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Shape memory alloys (SMAs) operating as solid-state actuators pose economic and 

environmental benefits to the aerospace industry due to their lightweight, compact design, 

which provides potential for reducing fuel emissions and overall operating cost in aeronautical 

equipment. Despite wide applicability, the implementation of SMA technology into aerospace-

related actuator applications is hindered by harsh environmental conditions, which necessitate 

extremely high or low transformation temperatures. The versatility of the NiTi-based SMA system 

shows potential for meeting these demanding material constraints, since transformation 

temperatures in NiTi can be significantly raised or lowered with ternary alloying elements and/or 

Ni:Ti ratio adjustments. In this thesis, the expansive transformation capabilities of the NiTi-based 

SMA system are demonstrated with a low and high-temperature NiTi-based SMA; each 

encompassing different stages of the SMA development process. First, exploratory work on the 

NiTiSn SMA system is presented. The viability of NiTiSn alloys as low-temperature SMAs (LTSMAs) 

was investigated over the course of five alloy heats. The site preference of Sn in near-equiatomic 

NiTi was examined along with the effects of solution annealing, Ni:Ti ratio adjustments, and 

precipitation strengthening on the thermomechanical properties of NiTiSn LTSMAs. Second, the 

thermomechanical processability of NiTiHf high-temperature SMA (HTSMA) wires is presented. 

The evolution of various microstructural features (grain size reduction, oxide growth, and nano-

precipitation) were observed at incremental stages of the hot rolling process and linked to the 



 

thermal and mechanical responses of respective HTSMA rods/wires. This work was carried out in 

an effort to optimize the rolling/drawing process for NiTiHf HTSMAs. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 Introduction 

Shape memory alloys (SMAs) show promising potential in actuator applications for their 

unique ability to recover from large deformations into a predetermined shape with the simple 

addition of thermal or electrical heating [1-5]. SMAs offer an effective alternative to many 

industrial actuator applications due to their reduced system complexity relative to conventional 

actuator mechanisms [3]. Their lightweight, compact design provides potential for reducing fuel 

emissions and overall operating cost in aeronautical equipment. Additionally, since an SMA 

actuator is a single component device, the overall actuator is less prone to failure proving for a 

safer overall design. 

Although these benefits remain apparent, the implementation of SMA technology into 

aerospace-related actuator applications has been sporadic [3-7]. Limitations arise from the harsh 

temperatures exposed to many aerospace devices, such as heat generated by turbine engines, 

or the frozen environments of the upper atmosphere and deep space. SMA actuators under these 

ambient conditions must exhibit extremely high or low transformation temperatures to ensure 

actuation occurs intentionally rather than through external temperature stimuli. To meet these 

demanding material constraints, significant progress has been made in expanding the operating 

temperatures of SMAs [3, 4].  

Past efforts to raise/lower transformation temperatures in SMAs has proven the NiTi-

based SMA system particularly versatile. The characteristic martensite-to-austenite phase 

transformation in NiTi-based SMAs is strongly influenced by ternary additions and/or Ni:Ti ratio 
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adjustments [8-11]. NiTi-based SMAs exhibit a wide range of transformation temperatures, from 

~1000°C in the NiTiPt SMA system [10], to sub-cryogenic temperatures in NiTiFe SMAs [11]. These 

expansive transformation capabilities suggest the potential for NiTi-based SMAs in many 

aerospace actuator applications that necessitate extreme transformation temperatures. 

The development and scale-up of NiTi-based SMA technology for high and low 

temperature actuator applications has seen varying degrees of progress; with some NiTi-based 

SMAs fully designed and entering system development [12], while other NiTi-based alloy systems 

are yet to be explored. In this thesis, both a low and high-temperature NiTi-based SMA system 

are presented and investigated; each encompassing different stages of the SMA development 

process.  

First, exploratory work on the NiTiSn SMA system is presented. The viability of NiTiSn 

alloys as low-temperature SMAs (LTSMAs) was investigated over the course of five alloy heats 

(Heats I-V). The site preference of Sn in near-equiatomic NiTi was examined by substituting Sn 

for Ni in Heat I and Sn for Ti in Heat II up to 10 at.% Sn. The effects of solution annealing (Heat 

III), Ni:Ti ratio adjustments (Heat IV), and precipitation strengthening (Heat V) on the 

thermomechanical properties of NiTiSn SMAs were also evaluated.  

Second, the thermomechanical processability of NiTiHf high-temperature SMA (HTSMA) 

rods is presented. NiTiHf HTSMA rods with an initial diameter of 6.35mm were hot-rolled at 700°C 

or 800°C to a final diameter of ~1mm over a series of 25 or 50 non-consecutive hot passes. The 

evolution of various microstructural features (grain size reduction, oxide growth, and nano-

precipitation) were observed at incremental stages of the hot rolling process and linked to the 

thermal and mechanical responses of respective HTSMA rods/wires. These thermal, mechanical, 
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and microstructural properties were compared across both rolling temperatures (700°C & 800°C) 

in an effort to optimize the rolling/drawing process for NiTiHf HTSMA wires. 

 

1.2 Phase Transformations in SMAs 

The atomic structure of NiTi-based SMAs is generally composed of two dominant phases: 

martensite and austenite. The low temperature phase: martensite (B19'), typically exhibits a 

monoclinic crystal structure, but has also been observed in orthorhombic and tetragonal forms; 

while austenite (B2), the high temperature phase, is generally comprised of a more symmetrical 

cubic structure [2]. Phase transformation between these two crystal structures occurs via shear 

lattice distortion rather than atomic diffusion.  

This diffusionless transformation can either be stress-induced, temperature-induced, or 

a combination of the two. SMAs exhibit three phenomena, which remain contingent on these 

influences: the shape memory effect, pseudoelastic effect, and two-way shape memory effect 

[2]. Fig 1.1 illustrates these three effects and their relationship to phase transformations as a 

function of stress, strain, and temperature in NiTi-based SMAs.  

 
Fig. 1.1. The shape memory effect, pseudo-elastic effect, and two-way shape memory effect as a 
function of stress, strain, and temperature in NiTi-based SMAs. 
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When an SMA experiences a stress-induced phase transformation, this is known as the 

pseudoelastic effect. As stress is introduced to the material, the parent austenite phase 

transforms into the martensite phase to account for the stress and transforms back to austenite 

when the stress is removed. The pseudoelastic effect is often called the “super” elastic effect as 

it appears to demonstrate an extremely wide elastic modulus. 

When an SMA experiences a temperature-induced phase transformation, this is known 

as the shape memory effect. When introducing stress to an SMA in the martensite phase, the 

material will “detwin” into different martensitic orientations. The SMA is considered 

permanently deformed until heat is introduced into the system; at which point, the detwinned 

martensite will transform into the austenite phase. When the SMA is cooled, the austenite will 

transform back into the original martensite orientation, thereby returning the material to its 

original shape prior to deformation. 

Although the shape memory effect is described as a temperature-induced 

transformation, the process still requires stress to deform the SMA into detwinned martensitic 

variants. Since stress is necessary prior to heating to austenite, the process described in the 

paragraph above is more technically known as the one-way shape memory effect. However, 

some SMAs can exhibit a phenomenon known as the two-way shape memory effect, where both 

the austenite-to-martensite and martensite-to-austenite transformations are purely 

temperature-induced. The two-way shape memory effect is created by processing an SMA under 

controlled thermomechanical cycles. After these cycles, an SMA will remember its stress-induced 

shape at a specific temperature, even when no stress is present. 
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1.3 History of SMAs  

In the late 19th century, non-reversible martensite was first observed in the FeC alloy 

system by A. Martens [13]. This metallurgical phenomenon sparked great interest in the scientific 

community and is attributed to the eventual discovery of reversible martensite in the CuZn and 

CuAl system [14]. The true potential of reversible martensite was not fully realized until 1963, 

when W. Buehler observed the phenomenon in the NiTi alloy system [15]. Unlike its 

predecessors, NiTi alloys exhibited mechanical properties on par with common engineering 

materials and demonstrated the potential of SMAs toward future engineering applications. In the 

following decades, the NiTi system was widely studied to further understand the effects of 

compositional variation (i.e. the Ni:Ti ratio) [8, 9, 16-19], processing [20-28], and ternary 

additions on the properties of NiTi-based SMAs. 

 

1.4 Effects of Ni:Ti Ratio 

It is well established that transformation temperatures in Ni-rich NiTi SMAs are extremely 

sensitive to stoichiometric variation. In the early years of NiTi SMA research, the effects of Ni:Ti 

ratio on transformation temperatures were heavily scrutinized but results yielded high 

experimental scatter [16-19]. Recent studies with improved experimental control and 

documentation have returned more definite conclusions [8, 9].  

