

12,600 isobaric thermal cycles. These observations revealed that neither actuation strain 

nor fatigue life of NiTiZr alloys is comparable with its NiTiHf counterpart.   

 

Figure 9.7. Evolution of irrecoverable strain until failure of specimens for nano-

precipitation hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 materials under (a) 200MPa, 

(b) 300MPa and (c) 400 MPa. 

 

Figure 9.6 illustrated the influence of applied stress level on the actuation fatigue 

performance of NiTiHf and NiTiZr alloys. Actuation strain increased with increasing 

stress levels, reaching to peak value of 3.22% at 500MPa and 2.10% at 400MPa for Hf-

based and Zr-based alloys, respectively (Figure 9.6). Higher applied stress levels 
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resulted in more martensite twin variants to reorient towards an orientation during 

cooling, thus inducing more transformation strain available to be recovered during 

subsequent heating sample above Af temperature. Unlike the trend in actuation strain, 

fatigue life of specimen reduced while increasing applied stress level in both alloy. For 

instance, NiTiHf specimen under 200MPa lasted 20,200 cycles to failure, whereas same 

specimen was only capable of performing 4,100 cycles. NiTiZr alloy also experienced 

similar drop in fatigue life as applied stress level increased. Increase stress level from 

200MPa to 400MPa reduced average fatigue life from 12,600 to 180 cycles. Rate of 

decrease was much faster with Zr-alloy, indicating Zr-alloy more sensitive to load level 

applied. 

   

Figure 9.8. Effect of stress levels on the evolution of irrecoverable strain for nano-

precipitation hardened (a) Ni50.3Ti29.7Hf20  and (b) Ni50.3Ti29.7Zr20 alloys.  

 

   Figure 9.7 represents comparison of irrecoverable strain for nano-precipitation 

hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys at different stress levels. 

Irrecoverable strain until failure of specimens is lower for the Zr-based alloy than Hf-

based alloy at all stress levels. Increasing applied stress levels promoted plastic 

deformation, in a way that irrecoverable strain increased concomitant with isobaric 
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thermal cycles. In the early stage of thermal cycling, high amount of dislocations was 

generated. Consequently, all Hf- and Zr-based samples exhibited faster irrecoverable 

strain evolution rate over few hundred thermo-mechanical cycles. Afterwards, it started 

to continue at lower rate until failure of specimens. 

 

 

 

 

 

 

 

  

Figure 9.9. Comparison of uniaxial stress vs. strain curves of Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 material aged at 550°C-3h 

 

Nano-precipitation hardened Ni50.3Ti29.7Zr20 alloy appeared improved resistance against 

plasticity than Ni50.3Ti29.7Hf20 alloy at all stress levels (Figure 9.8). However, when 

magnitude of actuation strain was taken into account, their irrecoverable strains were 

comparable since Hf-based alloy had greater actuation strain that may induce larger 

irrecoverable strain. Ratio of irrecoverable strain to actuation strain was 1.5 for NiTiHf 

alloy under 200MPa, while this ratio reached to 2.1 for NiTiZr alloy under the same 

stress level. The amount of irrecoverable strain or open-loop increased during each 

thermal cycle. Some unrecovered strain occurred at all stress levels applied, indicating 
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dimensional stability problem in both alloys even at relatively low stress level of 

200MPa. Increased stress levels facilitated formation of irrecoverable strain, which 

peaked at 500MPa for NiTiHf alloy and at 400MPa for NiTiZr alloy.  

 

Figure 9.10. Comparison of work-output vs. number of cycles to failure of (a) 

Ni50.3Ti29.7Hf20 vs. Ni50.3Ti29.7Zr20 alloys and (b) high temperature shape memory alloys 

(HTSMAs) vs. low temperature shape memory alloys (LTSMAs) including Ti40Ni50Cu10 

wires, bulk Ni50Ti50, Ti50Ni40Cu10 wires, bulk Ni60Ti40. The equations and solid lines are 

obtained through power-law relationship 𝜎𝑎𝑐𝑡𝜀𝑎𝑐𝑡 = 𝑎𝑁𝑓
−𝑏 . 

9.5. Stress-Strain Behaviour of NiTiHf and NiTiZr Alloys  

   Figure 9.9 displayed the stress-strain curves of nano-precipitation hardened NiTiHf 

and NiTiZr alloy at the room temperature. The initial slope was higher in NiTiZr alloy 

than NiTiHf alloy. The stress-strain curves profile of Zr-based alloy was indication of 

hard and brittle sample with high modulus and low degree of elongation. Consequently, 

it fractured at a much lower strain. This observation supported the idea that addition of 

Hf produced low modulus sample, resulting in increase in the degree of elongation with 

low modulus. It is hard to define yield point of both alloys. Thus, offset yield point was 

set at 0.2% plastic strain. While yield strength of NiTiHf was 435MPa, ultimate strength 

was approximately 1470MPa. NiTiZr alloy had yield strength of 600MPa and ultimate 

strength of 1220MPa.  
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   Fractography of failed samples at 300MPa was performed by means of SEM 

microscopy. SEM micrographs of fractures surfaces demonstrated that the most 

predominant fractographic features in NiTiZr was brittle fracture since the fracture 

surface was flat and smooth, suggesting rapid initial crack growth in a brittle mode. 

NiTiHf alloy promoted moderately ductile fracture which was consistent with the results 

of stress vs. strain curve. Brittle fracture mode in NiTiZr is up to debate. It might be 

intrinsic property of this alloy or sample might contain higher amount carbide and oxide 

content than Hf-based alloy.  

                                        

Figure 9.11. Changes in the transformation temperatures and  transformation heat of the 

fatigue failed Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 samples during heating at different 

stress levels as compared to the untested and aged Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 

samples at 550°C-3h. 