As Ni concentration increases past 49.8 at.% in NiTi SMAs, transformation temperatures 

decrease substantially as shown in region II of Fig 1.2 [8]. This strong correlation can be attributed 

to an improved crystallographic compatibility between the martensite and austenite phases as 

Ni is added to the NiTi matrix.  
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Fig. 1.2. The effects of nominal Ni content on recorded MS in binary NiTi SMAs [8]. 

 
 

Since the atomic radius of Ni is less than that of Ti (1.49 Å < 1.76 Å), as additional Ni 

substitutes into the equiatomic NiTi matrix the lattice compresses. With a compressed lattice, 

less energy is needed to overcome the energy barrier between the parent and product phase 

during the martensitic transformation. Thus, phase transformations occur with less energy at 

lower temperatures.  

An increase in Ni content has also been shown to decrease the thermal hysteresis width 

and heat of transformation [8]. These trends can be rationalized by the same mechanism 

described above. With improved lattice compatibility between the cubic and monoclinic 

structures, phase transformation occurs more easily, leading to less energy detected in 

calorimetry measurements. 

With regards to Ti-rich NiTi, transformation temperatures remain unaffected by elevated 

Ti concentration. The NiTi phase diagram, shown in Fig 1.3, indicates that Ti is virtually insoluble 

in binary NiTi; so upon substitution, Ti2Ni precipitates form which preserves the equiatomic 
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stoichiometry of the NiTi matrix, resulting in no transformation temperature shifts. This 

mechanism explains the transformation plateau in region I of Fig 1.2 [8].  

 
Fig. 1.3. Binary phase diagram for Ni and Ti [29]. 

 
 

1.5 Effects of Processing 

The thermomechanical properties of NiTi-based SMAs can be altered in infinite ways by 

infinite means. From the myriad of processing techniques developed for SMAs in the past half-

century, a small selection will be discussed to highlight several unique features of the binary 

NiTi SMA system.  

Low temperature aging techniques are often utilized to fine-tune transformation 

temperatures and mechanical properties in NiTi-based SMAs. In Ni-rich NiTi, low temperature 

aging can promote Ni4Ti3 precipitation, which precisely removes Ni from the NiTi matrix, raising 

transformation temperatures while simultaneously inducing precipitation strengthening to 

improve SMA performance [21, 28].  
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The thermomechanical properties of NiTi-based SMAs are notably affected by oxygen and 

carbon, which should be considered when ensuring alloy purity during processing [20, 24]. Ti is 

inclined to react with these elements (O and C), forming Ti4Ni2Ox and TiC precipitates, 

respectively. Both of these precipitates pull Ti out of the NiTi matrix, increasing the SMA’s Ni:Ti 

ratio, which consequently lowers transformation temperatures. Ti4Ni2Ox and TiC are difficult to 

remove from the material since each phase has a higher melting temperature than the parent 

NiTi matrix.  

When cold rolling NiTi SMAs in the martensitic state, new martensitic variants form 

through the typical “detwinning” process, along with stress-induced dislocations/vacancies [22, 

25]. Both the deformed martensite and point defects work to stabilize the martensite, hindering 

reverse transformation (B19'àB2) upon the first heating cycle, thus increasing AS and AF. The 

effects of martensite stabilization diminish with the first cooling cycle as austenite transforms to 

familiar martensite orientations via the two-way shape memory effect. However, the point 

defects generated during the initial cold roll remain intact and permanently elevate AS and AF 

[22, 25]. 

 To elaborate on martensite stabilization from a thermodynamic perspective, the elastic 

strain energy stored in martensite should be considered. The thermodynamic equilibrium for a 

martensite plate and the austenite phase is formulated in Eq. 1.1, where gA and gM represent the 

chemical free energy of the austenite and martensite, respectively, and Δgel represents the elastic 

strain energy stored around the martensite plate [23].  

2∆𝑔𝑔𝑒𝑒𝑒𝑒 +  (𝑔𝑔𝐴𝐴 −  𝑔𝑔𝑀𝑀) = 0 (Eq. 1.1) 



9 
 

The elastic strain energy stored in martensite promotes reverse transformation 

(B19'àB2) and resists forward transformation (B2àB19') [23, 25]. When the martensite deforms 

during the initial cold roll, the elastic strain relaxes. Therefore, with less elastic strain to assist 

reverse transformation, the material requires more energy to transform to austenite, and thus, 

AS and AF occur at higher temperatures.  

In addition to the previously described effects, cold rolling can also reduce grain size [26]. 

As grain size decreases in binary NiTi, the martensitic reorientation of forward transformation 

becomes increasingly confined by grain boundaries [26]. With less space for the self-

accommodated martensitic variants to form, forward transformation is suppressed, and MS and 

MF shift to lower temperatures.  

While cold rolling reduces grain size in NiTi SMAs, annealing promotes grain growth [26, 

27]. The effects of annealing on phase transformation behaviors in NiTi SMAs directly contrast 

the effects of cold rolling [27]. Therefore, the employment of these two processing techniques 

can effectively control the grain size and consequent transformation temperatures in NiTi SMAs. 

 

1.6 Effects of Ternary Additions 

The first investigation on the effects ternary additions to NiTi SMAs was conducted in 

1965 by F. Wang [30] who noted a significant decrease in transformation temperatures when 

alloying Co or Fe to equiatomic NiTi. Ten years later, Au, Al, Zr, and Mn were added to NiTi by 

K.H. Eckelmeyer [31] whose findings indicate alloy transformation temperatures can also be 

elevated with certain ternary elements. In 1978, the first major study on the NiTiCu alloy system 
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was performed by K.N. Melton and O. Mercier [32]. Their results suggested Cu addition narrows 

the stress hysteresis of transformation but has no effect on transformation temperatures.  

Past research has built upon those pioneering studies as scientists work to fully explore 

the potential of NiTi-based SMAs. Researchers have alloyed NiTi with 36 different elements and 

produced over 1000 publications on ternary NiTi-based SMAs (Fig 1.4). From the comprehensive 

results of these publications, each of the 36 ternary elements can be categorized by their 

generalized effects on transformation temperatures in NiTi: 1) elements known to raise 

transformation temperatures, 2) elements known to lower transformation temperatures, or 3) 

elements with neutral or unconfirmed effects on transformation temperatures.  

 
Fig. 1.4. The periodic table displaying all 36 NiTi-based ternary SMA systems studied to-date. Each 
NiTi-based SMA system is represented by a respective ternary element which is colored based 
on the element’s generalized effects on transformation temperatures in NiTi. Elements known to 
raise transformation temperatures when alloyed to NiTi are labeled in red, those known to lower 
transformation temperatures are shown in blue, and those with neutral or unconfirmed effects 
are presented in purple. 

 
 



11 
 

The fundamental reasons behind transformation temperature shifts when adding ternary 

elements to NiTi SMAs is not firmly established. Theory suggests that transformation is 

dependent on the elastic constants of the two phases in the material which must overcome a 

critical value to induce transformation [2, 33]. Since alloy composition and temperature affect 

the elastic modulus of an SMA, then both factors clearly influence transformation. However, the 

effects of various alloying elements on the elastic properties of NiTi-based SMAs is rather 

complicated given the nature of pseudoelasticity. Thus, to elucidate the complexities of the 

elastic modulus in NiTi-based SMAs, the effects of alloying elements on atomic bonding should 

be considered. In metallically bonded materials, atoms are held together by delocalized 

electrons, or valence electrons. Therefore, understanding how the electronic structure of NiTi-

based SMAs is altered by alloying elements could help clarify the mechanisms affecting 

transformation temperatures.  

In a 2008 study by M. Zarinejad [33], the electronic structures of various NiTi-based SMAs 

were examined by comparing transformation temperatures to valence electron concentrations 

in respective alloys. Valence electron concentration (cv) was calculated as the valence electrons 

in the material (ev) divided by the total electrons in the material (et). The expanded formula is 

presented in Eq. 1.2, where fNi/fTi/fX represent the atomic fraction of Ni, Ti, and a ternary element 

in the SMA, respectively; and ZNi/ZTi/ZX denote the atomic numbers of each respective element.  