9.6. Stress-Free Transformation Heat and Temperatures of Failed Samples  

   DSC measurement was performed on failed samples to observe the change in the 

transformation heat and temperatures of untested and failed samples during cooling 

process as seen in Figure 9.11 for both alloys. Clearly, significant changes were 

observed in both transformation temperatures and transformation heat following 
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actuation fatigue cycling. The area under curve represents transformation heat during 

cooling process. Failed NiTiHf specimens experienced large reduction almost 50% 

(from 18J/g to 9J/g) as compared to untested sample, while larger reduction nearly 70% 

(from 15J/g to 5J/g ) in the transformation heat was observed for failed NiTiZr alloy at 

200MPa and 300MPa with exception of the stress level at 400MPa where NiTiZr 

exhibited lower reduction in transformation heat due to shorter fatigue life ~180 cycles. 

Thermomechanical cycling also led to transformation peaks and range to get wider, 

implying the inhomogeneous microstructure. It indicated that some part of samples 

started to transforms earlier than others due to microstructural inhomogeneity generated 

by dislocations and other type of defects during repeated transformations. Decrease in 

heat of transformation was a consequence of accumulation of plastic deformation that 

stabilizes the martensite phase and allows fewer regions to undergo martensitic 

transformation. The decrease in the transformation heat was consistent with decrease in 

the actuation strain, implying less smaller volume of transforming microstructure at the 

end of the actuation fatigue cycling. 

 

Figure 9.12. Post-mortem DSC results demonstrating evolution of the Ms temperatures 

of the fatigue failed specimens as compared to the untested nano-precipitation hardened 

(a) Ni50.3Ti29.7Hf20 (b) Ni50.3Ti29.7Zr20  (c) both Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20. 
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Figure 9.12 displayed the difference between pre- and post-fatigue Ms temperatures 

(∆Ms = Ms
after fatigue

− Ms
before fatigue

) of nano-precipitation hardened NiTiHf and 

NiTiZr alloys. NiTiHf alloys exhibited notably much higher ∆Ms than NiTiZr alloys. 

The increase in ∆Ms is result of oriented internal stress fields or growth of precipitates 

during repeated transformations. NiTiHf alloy exhibited an increasing trend in Ms 

concomitant with increase in fatigue life for the applied stress levels ranging from 

300MPa to 500 MPa. The samples at 200 MPa, however, slightly deviated from this 

increasing trend since less quantity of internal stress was stored than those of the other 

selected stress levels. Interestingly, almost entire NiTiZr alloy attained ∆Ms below 0°C, 

indicating lack of preferred oriented martensite by oriented internal stress fields. 

Increase in transformation temperatures appears independent from growth of precipitates 

since H-phase precipitates grow faster in NiTiZr alloys due to faster diffusivity of Zr, but 

failed NiTiZr alloys had ∆Ms below 0°C. Consequently, the increase in ∆Ms should be a 

consequence of oriented internal stress fields generated by oriented martensite and 

dislocations. 
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Figure 9.13. Comparison of nano-precipitation hardened Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 materials at different stress levels in terms of (a) fatigue life (b) work 

output. 

9.7. Work-Based Model 

   Main interest in HTSMAs is their potential for use a solid-state actuator and being a 

major component in adaptive structures One of primary aim of actuation fatigue testing 

is to develop a life prediction method by generating fatigue life data. Prediction method 

will reduce the iterative process of fatigue testing that is expensive and time-consuming. 

   Stress-based and strain-based methods have been proposed to predict actuation fatigue 

life under constant stress. However, as it was presented by Calhoun et al for low 

temperature SMAs, neither the stress nor strain methods have successfully predicted 

actuation fatigue life of specimens. As an alternative to strain or stress based methods, a 

work-based method has been adopted to make fatigue life-prediction that accounts both 

varying actuation strain and stress levels. In the work-based method, actuation lifetime 

(Nf) has a correlation with work-output of specimen in each isobaric thermal cycles. 

Work-based method was established on the critical plane model of Smith, Watson and 
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Topper. Work-output at each stress level was measured by multiplying average actuation 

strain (𝜀𝑎𝑐𝑡) by constant stress level applied (𝜎𝑎𝑐𝑡). Power law formulation of work-

based model is expressed as 𝜎𝑎𝑐𝑡𝜀𝑎𝑐𝑡 = 𝑎𝑁𝑓
−𝑏, where two empirical actuation fatigue 

parameters a and b relate the work output to actuation lifetime of alloys (Nf). Based on 

work-based model formulation, decrease in fatigue parameter a leads to reduction in 

work-output, implying cyclic degradation of shape memory properties at a high rate. 

Inversely, increase in power exponent b refers to faster deterioration of samples, 

resulting in reduction in work-output along with number of cycles to failure. 

Isobaric thermally cycled tests were carried out on nano-precipitation hardened Hf and 

Zr based alloys to evaluate their work-output potential which is one of the most critical 

factor in determining suitability of actuator in practical applications. Samples were 

subject to a series of increasing stress levels; 200MPa, 300MPa, 400MPa and 500MPa. 

The results showed that increasing stress levels increased the work-output, but decreased 

fatigue life. Adding Hf instead of Zr to NiTi alloy produced higher work-output. 

   Figure 9.10(a) exhibited work-output vs fatigue life data of NiTiHf and NiTiZr alloys 

that fit to power law equation of work-based model. NiTiHf alloy acquired greater value 

proportionality constant a than that of NiTiZr alloy, implying that NiTiHf is a promising 

candidate with higher work-output potential. Based on this observation and MTS results, 

it may be concluded that brittle samples promote lower proportionality constant a. 

Interestingly, both alloys attained similar value of b ~ 0.5.  Figure 9.10(b) presented 

actuation fatigue data of high temperature SMAs and low temperature SMAs which 

were obtained from literature. Low temperature SMA consisted of dogbone shaped 
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specimens and small wires. The figure demonstrated that work-based model has properly 

predicted the actuation fatigue properties of either high and low temperature SMAs. 

Experimental data of different materials either low temperature or high temperature 

SMA have fitted well to same power exponent b. Interestingly, power exponent b 

became either ~ 0.5 or ~ 0.8, pointing out that there is a mathematical law between 

physical and mechanical properties of SMA and power exponent b. In this study, 

mechanical properties of NiTiHf and NiTiZr was extracted, but to find a mathematical 

law, further mechanical analysis is required on one of low temperature SMA such as 

equiatomic NiTi which has power exponent of ~ 0.8. 