𝑐𝑐𝑣𝑣 =  
𝑒𝑒𝑣𝑣
𝑒𝑒𝑡𝑡

=  
𝑓𝑓𝑁𝑁𝑁𝑁𝑒𝑒𝑣𝑣𝑁𝑁𝑁𝑁 + 𝑓𝑓𝑇𝑇𝑁𝑁𝑒𝑒𝑣𝑣𝑇𝑇𝑁𝑁 + 𝑓𝑓𝑋𝑋𝑒𝑒𝑣𝑣𝑋𝑋

𝑓𝑓𝑁𝑁𝑁𝑁𝑍𝑍𝑁𝑁𝑁𝑁 + 𝑓𝑓𝑇𝑇𝑁𝑁𝑍𝑍𝑇𝑇𝑁𝑁 + 𝑓𝑓𝑋𝑋𝑍𝑍𝑋𝑋
 

 Fig 1.5, displaying cv vs. MS, indicates an inverse correlation between transformation 

temperatures and valence electron concentration [33]. In other words, NiTi-based SMAs with 

lower transformation temperatures contain more valence electrons and vice versa. Valence 

(Eq. 1.2) 
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electrons help to bind atoms together, so as cv increases, atoms are bound more tightly, and the 

elastic modulus of the material increases [34]. It is known that the stored elastic energy of a NiTi-

based SMA promotes reverse transformation (B19'àB2) and inhibits forward transformation 

(B2àB19') [23, 25]. Therefore, as the stored elastic energy in a NiTi-based SMA increases due to 

a higher cv, reverse transformation occurs more readily at lower temperatures.  

 
Fig. 1.5. The influence of the valence electron concentration (cv) on Ms in various ternary and 
quaternary NiTi-based SMAs surveyed from literature [33]. 
 
 

While valence electron concentration clearly correlates with transformation 

temperatures in NiTi-based SMAs, it is certainly not the sole contributor to these observed 

trends. The atomic size of alloying elements would understandably affect transformation 

temperatures in NiTi-based SMAs as well. In NiTiHf and NiTiZr SMAs, for example, Hf and Zr 

exhibit a site preference for Ti lattice sites because all three elements have an HCP crystal 

structure and similar electronic structure. Although, since Hf and Zr have larger atomic radii than 

Ti (Ti - 1.76 Å < Zr - 2.06 Å < Hf - 2.08 Å), when Hf or Zr are substituted into NiTi, the material’s 

lattice and consequent unit volume expand. If the atomic rearrangement and volume change 

associated with martensitic transformation is considered, an SMA with a larger unit volume will 

require more energy to compensate this volume change, thus shifting transformation to higher 
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temperatures. This principle can be translated to LTSMA systems such as NiTiSn as well. Sn 

substituted into NiTi will substitute into Ti lattice sites, compressing the lattice due to a smaller 

atomic radius (1.45 Å < 1.76 Å). Thus, lowering transformation temperatures as less energy is 

needed to account for the volume change of transformation. 

Atomistic modeling and experimental findings indicate that ternary additions to NiTi 

exhibit a site preference for either Ni or Ti lattice sites. Fig 1.6 displays the site preference of 34 

ternary elements in Ni-rich and Ti-rich NiTi SMAs, respectively [35]. These elemental dispositions 

were calculated through density functional theory (DFT) modeling, by substituting single atoms 

of ternary elements into a 32-atom austenitic NiTi lattice (Ni15Ti16X & Ni16Ti15X, where X 

represents a single atom of ternary element). The generalized trends from this calculation 

suggest: elements near the center of the transition metals substitute for Ni lattice sites, while 

elements near the edge substitute for Ti lattice sites. Most alloys from literature were 

synthesized with these substitution rules in mind, since non-preferential ternary substitutions to 

NiTi typically form intermetallic compounds that impair SMA performance.  

 
Fig. 1.6. DFT calculations indicating the site preference of 34 ternary elements in NiTi SMAs [35]. 
Note: The bottom half of each element box is designated to Ni-rich NiTi (Ni16Ti15X) while the top 
half belongs to Ti-rich NiTi (Ni15Ti16X), where X is the single element being added to the system. 
If the box section is blue, the ternary element substitutes for Ti; if the box section is green, the 
ternary element substitutes for Ni. 
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1.7 NiTiSn SMAs 

 The NiTiSn SMA system has received some research attention [36-46] but remains 

relatively unexplored and undeveloped. While NiTiSn SMAs are still in the very early stages of the 

SMA development process, some progress has been made. The NiTiSn SMA system was first 

investigated in 2004 by Zheng et al. [36] who reported a martensitic transformation upon cooling 

with no intermediate R-phase in Ni47.5Ti47.5Sn5 and Ni45Ti45Sn10 alloys. A three-step 

transformation (B2àRàB19') upon cooling and two-step transformation (B19'àB2) upon 

heating was later detected in Ni50-2xTi50+xSnx melt-spun ribbons [37, 38]. The microstructures of 

these ribbons contained a Ti3Sn lamellar phase that became more prevalent at higher Sn 

concentrations. Annealing a Ni36Ti57Sn7 melt-spun ribbon was shown to decrease transformation 

temperatures and thermal hysteresis [39, 40]. In Ni50-2xTi50+xSnx alloys, the two-way shape 

memory effect was found to improve with Sn addition while fracture strength and elongation 

decreased [41]. The effects of site preference on alloy properties was examined in a Ni50Ti49Sn1 

and Ni49Ti50Sn1 alloy [42]. This study observed a more pronounced decrease in transformation 

temperatures when substituting Sn into Ti lattice sites relative to Sn in Ni sites.  

A ternary diagram of the NiTiSn SMA system, presented in Fig 1.7, denotes, to the authors’ 

knowledge, every nominal composition investigated throughout NiTiSn literature to date [36-46]. 

This diagram suggests that the NiTiSn SMA system has only been partially explored since past 

research has substituted Sn into Ni lattice sites almost exclusively. Since DFT modeling suggests 

Sn’s absolute preference for Ti lattice sites, and Ni50Ti49Sn1 [42] exhibits promising thermal 

properties, it becomes apparent that the Ni50Ti50-xSnx SMA system requires a full-scale 

investigation.  
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Fig. 1.7. An abbreviated Ni-Sn-Ti ternary plot displaying all nominal compositions investigated 
throughout literature to date for the Ni-Sn-Ti SMA system (to the authors’ knowledge). 
 

 

1.8 NiTiHf SMAs 

The potential for NiTiHf SMAs in high temperature actuator applications was first realized 

in 1992 [47]. The NiTiHf SMA system has generated considerable commercial interest in the last 

decade due to the low cost of Hf relative to other high temperature alloying additions such as 

Au, Pd, and Pt. For this reason, NiTiHf SMAs have been researched extensively [9, 35, 47-280] in 

efforts to develop and scale-up NiTiHf HTSMA actuator technology for real-world applications.  
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 With the bulk thermomechanical properties of the NiTiHf HTSMA system firmly 

established, research and development has shifted towards processing bulk NiTiHf material into 

functional HTSMA actuators. While NiTi-based SMAs can be processed into numerous forms 

(wires, ribbons, rings, tubes, plates, etc.) using conventional metal forming processes (extrusions, 

forging, rolling) [3], only details on the fabrication of NiTiHf HTSMA wires will be discussed for 

the purposed of this thesis.   

 The thermomechanical processability of NiTiHf wires poses several challenges involving 

the reactivity of Hf/Ti, grain refinement, and nano-precipitation [261, 281-283]. NiTiHf SMAs are 

sensitive to oxygen and carbon impurities due to the reactivity of Ti and Hf. Therefore, to ensure 

alloy purity during processing, open-air heat treatments should be minimized to limit material 

oxidation. While Ti-rich NiTiHf exhibit stable transformation temperatures, their reactivity and 

poor transformation behavior motivated a shift in research focus to Ni-rich NiTiHf [124]. The 

processability of Ni-rich compositions brought about additional complications as Ni-rich NiTiHf 

are susceptible to H-phase nano-precipitation [281, 283]. H-phase precipitates strengthen the 

material at the expense of ductility, reducing the formability of the material and impairing 

thermomechanical processability.  

 Despite these difficulties, the thermomechanical processability of NiTiHf HTSMAs was 

first demonstrated in a Ni50Ti35Hf15 wire hot extruded in a stainless steel jacket at 900°C and wire 

drawn [261]. The 0.75 mm diameter wire exhibited cyclic stability and adequate mechanical 

properties, with a transformation temperature decrease of ~15°C due to processing. While this 

wire was processed successfully, the wire drawing process for NiTiHf HTSMAs is far from 

optimized and requires further inquiry; hence, it is the subject of one chapter of this thesis.  
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CHAPTER 2

 EXPERIMENTAL PROCEDURES 

2.1 Procedures Overview 

The contents of this thesis can be separated into two main themes: 1) the development 

of NiTiSn LTSMAs, and 2) the processing optimization of NiTiHf HTSMAs. Since each theme is 

inherently unique and encompasses different stages of the SMA design process, the methodology 

for each theme will be presented independently.  

2.2 NiTiSn Low-Temperature SMAs 

The NiTiSn ingots produced in this thesis were prepared from: high purity electrolytic 

nickel anodes (99.99 wt.% Ni) and tin ingots (99.9 wt.% Sn) purchased from King Supply Inc. 

(Franklin Park, IL, USA) and titanium pellets (99.9 wt.% Ti) purchased from Zirconium Research 

Corp. (Philomath, OR, USA). The Ni and Ti were cold-rolled, sectioned, and electro-sonically 

cleaned to remove surface contaminants. The Sn ingots were partitioned by melting each ingot 

in air to form 1-3 g Sn droplets. To ensure accurate melt compositions, raw material segments 

were ground within ± 0.001 g of the intended stoichiometry. Additionally, alloys from Heats IV-V 

were produced from ≈ 40 g of raw material to ensure precise Ni content variation between each 

ingot. Raw materials were carefully weighed using a Scientech ZSA 120 analytical balance to a ± 

0.001 g precision.  

NiTiSn alloys were prepared with an Edmund Bühler GmbH vacuum arc melter on a water-

cooled copper hearth. In the cigar-shaped copper mold, Ni sheets were placed above the more 

reactive Ti and Sn to help prevent material loss during the melt process. To remove oxygen from 
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the melt environment, the chamber was first evacuated to a pressure of 2 ª  10-2 mbar and back-

flushed with argon to 800 mbar. This step was repeated five times at which point the chamber 

was vacuum pumped down to 8 ª  10-5 mbar and Ar back-filled to 600 mbar. Lastly, a high purity 

Ti getter (99.9 wt.%) was held in a molten state for 30 seconds to remove residual oxygen content 

from the melt chamber. The plasma arc current was set between 180 and 200 A for the initial 

melt to help prevent material loss.  After the first arc-melt, the alloys were flipped and re-melted 

five times with an arc current between 200 and 250 A to ensure homogeneous elemental 

distribution.  

Final castings were heat treated in a Ney Vulcan D-1750 open air box furnace to 

solutionize and precipitate alloys under parameters specific to each heat. These processing 

parameters, as well as the nominal compositions of the 24 NiTiSn ingots produced in this thesis, 

are shown in Table 2.1. After heat treatments, the oxide layers formed on each alloy (Fig 2.1) 

were removed by polishing. A wire-cut electrical discharge machine (EDM) was utilized for all 

necessary sample sectioning. To prepare for microstructural characterization, samples were 

mechanically polished with SiC paper and diamond-suspension polishing pads to a resolution of 

0.01 μm.  SEM images were captured with a Hitachi TM3030Plus tabletop microscope equipped 

with EDS to evaluate alloy chemical composition. EDS point spectra were recorded for 2 ª  105 

counts at five locations on each alloy. Beam intensity and working distance were set to 20 keV 

and 8.5 ± 1.0 mm, respectively to provide a statistically accurate analysis [284].  
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Table 2.1. The nominal compositions, heat treatment parameters, and pre/post-melt masses of 
the 24 NiTiSn SMAs produced in Heats I-V. With regards to alloy cooling processes, “FC” indicates 
the alloy was furnace cooled while “WQ” signifies water quenching.  

Heat 
# 

Elemental 
Compositions 

Pre- Post- Heat Treatment Parameters 
Melt Mass (g) Temperature Time Cooling 

I 

Ni49.8Ti50.2 27.71  

1000°C 0.5hr WQ 

Ni47.8Ti50.2Sn2 27.5  
Ni45.8Ti50.2Sn4 29.74  
Ni43.8Ti50.2Sn6 28.90  
Ni41.8Ti50.2Sn8 29.31  
Ni39.8Ti50.2Sn10 28.49  

II 

Ni49.8Ti48.2Sn2 23.3  

1000°C 0.5hr WQ 
Ni49.8Ti46.2Sn4 26.52  
Ni49.8Ti44.2Sn6 23.95  
Ni49.8Ti42.2Sn8 23.85  
Ni49.8Ti40.2Sn10 24.48  

III 

Ni49.8Ti50.2 27.71  

1000°C 24hr WQ 

Ni49.8Ti48.2Sn2 23.3  
Ni49.8Ti47.95Sn2.25 23.42 23.40 
Ni49.8Ti47.7Sn2.5 25.01 24.99 
Ni49.8Ti47.45Sn2.75 25.25 25.24 
Ni49.8Ti47.2Sn3 25.27 24.98 
Ni49.8Ti46.2Sn4 26.52  
Ni49.8Ti44.2Sn6 23.95  
Ni49.8Ti42.2Sn8 23.85  
Ni49.8Ti40.2Sn10 24.48  

IV 

Ni50.8Ti48.2Sn1 38.59 38.57 

1000°C 24hr WQ 

Ni50Ti48Sn2 41.09 41.06 
Ni50.2Ti47.8Sn2 39.83 39.81 
Ni50.4Ti47.6Sn2 39.66 36.63 
Ni50.6Ti47.4Sn2 41.32 41.26 
Ni50Ti47Sn3 35.82 35.80 
Ni50.2Ti46.8Sn3 34.93 34.91 
Ni50.4Ti46.6Sn3 37.45 37.41 
Ni50.6Ti46.4Sn3 36.22 35.91 

V 

§ Ni50.6Ti47.4Sn2 41.32 41.26 

1000°C 24hr WQ 

500°C 
12hr 

WQ 

24hr 
60hr 

§ Ni50.4Ti46.6Sn3 37.45 37.41 550°C 
12hr 
24hr 
60hr 

§ Ni50.6Ti46.4Sn3 36.22 35.91 650°C 
12hr 
24hr 
60hr 

§ - These 3 alloys were aged at all 3 times & temps (9 respective heat treatments). 

V Ni50.8Ti48.2Sn1 38.59 38.57 1000°C 24hr WQ 

550°C 1hr 

FC 650°C 1hr 
750°C 1hr 
850°C 1hr 
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Samples were prepared for thermal analysis by EDM sectioning 5 mm Ø discs 

approximately 1 mm thick and polishing off EDM residue. These alloy discs were characterized 

with a TA Instruments Q1000 DSC located at NASA Glenn Research Center (Cleveland, Ohio). Each 

sample underwent three thermal cycles from 150°C to -175°C at a standard heating/cooling rate 

of 10°C min-1 [285]. The austenite and martensite start and finish temperatures (AS, AF, MS, and 

MF, respectively) were calculated using the tangent-intercept method. Thermal hysteresis (ΔTH) 

and full width (ΔTFW) were defined as (AF-MS) and (AF-MF) respectively.  

A Tukon 2500 Vickers hardness tester was utilized to evaluate alloy hardness. Five 

indentations were made with a 300 g applied load for 10 seconds near the center of each alloy 

cross-section (Fig 2.1). Vickers hardness values (HV) were extracted from the micro-indentations 

using standard calculations [286]. 

 
Fig. 2.1. Optical image of the cross-section of a Ni49.8Ti47.7Sn2.5 SMA (annealed at 1000°C for 24 
hours) indicating the general location of Vickers hardness indentations and oxide layers. 
 

2.3 NiTiHf High-Temperature SMAs 

The NiTiHf HTSMAs utilized in this thesis were commercially produced over two alloy 

heats via vacuum induction skull melting by Flowserve (Ohio, USA) and provided to UNT via NASA 

Glenn Research Center (Cleveland, OH, USA) for study. The ingots were vacuum homogenized at 
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1050°C for 72 hours followed by hot-extrusion at 900°C. The hot-extruded rods were machined 

down to a diameter of 6.35 mm sectioned every 50.8 mm. These dimensions (6.35 mm Ø × 50.8 

mm l) represent the as-received geometry of the HTSMA rods used in this thesis.  

As stated previously, the NiTiHf rods originate from two separate melts, formally denoted 

as Flowserve’s (FS5, & FS6). Table 2.2 indicates the elemental compositions of these melts and 

the processing conditions of the five HTSMA rods hot-rolled in this thesis.  

Table 2.2. The alloy melts, elemental compositions, and processing conditions of the five HTSMA 
rods hot-rolled in this thesis. Processing conditions include: the hot-rolling temperature, the final 
diameter of the rod/wire, and the number of hot passes the material underwent to achieve that 
final diameter.  