   Based on observation captured from Figure 9.10, it was concluded that although 

operating temperatures of HTSMAs is relatively higher than low temperature SMAs, 

nanoprecipitation hardened NiTiHf alloys exhibited superior shape memory response 

than low temperature SMAs since suitability and performance of SMAs was determined 

in having high magnitude of work-output and fatigue life. Actuation fatigue performance 

of Ni-rich NiTiZr alloys are inferior to that of Ni-rich NiTiHf alloys. Brittle materials 

appear inappropriate for use as an actuator in the adaptive structures. 

Figure 9.13 demonstrated the applied stress levels and resulting fatigue life and work-

output in both alloys. Summary plot did not include work-output data at 500MPa for Zr-

based alloy since this alloy is able survive up to several hundred cycles at 400MPa. 

Magnitude of work-output increased in a consistent with increasing applied stress levels, 

reaching a maximum value at 400MPa in both alloys. In contrast, fatigue life decreased 

with increasing stress level, reaching a peak at 200MPa. 
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9.8. Conclusions 

   The focus of the present study was centred on comparison of thermal, mechanical, 

microstructural and actuation fatigue behaviour of Ni-rich Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20 alloys. Nano-precipitation hardened specimens at 550°C-3h were 

thermally cycled at different stress levels until fracture of specimens. Main findings are 

the as follows: 

Transformation temperatures are 150°C higher in Ni50.3Ti29.7Hf20 than Ni50.3Ti29.7Zr20 in 

as-extruded condition. Precipitate hardening by aging at 550°C-3h reduced this 

difference 30°C due to formation of larger precipitate sizes in the Zr-based alloys. Hf 

addition is more effective to increase transformation temperature as compared to its 

counterpart Zr element.  Furthermore, thermal stability is improved after nano-

precipitation hardening in both alloys. After ten consecutive stress-free thermal cycles, 

reduction in Ms is 6.5°C for NiTiHf alloy, while NiTiZr alloy experiences 20°C drop in 

Ms (°C), indicating Hf-based alloy more stable. 

Aging at 550°C-3h introduced densely populated small nano-precipitates surrounded by 

a continuous martensite matrix. Ni50.3Ti29.7Zr20 alloy has larger H-phase precipitate sizes 

than Ni50.3Ti29.7Hf20, indicating faster precipitate-coarsening kinetics in the NiTiZr alloy 

for same stoichiometric composition.  

Nano-precipitation hardened Ni50.3Ti29.7Zr20 HTSMA specimens showed lower 

irrecoverable at all stress levels that its NiTiHf counterpart, indicating greater resistance 

to plastic deformation during repeated transformation. 
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NiTiHf alloy demonstrated higher fatigue life and larger actuation strain than NiTiZr 

alloy at all stress levels applied. Hence, NiTiZr systems have inferior shape memory 

properties to Hf alloyed NiTi ternary alloys. Besides, increase in stress level reduced 

fatigue life yet increase actuation strain in both alloys. Higher actuation strain came at 

the expense of diminished number of cycles to failure. 

Stress vs. strain graph indicated that nano-precipitation strengthened NiTiZr alloy is 

found to be somewhat brittle than Ni-rich NiTiHf counterpart with lower degree of 

elongation which is supported by SEM micrograph which surface is smooth for Zr-based 

alloy while it is rough for Hf-based alloy. 

Work-based model successfully captured actuation fatigue response of HTSMAs and 

LTSMAs. Both alloys contained almost equivalent power exponent b ~ 0.5 and different 

proportionality constant a. NiTiHf alloy produced greater work-output than NiTiZr 

alloy. Even though operating temperature is higher, NiTiHf alloy exhibited superior 

actuation fatigue response than LTSMA. 

Precipitation hardened Ni50.3Ti29.7Hf20 HTSMA produced attained higher amount of 

work-output, actuation fatigue life and actuation strain as compared to its precipitation 

hardened Ni50.3Ti29.7Hf20 HTSMA counterpart. The current Ni50.3Ti29.7Hf20 HTSMA 

exhibited great potential as an actuator in the high temperature applications. 
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CHAPTER X                                                                                                              

TWO-WAY SHAPE  MEMORY EFFECT IN THE NITIHF AND NITIZR HIGH 

TEMPERATURE SHAPE MEMORY ALLOYS 

   In the current study, the effect of constant load thermal cycles (training) on the 

thermomechanical behavior of nano-precipitation strengthened Ni50.3Ti29.7Hf20 (NiTiHf) 

and Ni50.3Ti29.7Zr20 (NiTiZr) high temperature shape memory alloys (HTSMAs) was 

compared. Thermomechanical properties were determined as a function of the number of 

training cycles, which consisted of up to 2000 isobaric thermal cycles at 300 MPa, 

between lower and upper cycle temperatures of 35 and 300 C, respectively.  In addition, 

the stability of the trained alloys was determined after exposing them to thermal 

treatments at temperatures above the upper cycle training temperature. Training at 300 

MPa significantly improved the actuation strain capability of the NiTiHf HTSMA at low 

stresses (i.e., 50 MPa) and resulted in an extrapolated two-way shape memory strain 

(TWSMS) of 1.9%, but essentially had no effect on the 300 MPa response.  Training had 

much lower benefits in the case of the NiTiZr, producing negligible TWSMS, and 

resulting in a decrease in actuation strain capability at 300 MPa with repeated cycling.  

Any benefits of training to the NiTiHf HTSMA were mostly maintained after aging at 

400 C but were lost after exposure to 500 C and above. Since training was not very 

beneficial to the NiTiZr alloy and resulted in a loss in strain capability at 300 MPa, the 

high temperature annealing treatment actually recovered strain capability in the alloy.  