Alloy Melts Composition (at.%) Hot Roll Temp. (°C) Total Passes Final Ø (mm) 

NiTiHf20 FS#5 Ni50.8Ti29.2Hf20 700°C 25 1.00 
800°C 25 1.00 

NiTiHf20 FS#6 Ni50.7Ti29.4Hf19.9 700°C 25 1.11 
50 1.08 

800°C 25 1.06 
 

At the start of the hot-rolling process, each rod was held in an Orton SentryXpress4.0 

open-air box furnace at 700°C or 800°C for 30 minutes. The preheated rod was then passed 

through a room-temperature Durston 1.5 HP rolling mill and reduced to an approximate final 

diameter of 1 mm over the course of 25 or 50 non-consecutive passes. After each pass the rod 

was reheated to 700°C or 800°C for 5 minutes to alleviate residual strain and prepare the rod for 

the next pass. A section of the rod was removed every five passes for characterization, totaling 

five samples per rod (5th, 10th, 15th, 20th, & 25th passes or 10th, 20th, 30th, 40th, & 50th passes). After 

each of these sectioning intervals, the rod was placed into the furnace for 30 minutes (rather 

than 5 minutes), before the hot-rolling process resumed. Note: the samples removed from the 

rods did not receive any additional thermal holds and are considered in the as-rolled condition. 
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A Hitachi TM3030Plus tabletop SEM equipped with EDS was utilized to observe how 

various microstructural features (grain size, oxide growth, and precipitate formation) evolved 

across the five documented stages of the hot-rolling process. Samples were mechanically 

polished in the cross-sectional direction with SiC paper to a 15 µm resolution and vibro-polished 

for ~12 hours in a Buehler VibroMet 2 with 0.25 µm colloidal silica suspension. The thickness and 

composition of the native oxide layer enveloping each sample was assessed with SEM imaging 

and EDS line spectra, respectively. Beam intensity and working distance were set to 20 keV and 

8.5 ± 1.0 mm, respectively to ensure a statistically accurate analysis [284]. To effectively observe 

the size and orientation of the martensitic grains present in each SMA, samples were exposed to 

Kroll’s etchant (25 mL C3H8O3/6 mL HNO3/1 mL HF-) for 20 seconds. The grain size of each sample 

was calculated as the average length of 50 grains measured lengthwise.   

The transformation temperatures of the NiTiHf HTSMA rods were determined using a 

Netzch DSC 204 F1 Phoenix machine. DSC samples were sectioned via EDM from the cross-

sectional center of the parent rod, polished to a mass between 20 and 60 mg, electro-sonically 

cleaned, and subjected to three thermal cycles between 0°C and 400°C at a standard 

heating/cooling rate of 10°C min-1 [285]. AS, AF, MS, and MF were calculated from the third 

thermal cycle of each test using the tangent-intercept method. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 NiTiSn Low-Temperature SMAs  

To assess the viability of NiTiSn alloys in low-temperature actuator applications, the 

thermal and mechanical properties of the NiTiSn SMA system were explored over a series of five 

alloy heats (Heats I-V). The main goal was to produce a NiTiSn SMA that exhibits tunable, low 

temperature phase transformation behaviors. To demonstrate precise tunability, a target 

austenite finish temperature of -150°C was pursued for the final alloy design. Site preference was 

examined by substituting Sn for Ni (Heat I) and Sn for Ti (Heat II) in the NiTi-based SMA system. 

The effects of solution annealing (Heat III), Ni:Ti ratio adjustments (Heat IV), and precipitation 

strengthening (Heat V) on the thermomechanical properties of NiTiSn SMAs are also presented.  

3.1.1 Heats I-II – Site Preference of Sn in NiTi 

Nearly all NiTiSn SMAs studied throughout literature [36-42] were produced assuming Sn 

substitutes into Ni lattice sites rather than Ti lattice sites. This alleged site preference is supported 

by two of the Hume Rothery rules. Since Sn has an atomic radius of 1.45 Å, it is expected to more 

readily substitute for 1.49 Å Ni atoms over 1.76 Å Ti atoms. Furthermore, Ni and Sn exhibit nearly 

identical electronegativities (1.91 and 1.96, respectively) relative to Ti (1.54). However, the 

electronic structures of these elements suggest Sn should prefer Ti lattice sites over Ni. Both Sn 

and Ti prefer to give away two electrons to reach a lower energy full shell state, specifically 4d10 

and 4s2 respectively, while Ni prefers to gain two electrons. Lastly, the intrinsic crystal structures 

of all three elements differ which offers little insight. Due to these discrepancies and limited 
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research [42] in the Ni50Ti50-xSnx SMA system, the absolute site preference of Sn in near-

equiatomic NiTi required further inquiry.  

In the first two alloy heats, Sn was substituted for Ni in Heat I and Ti in Heat II. Since 

transformation temperatures are extremely sensitive to NiTi ratio adjustments in Ni-rich NiTi [8], 

the Ni:Ti ratio of Heats I-III was kept slightly Ti-rich (50.2 at.%) to remain on the transformation 

temperature plateau and isolate the influence of Sn on transformation behavior. The initial heat 

treatment for these alloys was relatively limited (1000°C for 30 minutes) to prevent excessive 

oxidation. The compositions and processing conditions of all alloy heats is provided in Table 2.1. 

Fig 3.1a displays the microstructures of Heats I and II with Sn content up to 10 at.%. Fig 

3.1b displays EDS maps for a region of a Ni43.8Ti50.2Sn6 SMA, indicating the elemental distribution 

throughout respective phases in the microstructure. When substituting Sn for Ni (Heat I), a darker 

phase (i), identified as the parent NiTi matrix, contains significantly less Sn than intended due to 

its desegregation into a TiSn-rich lamellar phase (ii), which forms even in the 2 at.% Sn alloy and 

becomes progressively more prevalent at higher Sn concentrations. A less apparent third phase 

(iii), noted throughout the lamellar phase, can be distinguished by its slightly darker color and 

blurred phase boundaries. These blurred boundaries are most likely due to smearing caused by 

polishing and suggest the phase is slightly softer than the lamellar structure. Based on the EDS 

measurements presented in Fig 3.2, the lamellar phase exhibits a NiTi3Sn stoichiometry, while 

the third phase more closely resembles a Ti3(Sn,Ni) stoichiometry similar to those found in 

literature [36-42]. Much like the lamellar NiTi3Sn phase, the volume fraction of the Ti3(Sn,Ni) 

phase increases as a function of Sn content, although it disappears past 6 at.% Sn. Although the 
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EDS measurements and previous research on similar alloys suggests these phases (NiTi3Sn, Ti3-

(Sn,Ni)), other techniques such as X-ray diffraction are needed to confirm the exact 

stoichiometric ratios and crystallographic structures. 

 
Fig. 3.1. (a) Microstructures of NiTiSn SMAs at 2, 4, 6, 8, and 10 at.% Sn, substituting Sn for Ni in 
Heat I (Ni49.8-xTi50.2Snx/1000°C for 30 minutes), Sn for Ti in Heat II (Ni49.8Ti50.2-xSnx/1000°C for 30 
minutes), and Sn for Ti in Heat III (Ni49.8Ti50.2-xSnx/1000°C for 24 hours). (b) EDS mapping for a 
region of a Ni43.8Ti50.2Sn6 SMA, indicating the elemental distribution throughout respective phases 
in the microstructure. 

 
 

The SEM images from Heat II SMAs, i.e. substituting Sn for Ti, exhibit much more 

homogeneous microstructures relative to those from Heat I. All Heat II SMAs contain small traces 

of Ti4Ni2Ox, TiC, and Ti2Ni precipitates which are expected in Ti-rich NiTi SMAs [20]. In the 2 at.% 

Sn sample, Sn appears to segregate at the austenitic grain boundaries to form a channeled web-

like structure. From 4 to 6 at.% Sn, Sn appears to act as a nucleation site for austenitic grain 

boundaries and thus a finer channeled web-like structure is formed. The textured appearance is 
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caused by slight Sn variation which can be (and was in Heat III) easily dissolved by further 

solutionization. From 8 to 10 at.% Sn, the NiTi matrix begins to decompose into a TiSn-rich phase 

of similar chemistry to the lamellar phase (ii, Fig 3.1b) present in Heat I alloys.  

Fig 3.2 presents the elemental distribution of the NiTi matrix in Heats I and II, as observed 

with EDS. The Sn content detected in the NiTi matrix increases as a function of nominal Sn 

concentration, in every alloy besides Ni43.8Ti50.2Sn6. Between the Ni45.8Ti50.2Sn4 and Ni43.8Ti50.2Sn6 

alloy, Sn retention in the NiTi matrix decreases from 1.66 to 1.36 at.% Sn. This deviation from the 

general trend can be attributed to the high abundance of the Ti3(Sn,Ni) phase observed in the 

Ni43.8Ti50.2Sn6 microstructure, found in this alloy more so than any other Heat I alloy. Heat II NiTi 

matrix compositions clearly indicate improved Sn solubility when substituting into Ti lattice sites. 

At Sn concentrations above 6 at.%, Sn substituted for Ti is retained in the NiTi matrix over three 

times more effectively than Sn substituted for Ni.  

Fig 3.3 shows the transformation temperatures from DSC data from Heat I and II alloys. 