Although there are several studies in literature about thermomechanical training of 

binary NiTi SMA and associated changes in shape memory characteristics [107, 114-

118], limited studies are available for NiTi based HTSMAs [5, 108, 110, 119]. Training 
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procedures employed in these studies usually comprise a relatively low number of 

thermal cycles, i.e. up to a few hundred thermal cycles targeted to achieve a stable shape 

memory behavior in the HTSMA. A significant difficulty to obtain a stable response in 

HTSMAs is the recovery of the thermally cycled microstructure, either by the reversal of 

the retained martensite or relaxation of the defect structure due to the necessity to heat 

up to elevated transformation temperatures. For instance, Atli et. al [110, 120, 121] 

reported a near-perfect two-way shape memory effect (TWSME) stability in a 

Ti50.5Ni24.5Pd25 HTSMA characterized by minimal shape changes during stress-free 

thermal cycling, but no significant TWSME in Ti50.5Ni28,5Pt21 due to its relatively high 

transformation temperatures relaxing any training induced defects during thermal 

cycling. Applied stress during training cycles is another important parameter that defines 

the overall shape memory behavior of the trained material. A low stress may not be 

enough to fully reorient martensite variants during thermal cycling, and thus not induce a 

strong training effect; while high stresses may cause plastic deformation and martensite 

stabilization, essentially reducing the amount of transforming volume [123]. The effects 

of training stress magnitude and number of cycles on the resulting actuation behavior 

have recently been studied in Ni50.3Ti29.7Hf20 torque tubes [119].  It was reported that an 

actuation shear strain of about 3%, independent of the applied stress, can be obtained in 

nano-precipitation hardened Ni50.3Ti29.7Hf20 HTMSAs. The training effect got even 

better after a short term annealing heat treatment at 350 °C. However, increasing 

annealing temperatures, especially above 450 °C, started to degrade the training affected 

microstructure, decreasing the actuation strain.   
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While there are limited studies on the thermomechanical training behavior of NiTiHf 

HTSMAs, to our knowledge, there is no study conducted on the training behavior of Ni-

rich NiTiZr HTSMAs and their thermal stability at elevated temperatures. Therefore, the 

first objective of the present study is to investigate the evolution of thermomechanical 

properties of nano-precipitation hardened Ni50.3Ti29.7Zr20 (at. %) HTSMA during a 

training procedure consisting of 2000 thermal cycles at 300 MPa and compare with a 

baseline Ni50.3Ti29.7Hf20 (at. %) HTSMA (Figure 3.3). Additionally, this study aims to 

understand the degradation of the actuation strain in both trained alloys after stress-free 

heat treatment at temperatures above their operating temperatures (>300 °C). The 

purpose here is to establish a fundamental understanding on the thermal stability of 

training induced dislocations and defects, and a systematic comparison of shape memory 

properties of these alloys. Trends in actuation strain, two-way shape memory strain and 

safe operation temperature ranges for these particular HTSMAs are finally reported.  

10.1. Calorimetric results of Ni-rich Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys 

   Figure 10.1(a) presents ten cycle DSC response of Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 

HTSMAs heat treated at 550 °C for 3h. Both materials exhibit a single-stage 

transformation without any evidence of R-phase transformation. First cycle Mf, Ms, As 

and Af temperatures of Ni50.3Ti29.7Hf20 were measured as 125 °C, 155 °C, 152 °C and 

178 °C, respectively, using the tangent intersection method. Transformation 

temperatures of Ni50.3Ti29.7Zr20 in the first DSC cycle were found as 108 °C, 123 °C, 149 

°C and 162 °C for Mf, Ms, As and Af, respectively. Transformation enthalpy was 17.8 J/g 



166 

 

and 15.3 J/g for Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20, respectively, measured as the area 

under the forward transformation peak (cooling cycle).  

   Figure 10.1(b) demonstrates the change in Ms temperature during ten consecutive 

stress-free DSC cycles for heat treated Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys. Change 

in Ms temperature as a function of stress-free thermal cycles represents the cyclic 

stability of alloys (ΔMs:𝑀𝑠
𝑓𝑖𝑟𝑠𝑡

− 𝑀𝑠
𝑡𝑒𝑛𝑡ℎ). For Ni50.3Ti29.7Hf20, there was a drop of 6.5 °C 

in Ms after ten DSC cycles, while for Ni50.3Ti29.7Zr20, the same value was 20.2 °C. As it 

is well known, the decrease in transformation temperatures with stress-free thermal 

cycling may be attributed to the accommodation of the transformation shape change with 

defects during the repetitive motion of transforming phase interfaces [21]. The drop rate 

in Ms for Ni50.3Ti29.7Hf20 decreased after four consecutive thermal cycles and the 

transformation temperature got almost stabilized after eight DSC cycles, whereas Ms of 

Ni50.3Ti29.7Zr20 continued decreasing steadily throughout the ten cycles.  

  
Figure 10.1 DSC results of Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 alloys aged at 550°C-3h 

(a) transformation temperatures and transformation heat (b) decrease in the Ms 

temperature representing cyclic instability of materials during stress-free thermal cycling 

across martensite and austenite phases. 
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Figure 10.2 Bright field TEM images after aging at 550°C for 3h (a) Ni50.3Ti29.7Hf20 (b) 

Ni50.3Ti29.7Zr20 and (c) comparison of size of precipitates along long axis and short axis 

for Hf- and Zr- based alloys. 

10.2. Electron microscopy results 

   Figure 10.2 (a) and (b) show the backscattered electron micrographs of as-extruded 

Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMAs, respectively. White particles (A) with sizes 

ranging from 0.4 to 3 µm were identified as HfC through EDS in NiTiHf, while dark 

gray second phases (B) with size of 2-5µm were of (Ti/Zr)2Ni type with a measured 

composition of Ni39Ti35Zr26 (at. %). Volume fraction of HfC is 0.17% in Ni50.3Ti29.7Hf20, 

whereas second phases occupied a volume fraction of 0.95% in Ni50.3Ti29.7Zr20. It is 

likely that HfC particles formed in Ni50.3Ti29.7Hf20 due to the reaction of hafnium with 

carbon in the graphite crucible during melting.  

Volume fraction and size of second phase are much greater in Ni50.3Ti29.7Zr20 than 

Ni50.3Ti29.7Hf20. Second phases were associated with low strength, poor reversibility, 

large thermal hysteresis in NiTiHf HTSMAs [24, 34, 70]. Thus, microstructural 

investigation results support the DSC and isothermal monotonic failure testing results 

(See Section 3.4) of NiTiHf and NiTiZr alloys. For this reason, NiTiZr might have 
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higher detwinning stress, lower ductility and poor reversibility than NiTiHf. 

Additionally, poor TWSME properties could be the consequence of higher volume 

fraction of second phases in NiTiZr. 

Figure 10.2 (a) and (b) are the bright field TEM images showing the morphology, size 

and distribution of precipitates in aged Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMAs. 

Precipitate phase corresponded to the H-phase, a face-centered orthorhombic structure 

with F 2/d 2/d 2/d space group described in [29, 95, 124]. Nanometer sized spindle-

shaped precipitates were observed for both HTSMA compositions (Figure 10.2(c)). It 

can be inferred that aging at 550 °C for 3h led to a more pronounced coarsening effect 

for the precipitates in Ni50.3Ti29.7Zr20 than Ni50.3Ti29.7Hf20. The difference in precipitate 

size may be rationalized with faster coarsening kinetics in Ni50.3Ti29.7Zr20 alloy due to 

increased mobility of Zr element at high aging temperatures since Zr is lighter than Hf. 

Ni50.3Ti29.7Zr20 provides at least 20% weight reduction than Ni50.3Ti29.7Hf20 [197]. 

Therefore, after aging at 550 °C for 3h, average long axis length of H-phase precipitates 

was measured as 14.7 nm and 25.3 nm in Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMA, 

respectively.  
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Figure 10.3 Comparison of uniaxial stress vs. strain curves of nano-precipitation 

hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMAs. 

10.3. Isothermal Monotonic Stress-Strain Response 

   Isothermal monotonic tensile tests were performed to compare the room temperature 

strength levels of nano-precipitation strengthened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 

HTSMAs. Figure 10.3 demonstrates the complete deformation behaviour of both 

materials to failure. It is observed that  ultimate stress to fracture was 1470 MPa in 

NiTiHf with a ductility of 7.3%, while NiTiZr fractured at 1220 MPa at a much lower 

strain of 3.2%. The reorientation stress of NiTiHf and NiTiZr HTSMAs were recorded 

as 435 MPa and 600 MPa, respectively. Isothermal monotonic failure results of the 

materials will be useful in the following sections to elucidate the evolution behavior of 

the actuation strain as a function of training cycles. 
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Figure 10.4 Evolution of actuation strain during thermomechanical training procedure 

employed in this study and subsequent effect of annealing treatment on the actuation 

strain of material previosly trained  for 2000-cycles isobaric thermal cycling. The results 

are for nano-precipitation hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20  alloys.  

10.4. Evolution of the Actuation Strain and Generation of TWSME  

To provide a fundamental understanding on the evolution of actuation strain and 

generation of TWSME as a result of thermomechanical training, key parameters that 

have influence on the magnitude and stability of the actuation strain and TWSME will 

be briefly introduced. During thermomechanical training of SMAs, transformation-

induced plasticity (TRIP) is the most prominent deformation mechanism, which takes 

place during martensitic transformation due to volume mismatch between martensite and 

austenite phases, resulting in the formation of dislocations at the phase interfaces [110, 

198]. Furthermore, general plasticity and creep deformation may occur due to formation 

of local stress concentrations above the critical resolved shear stress, which is strongly 

affected by the magnitude of the upper cycle temperature during thermomechanical 

training. Defects generated during training may also induce nucleation of preferred 

oriented martensite (OM) through oriented internal stress fields which is a source for 

generation of TWSME, yet excessive plasticity results in a reduction in the actuation 

strain [110, 120, 162, 199, 200]. For the NiTiHf HTSMA of the current study, three 
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possible mechanisms have recently been proposed by Hayrettin et al. [119] for the 

generation of the TWSME, which were remnant martensite, aligned nano-precipitates 

and dislocations and other defects or combination of these mechanisms. In the same 

study, TEM analysis showed that no significant change was observed in size and 

orientation of the precipitates after training, concluding that possible internal stress fields 

around aligned nano-precipitates could not be a reason for the TWSME. Based on his 

observation, it may be postulated that stability of the actuation strain and TWSME in 

NiTiHf and NiTiZr HTSMAs tested in the current study originates from dislocations and 

other defects. 

                         

                         

Figure 10.5 Evolution of strain vs. temperature response at 1st, 1000th and 2000th 

training cycles for nano-precipitation hardened Ni50.3Ti29.7Hf20 under (a) 50MPa, (b) 

300MPa and Ni50.3Ti29.7Zr20 under (c) 50MPa, (d) 300MPa. 
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10.5. Thermomechanical training and evolution of actuation strain and TWSME 

   Figure 10.4 illustrates the evolution of actuation strain for nano-precipitation hardened 

Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 during the 2000 cycle thermomechanical training and 

the subsequent effect of annealing heat treatments on the evolution of actuation strain 

generated through the training procedure. It is observed for both HTSMAs that after the 

1st characterization sequence, actuation strain reaches its maximum value. This value is 

3.25% and 1.93% for NiTiHf and NiTiZr, respectively. As training cycles commence, 

the actuation strain starts declining at a steady rate of 10-4 % and 3x10-4 % per cycle for 

NiTiHf and NiTiZr, respectively, which clearly shows the superior actuation strain 

stability in the NiTiHf HTSMA. At the end of 2000 thermal cycles, the actuation strain 

of NiTiHf drops by a total 0.24% to 3.01%, while the decrease of actuation strain is by 

0.67% in NiTiZr to 1.26%.  

 

Figure 10.6 Evolution of actuation strain as a function of applied stress levels at various 

training cycles for nano-precipitation hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20. 