When Sn is substituted for Ni, alloy transformation temperatures decrease linearly from an AF of 

109°C in the binary Ni49.8Ti50.2 control sample to -31°C in the Ni39.8Ti50.2Sn10 alloy. Only the 6 at.% 

Sn alloy deviates from this trend due to poor Sn retention in the NiTi matrix. . The peaks 

progressively broaden with increasing Sn content which implies Sn prolongs transformation 

hysteresis in NiTi.  

In Heat II, the improved solubility of Sn in the NiTi matrix accounts for a more pronounced 

shift in transformation temperatures. From Ni49.8Ti50.2 to Ni49.8Ti48.2Sn2, AF decreases substantially 

from 109°C to 28°C. In the Ni49.8Ti46.2Sn4 alloy, no transformations were observed although they 

are presumed to occur below -175°C considering the 81°C shift at only 2 at.% Sn. The 
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transformation peak in the Ni49.8Ti48.2Sn2 alloy is extremely broad and uneven due to the 

microstructural heterogeneity. To sharpen these transformation peaks and further decrease 

transformation temperatures, longer solutionization times are necessary, leading to Heat III. 

 
Fig. 3.2. Elemental distribution in the NiTi matrix for NiTiSn SMAs at 2, 4, 6, 8, and 10 at.% Sn, 
substituting Sn for Ni in Heat I (Ni49.8-xTi50.2Snx) and Sn for Ti in Heat II (Ni49.8Ti50.2-xSnx). 

 

 
Fig. 3.3. DSC results displaying the transformation temperatures of NiTiSn SMAs from Heat I 
(Ni49.8-xTi50.2Snx) and Heat II (Ni49.8Ti50.2-xSnx). 
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3.1.2 Heat III – Effects of Extended Heat Treatments 

After determining Sn’s preference for Ti lattice sites in NiTi SMAs, the alloys from Heat II, 

which substitute Sn for Ti, were further solutionized by increasing the heat treatment duration 

from 30 minutes to 24 hours at 1000°C. As observed in the Heat III microstructures in Fig 3.1a, 

the NiTi matrix is completely uniform up to 4 at.% Sn. From 6 to 8 at.% Sn, slight variation in Sn 

content is apparent which indicates the need for homogenization by extending heat treatment 

duration. In the Ni49.8Ti40.2Sn10 alloy, the TiSn-rich phase is still present but its faded phase 

boundaries suggest it may be further dissolved into the NiTi matrix through even longer 

solutionization times. Due to the extended open-air heat treatments, a higher prevalence of 

Ti2Ox/Ti4Ni2Ox precipitates are noted, relative to those observed in Heat II alloys. 

Fig 3.4 presents the DSC data for Heat III. Since Heat II DSC data indicated no 

transformations above -175°C in alloys containing 4 to 10 at.% Sn, several additional alloys were 

produced and characterized in Heat III containing between 2 and 3 at.% Sn content. After 

extending heat treatment duration, the transformation temperatures of the Ni49.8Ti48.2Sn2 alloy 

dropped considerably with an AF shift from 28°C to -32°C. This 60°C decrease can be accounted 

to the improved Sn retention in the NiTi matrix, which nearly doubled (1.18 at.% à 2.14 at.%), 

and a higher Ni:Ti ratio due to a larger volume fraction of Ti2Ox/Ti4Ni2Ox precipitates present in 

the microstructure (Fig 3.1a). Based on the DSC results for alloys containing 2.25 to 2.75 at.% Sn, 

transformation temperatures drop significantly past 2.5 at.% Sn. The Ni49.8Ti47.45Sn2.75 alloy 

exhibited an AF of -156°C which marks the lowest transformation temperature recorded in this 

study. 
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Fig. 3.4. DSC results displaying the transformation temperatures of NiTiSn SMAs from Heat III 
substituting Sn for Ti (Ni49.8Ti50.2-xSnx/1000°C for 24 hours). 
 
 

In Heat III, the transformation plateau in NiTi SMAs was successfully lowered to sub-

cryogenic temperatures with less than 3 at.% Sn addition. Additionally, the degree to which this 

transformation plateau shifts was correlated with respect to Sn additions between 0 and 3 at.%. 

With the influence of Sn on transformation temperatures sufficiently established for Ti-rich 

NiTiSn SMAs, Heat IV explored alternative mechanisms for lowering transformation 

temperatures by increasing the Ni:Ti ratio at fixed Sn contents.  

 

3.1.3 Heats IV-V – Effects of Ni:Ti Ratio and Precipitation Aging 

In Heat IV, alloys fixed at 2 and 3 at.% Sn were produced with increasing Ni content 

between 49.8 and 50.6 at.% Ni. This small Ni increase has been shown to drop transformation 

temperatures nearly 80°C in binary NiTi [8]. The purpose of Heat IV (Ni49.8+xTi50.2-xSn3) was to drive 
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AF below the -150°C target temperature to enable their low temperature aging in Heat V. Low 

temperature aging induces Ni4(Ti,Sn)3 precipitation which can be used to precisely elevate AF to 

-150°C, while simultaneously inducing precipitation strengthening [8, 28, 287, 288].  

With regards to the alloy microstructures presented in Fig 3.5, Ti4Ni2Ox, TiC, and Ti2Ni 

precipitates were observed with seemingly identical prevalence across all Heat IV alloys. With 

this considered, the Ti4Ni2Ox and TiC precipitates likely formed during the initial arc melting 

process. Since these precipitates have higher melting temperatures than the parent NiTi matrix, 

the most practical way of reducing their frequency is by starting with higher purity materials.  

 
Fig. 3.5. Microstructures of alloys from Heat IV (Ni49.8+xTi48.2-xSn2 & Ni49.8+xTi47.2-xSn3) where x = 0, 
0.2, 0.4, 0.6, and 0.8 at.%. 
  
 

The DSC results for Heat IV alloys containing 2 at.% Sn are shown in Fig 3.6. As expected, 

transformation temperatures drop significantly as Ni content increases. From 49.8 to 50.2 at.% 

Ni, AF drops 56°C (i.e. from -71°C to -127°C) while alloys exceeding 50.2 at.% Ni exhibited no 

transformations above -175°C.  
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Fig. 3.6. DSC results displaying the transformation temperatures of NiTiSn SMAs from Heat IV 
(Ni49.8+xTi48.2-xSn2/1000°C for 24 hours) where x = 0, 0.2, and 0.4 at.%. 

 
 

Fig 3.7 shows Vickers hardness data from: a) Heats I-IV as a function of Sn content and b) 

Heat IV as a function of Ni content. Heat I (SnàNi) exhibits much lower hardness relative to Heats 

II-IV (SnàTi) due to the TiSn-rich lamellar phase present in its microstructures. Heats II-III held a 

relatively constant hardness up to 2 at.% Sn at which point hardness steadily climbed to as high 

as 579 HV at 10 at.% Sn, suggesting that the lattice strain associated with Sn going into solid 

solution in the NiTi matrix increases the overall hardness of the SMA. The increasing 

heterogeneity between the parent matrix and precipitate/lamellar phases at higher Sn 

concentrations also contributed to the observed hardness increase.  

As illustrated in Figure 3.7b, alloy hardness decreased with increasing Ni content. The 

mechanism behind these trends is unclear as hardness is expected to increase as a function of Ni 

content, due to the higher valency of Ni, which is known to increase the elastic constant, and to 
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the likelihood of forming precipitates at higher non-stoichiometric concentrations [33]. While all 

Heat IV SMAs are in the austenitic state, the alloys with 50.6 at.% Ni content are much farther 

from their respective MS temperatures and should be harder, considering the austenite phase is 

generally harder than martensite [289]. This atypical relationship between Ni content and 

hardness in Heat IV alloys should be investigated with higher resolution techniques such as 

Synchrotron Radiation X-ray Diffraction (SR-XRD) or Transmission Electron Microscopy (TEM) 

studies for additional insight. Lastly, Figure 3.7b also shows the role of increasing Sn content, 

where the hardness also increases due to an increase in solid solution strengthening and/or 

precipitation hardening, and this should also be resolved using higher resolution techniques. 

 
Fig. 3.7. Vickers hardness results for (a) Heats I-IV as a function of Sn content, and (b) Heat IV as 
a function of Ni content. 
 

 
Several precipitation experiments were performed in Heat V with aging temperatures of 

500, 550, and 650°C for 12, 24, and 60-hour durations followed by water quenching. Only SMAs 

containing 50.4 and 50.6 at.% Ni were aged and characterized since these alloys were most 

inclined to form Ni4(Ti,Sn)3 precipitates. Several methods were employed to verify the presence 

of Ni4(Ti,Sn)3 precipitates. In theory, since Ni4(Ti,Sn)3 precipitation pulls Ni from the NiTi matrix, 
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DSC results indicating elevated transformation temperatures in an aged sample would help verify 

the presence of Ni4(Ti,Sn)3 precipitates. However, no aged samples displayed any 

transformations above -175°C so this method for precipitate confirmation was ruled out.  