 

   Figure 10.5 illustrates the 1st, 1000th and 2000th training cycle strain vs. temperature 

responses of age-hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMAs under different 

stress levels. For Ni50.3Ti29.7Hf20 loaded at 50MPa, 1st training cycle was completed with 
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a relatively low actuation strain as compared to the 1000th and 2000th training cycles, 

which can be attributed to the lack of  oriented internal stress fields in the early training 

cycles (Figure 10.5 a and c)). Larger values of actuation strain were recorded in 1000th 

and 2000th cycles due to the presence of oriented internal stress fields. Similar to 

Ni50.3Ti29.7Hf20, Ni50.3Ti29.7Zr20 loaded at 50 MPa exhibited the smallest actuation strain 

at the 1st training cycle while obtaining largest actuation strain at the 2000th training 

cycle (Figure 10.5 (c)). At 300MPa, Ni50.3Ti29.7Hf20 had almost the same value of 

actuation strain irrespective of the number of training cycles, where 2000th cycle had 

slightly lower actuation strain compared to 1st cycle (Figure 10.5(b)). For Ni50.3Ti29.7Zr20, 

the difference in actuation strain between 1st and 2000th cycle at 300MPa was more 

apparent (Figure 10.5 (d)). Decrease in actuation strain was most likely a result of 

accumulation of plastic deformation and formation of retained martensite, resulting in 

decrease in the volume fraction of transforming microstructure during martensitic 

transformation.  

 

Figure 10.7 Evolution of actuation strain as a function of number of cycles under 

various applied stress levels for nano-precipitation hardened Ni50.3Ti29.7Hf20 and 

Ni50.3Ti29.7Zr20. 
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Figure 10.6 displays a summary of the actuation strain vs. applied stress levels during 

each characterization sequence of the thermomechanical training process for both 

materials. Overall, a trend of increasing actuation strain with increasing stress level is 

observed for both materials. For Ni50.3Ti29.7Hf20, below 250 MPa, an increase in 

actuation strain with increasing number of training cycles was recorded at a constant 

applied stress, while this value was 150 MPa for Ni50.3Ti29.7Zr20. Above these threshold 

stress values, an increase in the number of training cycles reduced the actuation strain of 

both HTSMAs which was obtained in 1st characterization sequence. As mentioned 

previously, this decrease is attributed to the stabilization of martensite and a reduction in 

the transforming volume. From Figure 10.6, two-way shape memory strain (TWSMS) 

was calculated by extrapolating the actuation strain values of 50MPa and 100MPa to 

0MPa. Although this method only gives a rough estimate of the actual value of the 

TWSMS, it is convenient for comparison purposes. Before the commencement of 

training cycles (i.e. 300 MPa cycles), extrapolation of strains at two lowest applied stress 

levels (50MPa and 100MPa) demonstrated that NiTiHf and NiTiZr at zero stress had no 

TWSMS before thermomechanical training, while actuation strain at 300MPa was 

3.15% for NiTiHf and 1.92% for NiTiZr. After 250 training cycles, TWSMS reached to 

0.85 % for NiTiHf, while actuation strain increased to 3.25 % at 300MPa with the ratio 

of TWSMS to actuation strain of approximately 26%. As the number of training cycles 

increased, the variation in actuation strain became less sensitive to the applied stress 

level. After 2000 training cycles, the ratio of TWSMS to actuation strain at 300 MPa 

increased to 62%. For NiTiZr, there was almost no TWSMS during isobaric thermal 
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cycling regardless of the number of training cycles or the applied stress, with the only 

exception of after 2000 training cycles, where the alloy exhibited a relatively small 

TWSMS of 0.15%. The reason for the low actuation strain as well as the TWSMS in 

NiTiZr alloy can be attributed to the higher detwinning stress of this material (Figure 

10.3). It is harder to reorient martensite variants and induce a large shape change in 

NiTiZr. Therefore, transformation induced defects are harder to be introduced to bring 

about the training effect.   

 

Figure 10.8 Effect of annealing treatment on the evolution of actuation strain and 

TWSMS stored after 2000th training cycles. 

 

   Figure 10.7 presents the evolution of actuation strain as a function of training cycles at 

different applied stress levels for Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMAs. For both 

alloys, increasing training cycles led to increased actuation strain at 50 MPa, while 

increasing number of training cycles adversely affected the actuation strain above 

250MPa and 200 MPa for Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 respectively, where there 

was a slight decrease in actuation strain from first cycle to 2000th cycle. For 

Ni50.3Ti29.7Hf20, difference in actuation strain between 50MPa and 300MPa decreased 

from 2.61% to 0.81% from 1st training cycle to 2000th cycles. Same value in 
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Ni50.3Ti29.7Zr20 was 1.76% at 1st training cycle and 0.82% at 2000th cycles. This reduction 

was attributed to formation of oriented internal stress fields, which promoted formation 

of favorable martensite variants, while inhibiting non-favorable ones. 

 

 

Figure 10.9 Change in the TWSMS obtained right after 2000th training cycles as a 

function of annealing treatment for nano-precipitation hardened (a) Ni50.3Ti29.7Hf20 and 

(b) Ni50.3Ti29.7Zr20. 