High-resolution SEM imaging near the grain boundaries in aged alloys revealed no signs 

of nano-precipitation (Fig 3.8). Identifying Ni4Ti3 nano-precipitates with high-resolution TEM has 

been demonstrated [287], and could potentially reveal Ni4(Ti,Sn)3 precipitation in future studies. 

With no indication of Ni4(Ti,Sn)3 precipitation strengthening in Vickers hardness data as well, 

evidence suggests none of the prescribed aging treatments induced Ni4(Ti,Sn)3 precipitation. 

 
Fig. 3.8. High-resolution SEM image of grain boundaries in a Ni50.6Ti46.4Sn3 SMA solutionized at 
1000°C for 24 hours and low temperature aged at 550°C for 24 hours. 

 

3.2 NiTiHf High-Temperature SMAs  

The five NiTiHf HTSMA rods hot-rolled in this thesis originate from two Ni-rich melts (FS5 

& FS6) with elemental compositions of Ni50.8Ti29.2Hf20 and Ni50.7Ti29.4Hf19.9, respectively. Two rods 

from each melt were hot-rolled at 700°C and 800°C, respectively, from an initial diameter of 6.35 

mm down to ~1 mm over a series of 25 non-consecutive hot passes. An additional Ni50.7Ti29.4Hf19.9 

(FS6) HTSMA rod was hot-rolled at 700°C to a ~1 mm final diameter over 50 non-consecutive hot 
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passes to determine the effects of the reduction rate on the residual strain build up in the 

material. Since transformation temperatures in Ni-rich NiTi-based SMAs are extremely sensitive 

to stoichiometric variation [8], the thermomechanical characteristics of NiTiHf rods from 

different melts will not be directly compared. Instead, a comparison of the two Ni50.8Ti29.2Hf20 

(FS5) rods is presented first, followed by a comparison of the three Ni50.7Ti29.4Hf19.9 (FS6) HTSMA 

rods.  

 

3.2.1 Ni50.8Ti29.2Hf20 HTSMAs 

Fig 3.9 displays SEM images of the Ni50.8Ti29.2Hf20 (FS5) rods at incremental stages of the 

hot-rolling process for both rolling temperatures. The microstructure of these HTSMAs is 

composed of a martensitic matrix permeated by dark secondary phase particles identified as 

Ti4Ni2Ox. At both rolling temperatures the average size of the martensitic grains decreases 

linearly, from ~21 µm in the 5th pass, to ~7 µm after undergoing 25 hot passes to a 97.5% 

reduction in cross-sectional area.  

Fig. 3.9. 
Microstructures and grain size measurements for Ni50.8Ti29.2Hf20 HTSMA rods hot-rolled at a) 

800°C, and b) 700°C for the five documented stages of the hot-rolling process. 
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The DSC results, indicating the transformation temperatures of the Ni50.8Ti29.2Hf20 rods 

hot-rolled at 800°C and 700°C are displayed in Fig 3.10a and Fig 3.10b, respectively. In the rod 

hot-rolled at 800°C, transformation temperatures remain stable while transformation hysteresis 

progressively widens in each subsequent pass. In the rod hot-rolled at 700°C, transformation 

temperatures increase significantly by the 5th pass with a change in AF of ~138°C (101°Cà239°C). 

In the following passes (10th-25th), transformation temperatures decrease and stabilize by the 

25th pass at an AF of 187°C.  

 
Fig. 3.10. DSC results displaying the transformation temperatures of Ni50.8Ti29.2Hf20 HTSMA rods 
hot-rolled at a) 800°C, and b) 700°C for the five recorded stages of the hot-rolling process. 
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Fig 3.11 displays the transformation peaks (AP/MP) and average martensitic grain size for 

both Ni50.8Ti29.2Hf20 HTSMA rods as a function of the cross-sectional area-reduction of the 

rod/wire. In the rod hot-rolled at 700°C, the substantial increase in transformation temperatures 

observed in the 5th pass can be attributed to H-phase nano-precipitation. These H-phase 

precipitates, formed during the initial 30-minute heating to 700°C, pulled Ni from the matrix 

consequently raising transformation temperatures. Once the material was saturated with H-

phase precipitates, transformation temperatures began to decrease in subsequent passes (10th-

25th) due to residual strain buildup. This permanent strain was also caused by H-phase 

precipitation since the H-phase does not exhibit any shape memory characteristics. In the rod 

hot-rolled at 800°C, transformation temperatures remained relatively stable across all 5 

documented samples. This stability is due to the absence of H-phase precipitates, which were 

dissolutionized into the matrix at this rolling temperature (800°C). The similar rates of grain 

refinement observed in both Ni50.8Ti29.2Hf20 rods indicate rolling temperatures have no significant 

effect on martensitic grain size.  

 
Fig. 3.11. A comparison between the a) transformation peaks (AP/MP), and b) grain size evolution 
of the Ni50.8Ti29.2Hf20 HTSMA rods hot-rolled at 700°C and 800°C as a function of the cross-
sectional area-reduction of the rod/wire. 
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3.2.2 Ni50.7Ti29.4Hf19.9 HTSMAs 

The microstructures for the three Ni50.7Ti29.4Hf19.9 (FS6) HTSMA rods are shown in Fig 3.12. 

The martensitic matrix and darker Ti4Ni2Ox precipitate morphology closely resemble the 

microstructures of the two Ni50.8Ti29.2Hf20 (FS5) rods discussed previously. The average 

martensitic grain size reduces as a function of the cross-sectional area-reduction of the wire 

across all three Ni50.7Ti29.4Hf19.9 HTSMA rods.  

 
Fig. 3.12. Microstructures and grain size measurements for Ni50.7Ti29.4Hf19.9 HTSMA rods hot-
rolled at a) 800°C for 25 passes, b) 700°C for 25 passes, and c) 700°C for 50 passes for the five 
documented stages of the hot-rolling process. 
  

Fig 3.13 displays a cross-sectional view of the enveloping oxide layers on each Ni50.7Ti-

29.4Hf19.9 HTSMA rod at various stages of the hot-rolling process. In the first documented hot pass 

of all three rods, both the oxide thickness and prevalence of surface cracking are comparable. By 
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the second recorded hot pass stage, the oxide thickens and begins diffusing into the bulk material 

through exposed surface cracks.  

 
Fig. 3.13. SEM images of the oxide layer morphology in Ni50.7Ti29.4Hf19.9 HTSMA rods hot-rolled at 
a) 800°C for 25 passes, b) 700°C for 25 passes, and c) 700°C for 50 passes for the five documented 
stages of the hot-rolling process. 
 

In the third documented stage, the oxide begins to lose coherency with the bulk matrix. 

This causes the oxide to flake off during subsequent hot passes, re-exposing the bulk material for 

new oxide layers to form. Due to this mechanism, the oxide morphology of the fourth and fifth 

stages (20th/25th or 40th/50th pass) does not offer any additional insight as they appear analogous 

to that of previous stages.  

Along the oxide interior of the rod hot-rolled at 800°C, a fine needle-like structure is 

noted. This pre-oxide feature does not appear in either of the rods hot-rolled at 700°C, offering 

a primary distinction between the oxide morphologies of both rolling temperatures. To further 
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investigate this distinction, a compositional gradient of the oxide at both rolling temperatures 

was measured with EDS line spectra, shown in Fig 3.14. These results indicate the white needle-

like structure exhibits a Hf-rich, Ni-lean composition with respect to the bulk stoichiometry, 

similar to that observed in Carl et al. [281].  

 
Fig. 3.14. EDS line spectra displaying the distribution of Ni, Ti, Hf, C, and O across the oxide layers 
of Ni50.7Ti29.4Hf19.9 HTSMA rods after 5 hot passes at 700°C or 800°C. 