10.6. Effect of annealing on the stability and magnitude of TWSMS 

   Since dislocations, other defects and oriented internal stress fields are the origin of a 

stabilized actuation strain and TWSME in HTSMAs, it is crucial to determine their 

stability as a function of temperature, especially above 0.4TH (TH: homologous 

temperature), where diffusional mechanisms play an important role in determining alloy 

response. Unlike conventional SMAs, HTSMAs may be utilized at temperatures 

reaching 500 °C, which result in greater involvement of thermally-induced mechanisms 

in shape memory response of material. To address these challenges, following the 2000 

cycle training process, annealing heat treatment procedures were carried out to quantify 

the stability of TWSMS and actuation strain. Selected annealing temperatures were 400 
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°C, 500 °C and 600 °C for 0.5h. For Ni50.3Ti29.7Hf20, these temperatures corresponded to 

0.43TH, 0.49TH and 0.55TH, respectively. Figure 10.8 illustrates the evolution of 

actuation strain and TWSMS as a function of different annealing heat treatments for 

nano-precipitation hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20. For Ni50.3Ti29.7Hf20, at a 

first glance, it was clear that annealing led to a decreased TWSMS and actuation strain 

below 250 MPa, yet increased the actuation strain at 300 MPa. TWSMS right after 

training dropped from 1.88% to 1.11% as a result of annealing at 400 °C, whereas 

annealing heat treatments at 500 °C and 600 °C resulted in a complete annihilation of the 

defect structure and relaxation of all oriented internal stress fields which was responsible 

for the TWSME. Although a microstructural observation is not presented in the current 

study, it is well known that the annealing process changes the post-training by forming 

more self-accommodated martensite instead of heterogenous single-variant martensite 

[110]. Based on this observation, Ni50.3Ti29.7Hf20 can be considered as inappropriate for 

TWSME applications at temperatures greater than 400 °C. On the other hand, the slight 

increase in actuation strain at 300 MPa after annealing as compared to actuation strain 

right after training was likely the result of reverse transformation of retained martensite 

at high temperature back to austenite, resulting in much more available transforming 

microstructure. Also, another possible reason behind this increase might be relaxation of 

back stresses generated through dislocation structures during training procedure [110]. In 

a sense, annealing heat treatments at 500 °C and 600 °C have a resetting effect on the 

microstructure of NiTiHf, i.e. plots with triangle (500 °C) and diamond (600 °C) 

markers are almost the same as the initial material behavior before training in Figure 
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10.5(a). For Ni50.3Ti29.7Zr20, the magnitude of TWSMS was already close to zero even 

before any annealing heat treatments. Annealing at 400 °C for 0.5h was sufficient to 

relieve all internal stress fields accumulated during isobaric thermal training procedure 

resetting the material back to its pre-training state. Similar to Ni50.3Ti29.7Hf20, annealing 

treatment increased the actuation strain of NiTiZr due to recovery of some remnant 

martensite back to austenite at elevated temperatures, resulting in increasing 

transforming volume. Although the material behaves similar to its pre-training state at 

the end of 500 °C annealing heat treatment, there should be enough damage 

accumulated, that it did not survive the last 300 MPa cycle of the characterization 

sequence after 500 °C annealing. Overall, annealing heat treatments at and above 500 °C 

completely erased the effects of training in both alloys. However, it can be concluded 

that NiTiHf has a superior TWSME performance since it exhibits a significant TWSM 

after training and this TWSM is only partially destroyed if the HTSMA is overheated to 

400 °C, 100 °C above its anticipated operating temperature (Figure 10.9). 

10.7. Summary and conclusions 

In the present work, magnitude and stability of Two-Way Shape Memory Effect 

(TWSME) for nano-precipitation hardened Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 were 

characterized. TWSME was induced during isobaric thermal cycling by developing an 

oriented dislocation structure in the austenitic matrix [201]. Annealing treatment 

procedure was performed at set of temperatures to determine stability of εTWSM which 

obtained right after 2000-cycles thermo-mechanical training. Significant findings and 

conclusions are determined as follows: 
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• For a fixed Ni and Ti contents, coarsening of precipitate phase is faster when 

ternary element is Zr since lighter Zr has faster precipitate coarsening kinetics as 

compared to relatively heavier Hf. Thus, after aging at 550°C-3h, Ni50.3Ti29.7Zr20 

contained larger H-phase precipitates in the microstructure. Precipitate 

morphology is same and spindle-like shape in both alloys. 

• Hf addition is more effective in increasing transformation temperatures of NiTi 

alloy. Nano-precipitation hardened Ni50.3Ti29.7Hf20 at 550°C exhibited higher 

transformation temperatures and better cyclic stability than its Ni50.3Ti29.7Zr20 

counterpart. 

• Training procedure developed an oriented dislocation structure and 

corresponding internal stress fields which guides the formation of preferential 

orientation of certain martensite variants in relation to the deformation adopted 

during thermo-mechanical training, hence leading to a macroscopic shape 

change. During thermo-mechanical training process, εTWSM increases as a 

consistent with increase of training cycles. TWSME behaviour of Ni50.3Ti29.7Hf20 

is better than its Ni50.3Ti29.7Zr20 counterpart with higher εTWSM after 2000 training 

cycles. 

  

• Annealing treatment has an obvious effect on the TWSME in both 

Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20. During the course of annealing process, 

decrease in εTWSM was encountered and attributed to reduction in the amount 

oriented internal stress fields generated during training process. For Hf-based 
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alloy, TWSME is not stable at any annealing temperature. At 400°C for 30min 

reduced to εTWSM 1.88% to 1.11%, whereas further annealing at 500°C caused 

complete annihilation of εTWSM in the material. For Zr-based alloy, annealing at 

400°C is sufficient to annihilate all εTWSM. Thermal stability of TWSME for 

Ni50.3Ti29.7Zr20 are inferior to that of Ni50.3Ti29.7Hf20. The decrease in TWSMS at 

temperature above service temperature (300°C) may be the consequence of 

insufficient training cycles. 

 

• Ni50.3Ti29.7Zr20 is more brittle than Ni50.3Ti29.7Hf20 with low degree of elongation 

at the room temperature. It is more difficult to obtain TWSME in brittle materials 

due lack of sufficient plastic deformation introduced by dislocations and other 

defects. This might be main reason why TWSME behaviour is poor for 

Ni50.3Ti29.7Zr20. 

• Nano-precipitation hardened Ni50.3Ti29.7Hf20 is shown to be viable candidate for 

TWSME applications at high temperatures. It exhibited large amounts of εTWSM 

after 2000th training cycles. Large amount of εTWSM was maintained until 

annealing temperature of 400°C.  
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CHAPTER XI                                                                                                              

MAIN CONCLUSIONS AND FUTURE DIRECTIONS 

   Actuation fatigue properties of Ni50.3Ti29.7Hf20 and Ni50.3Ti29.7Zr20 HTSMAs were 

studied in terms of number of cycles to failure, level of actuation strain, reversibility and 

functional stability. Different heat treatments were applied to identify optimum 

microstructure to enhance shape memory response of material. Microstructural 

characterization was employed to identify underlying mechanism for property 

improvement and deterioration.   