 

The DSC results shown in Fig 3.15 reveal the transformation behaviors of the Ni50.7Ti-

29.4Hf19.9 HTSMA rods hot-rolled at a) 800°C for 25 passes, b) 700°C for 25 passes, and c) 700°C 

for 50 passes, respectively. In the rod hot-rolled at 800°C, the stability of AP and MP signify no 

significant shifts in transformation temperatures across all hot-rolling stages. In the rod hot-

rolled at 700°C for 25 hot passes, transformation temperatures steadily rise, peaking in the 10th 

pass, and progressively falling throughout the remaining stages. These trends were paralleled by 

the rod hot-rolled at 700°C for 50 passes, which experienced an AF increase of ~95°C by the 20th 

pass (170°Cà265°C), before dropping to 192°C in the 50th and final pass. 
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Fig. 3.15. DSC results displaying the transformation temperatures of Ni50.7Ti29.4Hf19.9 HTSMA rods 
hot-rolled at a) 800°C for 25 passes, b) 700°C for 25 passes, and c) 700°C for 50 passes for the five 
recorded stages of the hot-rolling process. 
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Fig 3.16 displays the transformation peaks (AP/MP) and average martensitic grain size for 

the three Ni50.7Ti29.4Hf19.9 HTSMA rods as a function of the cross-sectional area-reduction of the 

rod/wire. Across the five documented hot-rolling stages, grain refinement is noted in all three 

Ni50.7Ti29.4Hf19.9 rods. In the first two stages, the martensitic grains in the rod rolled at 700°C for 

50 passes appear slightly larger than grains in the other two rods; however, due to high variability 

in the grain size measurements, no effects of rolling temperature on grain size can be confirmed.   

In both rods hot-rolled at 700°C, the initial increase in transformation temperatures 

observed in the 5th & 10th pass was caused by H-phase nano-precipitation, as discussed with the 

Ni50.8Ti29.2Hf20 (FS5) rods. The rod hot-rolled at 700°C for 50 passes exhibits slightly higher 

transformation temperatures than the 25-pass counterpart, due to the additional thermal hold 

time. In other words, since each rod spends 5 minutes in the furnace after each pass, the rod that 

underwent 50 passes was kept at 700°C for twice as long, likely precipitating slightly more H-

phase as a result. Aside from this small deviation, the transformation temperatures of the rods 

hot-rolled at 700°C were nearly identical, thus validating the accuracy of the results. 

In the rod hot-rolled at 800°C, transformation temperatures remained relatively stable 

across all 5 documented stages, although a minor decrease is still noted. This stability is due to 

the absence of H-phase precipitates, which were dissolutionized into the matrix at this rolling 

temperature (800°C). The Hf-rich needles located in the pre-oxide layer of this Ni50.7Ti29.4Hf19.9 

HTSMA rod are detrimental to further thermomechanical processing. This Hf-rich oxide is 

removed from the material with each pass, due to the incoherency of the oxide/matrix interface 

noted by the 15th pass. The depletion of Hf through oxide delamination will progressively and 
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exponentially lower transformation temperatures the further the wire is reduced, due to the 

increasing volume fraction of the oxide/wire [283]. 

 
Fig. 3.16. A comparison between the a) transformation peaks (AP/MP), and b) grain size evolution 
of the Ni50.7Ti29.4Hf19.9 HTSMA rods hot-rolled at 800°C for 25 passes, 700°C for 25 passes, and 
700°C for 50 passes as a function of the cross-sectional area-reduction of the rod/wire. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE RESEARCH 

4.1 NiTiSn Low-Temperature SMAs 

The viability of NiTiSn SMAs in low-temperature actuator applications was investigated 

over a series of five alloy heats (Heats I-V). First, the site preference of Sn in near-equiatomic NiTi 

was evaluated by substituting Sn for Ni in Heat I (Ni49.8-xTi50.2Snx), and Sn for Ti in Heat II 

(Ni49.8Ti50.2-xSnx where x = 2, 4, 6, 8, and 10 at.%). Results confirmed Sn substitutes into Ti lattice 

sites rather than Ni sites in near equiatomic NiTi due to a more similar electronic configuration. 

Both Sn and Ti prefer to give away two electrons to reach a lower energy full shell state, 

specifically 4d10 and 4s2 respectively, while Ni prefers to gain two electrons.  

After determining Sn’s preference for Ti lattice sites in NiTi SMAs, alloys substituting Sn 

for Ti (Ni49.8-xTi50.2Snx where x = 2, 2.25, 2.5, 2.75, 3, 4, 6, 8, and 10 at.%) were produced and 

solution annealed.  In this heat (Heat III), the cryogenic transformation capabilities of the NiTiSn 

SMA system were successfully demonstrated in NiTiSn SMAs with less than 3 at.% Sn addition. 

Additionally, the effects of Sn addition on transformation temperatures in near-equiatomic NiTi 

was quantitatively correlated up to 3 at.% Sn.  

With the influence of Sn on transformation temperatures sufficiently established for Ti-

rich NiTiSn SMAs, Heat IV explored alternative mechanisms for lowering transformation 

temperatures by increasing the Ni:Ti ratio at a fixed Sn content (Ni49.8+xTi48.2-xSn2 where x = 0, 0.2, 

0.4, 0.6, and 0.8 at.%). NiTiSn LTSMAs with Ni content exceeding 50.2 at.% were shown to exhibit 

sub-cryogenic transformation temperatures (<-175°C).     
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 In Heat V, Ni-rich NiTiSn LTSMAs were low-temperature aged in an effort to promote the 

formation of Ni4(Ti,Sn)3 precipitates which aid in fine-tuning transformation temperatures [287], 

strengthen the alloy, and improve transformation behaviors. None of the aging techniques 

employed in this thesis successfully induced Ni4(Ti,Sn)3 precipitation, although a promising new 

aging technique is presented in Section 4.3.  

 

4.2 NiTiHf High-Temperature SMAs 

The thermomechanical processability of NiTiHf HTSMA wires was investigated in an effort 

to optimize the rolling/drawing process for NiTiHf HTSMAs. Five Ni-rich NiTiHf HTSMA rods 

(Ni50.8Ti29.2Hf20 & Ni50.7Ti29.4Hf19.9) were hot-rolled to a ~97% reduction in cross-sectional area over 

the course of 25 or 50 non-consecutive hot passes at either 700°C or 800°C.  The evolution of 

various microstructural features (grain size reduction, oxide growth, and nano-precipitation) 

were observed at incremental stages of the hot rolling process and linked to the thermal and 

mechanical responses of respective HTSMA rods/wires.  

The average martensitic grain size decreased linearly as a function of the cross-sectional 

area-reduction of the rod/wire across all five NiTiHf HTSMAs. Rolling temperature (700°C vs. 

800°C) and/or composition (Ni50.8Ti29.2Hf20 vs. Ni50.7Ti29.4Hf19.9) showed no observable influence 

on grain size. 

The Ni50.8Ti29.2Hf20 and Ni50.7Ti29.4Hf19.9 HTSMAs exhibited stable transformation 

temperatures when hot-rolled at 800°C; however, a Hf-rich needle-like structure observed in the 

oxide morphology poses concerns for further thermomechanical processing. As the volume 

fraction of the oxide/wire increases with each pass, more Hf will be removed from the material 
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through oxide delamination, progressively and exponentially lowering transformation 

temperatures the further the wire is reduced.  

The detrimental Hf-rich oxide was not observed in the NiTiHf HTSMAs hot-rolled at 700°C; 

however, at this rolling temperature, transformation temperatures were increased substantially 

in the first 5 hot passes due to H-phase nano-precipitation. These H-phase precipitates, formed 

during the initial 30-minute heating to 700°C, pulled Ni from the parent matrix, consequently 

raising the transformation temperatures. Once the material was saturated with H-phase 

precipitates, transformation temperatures began to decrease in subsequent passes (10th-25th) 

due to residual strain buildup. This permanent strain was also caused by H-phase precipitation, 

since the H-phase does not exhibit any shape memory characteristics.  

 

4.3 Future Research 

In a final attempt to demonstrate Ni4(Ti,Sn)3 precipitation, a Ni50.8Ti48.2Sn1 alloy was 

melted, homogenized, and cold rolled to ~70%. The alloy was aged at 550, 650, 750, and 850°C, 

respectively, followed by a furnace cooling. The alternative cooling technique, high Ni content 

(50.8 at.% in this case), and point defects generated from cold-work are all thought to promote 

Ni4(Ti,Sn)3 precipitation. The phases present in these samples are currently being determined 

using Synchrotron Radiation X-ray Diffraction (SR-XRD) experiments. An additional in-situ SR-XRD 

experiment (700°C at 5°C/min) on an un-aged Ni50.8Ti48.2Sn1 sample will be performed to reveal 

precisely when Ni4(Ti,Sn)3 precipitation occurs. Aside from precipitation studies, the mechanical 

properties and processability of NiTiSn LTSMAs will be assessed through cryogenic compression 

testing and hot rolling studies, respectively.  
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Strain recovery testing on the five NiTiHf HTSMA rods hot-rolled in this thesis will be 

performed shortly to observe how H-phase precipitates affect the thermomechanical behaviors. 

The NiTiHf wires will be further drawn (1 mm à 250 µm) using a new hot-drawing technique that 

mitigates several known issues with cold-drawing NiTiHf [283]. 
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