   Functional instability lies in the fact that repeated transformations generate lattice 

defects mostly dislocations. Additionally, increasing UCT and stress level were found to 

accelerate formation of dislocations and caused earlier failure and functional instability. 

Based on experimental results, ideal conditions were determined for NiTiHf and NiTiZr 

alloys which are potential actuator candidates in the aerospace industry as a viable 

alternative to pneumatic and hydraulic actuators. 

   As a result of intensive microstructural investigation, processing studies and failure 

analysis performed throughout this study, ideal testing parameters and underlying 

mechanism responsible for ideal shape memory response and actuation fatigue 

performance of NiTiHf and NiTiZr alloys are evaluated. Based on the experimental 

results of the present investigation, following findings and conclusion can be made: 

1. Heat treatments resulted in H-phase precipitates in both Ni-rich NiTiHf and 

NiTiZr alloys. H-phase is superstructure of B2 austenite phase. The 

crystallography of the twinning modes in Ni-rich NiTiHf remained unchanged 

after formation of H-phase precipitates. 
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2.  Increase in aging temperature and time led to larger precipitates within 

microstructure. H-phase precipitates enhanced cyclic stability of materials 

against plastic deformation and provided control of transformation temperature 

by changing size of precipitates. There was no R-phase transformation during 

reverse and forward transformations. Ni-rich NiTiHf and NiTiZr underwent 

single-step transformation. 

3. Thermomechanical tests indicated that different size of precipitates after various 

heat treatments and the corresponding microstructures considerably have 

influence on actuation strain, plastic strain and fatigue life of Ni-rich NiTiHf and 

NiTiZr. Even though the largest precipitates obtained by FC from 700°C to 

100°C within 48h resulted in the longest number of cycles to failure in NiTiHf 

alloy, namely15,500 cycles under 300MPa-300°C, the corresponding specimens 

suffered from poor level actuation strain of 1.01% and substantial plasticity. 

NiTiHf alloy aged at 550°C-3h tested under the same condition survived until 

10,800 cycles with an average actuation strain level of 2.53%. Since suitability of 

HTSMA for actuator applications is depending on work output and fatigue life, 

specimens heat treated at 550°C-3h seem to be viable candidates over those 

specimens subjected to the other two selected heat treatments, namely FC from 

700°C to 100°C at 48h and 600°C-10h. 

4. Higher stress levels and UCT in general led to the accumulation of higher 

apparent permanent strains. In particular, the samples cycled up to 350 °C 

demonstrated larger irrecoverable strains as compared to the specimens tested up 
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to 300 °C under the same stress. Similarly, the specimens loaded at 400 MPa 

demonstrated about twice the irrecoverable strains at a given number of cycles as 

compared to the specimens tested under 300 MPa at the same UCT. Additionally, 

the actuation strain remained constant or increased as a function of the number of 

cycles when the UCT is 350°C; however, the samples cycled with 300°C UCT 

exhibited a decreasing trend in terms of actuation strain. This increase in 

actuation strain was also attributed to the accelerated formation of cracks at 

higher UCTs, which opened and closed when the specimen reversibly 

transformed between martensite and austenite phases, contributing to the 

apparent actuation strain. 

5. In order to accurately capture the actuation fatigue response of HTSMAs in this 

study, a work-based fatigue life prediction approach was implemented and 

showed that the actuation fatigue lives of the present HTSMA exhibited an 

almost perfect power law correlation with average actuation work output. The 

same work-based power law was demonstrated to successfully capture the 

fatigue lives of several low temperature SMAs, as well. Interestingly, the power 

law exponents for many SMAs were exhibited to be either ~ -0.5 or ~ -0.8, which 

pointed out the likelihood of the existence of a universal empirical rule for 

predicting actuation fatigue lives of SMAs. The power law exponent can be 

correlated with the strength of SMAs against plastic deformation accompanying 

reversible martensitic transformation. 
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6. Experimental observations demonstrated that nano-precipitation hardened 

Ni50.3Ti29.7Hf20 HTSMA is a viable choice for high-force actuator applications at 

elevated temperatures as compared to Ni50.3Ti29.7Zr20 counterpart. Overall, nano-

precipitation hardened Ni50.3Ti29.7Hf20 HTSMA at 550°C-3h that operated at 

elevated temperatures exhibited superior performance as compared to several low 

temperature SMAs when fatigue life and actuation energy density were 

considered as the decisive parameters in determining suitability of candidate 

materials for actuator applications. 

   Overall, the Ni-rich NiTiHf was shown to exhibit better actuation fatigue performance 

than NiTiZr counterpart for actuator application. The current findings constitute the first 

systematically obtained set of results demonstrating the microstructure dependence of 

actuation strain, irrecoverable strain, thermal hysteresis, transformation temperatures and 

fatigue performance of the Ni-rich Ni50.3Ti29.7Hf20 Ni50.3Ti29.7Zr20HTSMA, demonstrating 

the importance of controlling H-phase precipitate size.  

   As a future work, more research is necessary to increase strength levels against plastic 

deformation. Nanoprecipitation strengthening improved cyclic and functional stability of 

material but there is still decrease in actuation strain during isobaric thermal cycling. 

Another major problem in Ni-rich NiTiHf materials is batch to batch variation. 

Preliminary investigation on different batches with same nominal composition 

(Ni50.3Ti29.7Hf20) exhibited different transformation temperatures, actuation strain level, 

fatigue life and irrecoverable strain. Reproducibility is a key factor in manufacturing 

process. Even though nano-precipitation strengthened Ni-rich NiTiHf shows great 
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potential with outstanding shape memory properties, batch to batch variations still 

remain one of the biggest unsolved challenge in mass production of Ni-rich NiTiHf 

HTSMAs. 
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