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Chapter 1: 

Introduction 

This chapter gives a short introduction on the history and applications of Ni Ti alloys. It briefly 

describes the shape memory effect and superelasticity, and at the end, the aim of this work is 

explained and finally, the layout of the thesis is given.  
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1.1 Brief history and applications of Ni Ti alloys 
Ni Ti alloys show shape memory effects (SME) and superelasticity (SE), also called 

pseudoelasticity, which can be described as the ability of the material to recover from large strains 

by the change of thermal or mechanical conditions, respectively. The shape memory effect of near 

equiatomic Ni Ti alloys was first accidentally discovered in 1963 when Buehler [1] was 

investigating the property of this alloy in his lab, and during a meeting, a pipe smoking associate 

applied heat from his pipe lighter to a stretched Ni Ti strip [2]. 

In fact, SME was previously discovered in other alloys such as Au Cd [3] (1932), Cu Zn [4] 

(1938) and In Tl [5] (1954), as well as SE in Cu Zn (1952) [6,7] and In Tl (1953) [6,8]. However, 

such materials have not been applied in devices due to their poor mechanical properties [9].  

Ni Ti alloys, however, became widely used in different sectors soon after the discovery because of 

their outstanding mechanical properties [10], excellent biocompatibility [11 14], good corrosion 

resistance [10,15] and ductility [10,16]. Engineers and product developers have considered both 

the SME and SE property of Ni Ti alloys in their applications. These days Ni Ti is known as the 

most commonly studied [7,17] and used [7,17 19] shape memory alloy (SMA). 

The well documented first large scale commercial application of a Ni Ti alloy was in 1969 in 

the joints of hydraulic parts in the Grumman F 14 aircraft [2,20]. Another early usage of Ni Ti 

was in orthodontic bridge wires in 1971, which was the first use of the recoverable strain of more 

than ten times that of stainless steel [2]. The mechanical behaviors of Ni Ti based materials 

closely resemble that of biological tissues such as bone and tendon, as seen from Figure 1 1 

[7,21,22], and many other characteristics of Ni Ti such as the height of the superelastic plateau or 

the size of the hysteresis loop can be well adjusted to desired values by proper alloying and/or 

treatments of the Ni Ti material [7].  
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Figure 1 1 Ni Ti alloy mechanical behavior versus stainless steel and several biomaterials [7]. 

These excellent mechanical properties of Ni Ti alloys combined with the good 

biocompatibility [11 14] have resulted in an expanding interest in the medical industry [12,21,23]. 

The SME of Ni Ti is used in bone staple wires used for fixation of fractured bones [24 27] as 

schematically shown in Figure 1 2(a) and as an example in Figure 1 2(b). Ni Ti stents, being  

self expandable due to the SE properties, are used to treat arterial stenosis (narrowing of the 

artery). The stent is squeezed into a small diameter delivery system tube and inserted in the 

blood flow (Figure 1 2(c)) [12]. 

Superelasticity of Ni Ti alloys was considered in dentistry for correction of irregular teeth. 

Very flexible orthodontic braces made of Ni Ti alloys, shown in Figure 1 2(d), obviates  

re applying the wire every time there is movement of the teeth, so that the number of 

reapplications per patient and treatment time decreases [12,28 30]. Also frames for eyeglasses 

[31,32], clinical surgical devices such as laparoscopic instruments (Figure 1 2(e)) [21], atrial septal 

defect occlusion system (ASDOS) to allow nonsurgical repairs of occlusions or holes in the atrial 

wall of the heart (Figure 1 2(f)) [21,23,33], or Simon vena cave filter (Figure 1 2(g)) which filter 

rather large embolized blood clots in the vena cave vein [21,23,33], are other medical devices 

benefitting from the outstanding properties of Ni Ti. 
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Figure 1 2 (a) Formation, insertion, and compression of Ni Ti compression staples in the bone 

[27]; (b) radiogram of joined condyle mandible fracture by Ni Ti shape memory staples after 

operation [24]; (c) self expanding Ni Ti stent system [34]; (d) orthodontic braces; (e) surgical 

innovations endoscopic instruments use Ni Ti rods to actuate scissors, graspers, etc. [21]; (f) atrial 

septal defect occlusion system allowing nonsurgical repairs of occlusions or holes in the atrial wall 

of the heart [21]; (g) Simon vena cave filter, filtering large embolized blood clots in the vena cave 

vein [21]. 
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Ni Ti alloys have also been successfully used in macro actuators [35], large variety of size and 

application of valves [36], robotics [37], automotive [38,39] and aerospace [40,41]. 

At the micro size, Ni Ti is applied in microelectromechanical systems (MEMS) and  

micro actuators that produce motion in devices such as micro valves, pumps, switches and  

shutters. Ni Ti alloys are well suited for this purpose, due to their large actuating forces, minimal 

power consumption and room temperature operational range [10]. Another reason for the special 

attention on Ni Ti alloys for MEMS applications is that they can function as sensors and actuators 

simultaneously [20,42]. One drawba

compared to, e.g., piezoelectric devices [43]. 

Sputter deposited thin film Ni Ti layers crystallized after heat treatment and designed by 

lithographic patterning have been used in MEMS applications as membrane actuator [43 45] and 

diaphragm [10,43,46] for micro pumps and valves, an example shown in Figure 1 3(a) [47]. The 

work density of such thin films exceeds that of any other micro actuating material [10,43]. A  

rolled and laser cutting micro fabricated Ni Ti membrane actuator used in  

micro valves is shown in Figure 1 3(b) [44,45,48]. Thin films are also used in micro grippers for 

grasping and manipulating small or micro objects with high accuracy in a wide range of 

applications, such as the assembly in microsystems, endoscopes, for microsurgery, and drug 

injection micromanipulators for cells [43], an example of which is shown in Figure 1 3(c) [43,49]. 

The microelectrode with Ni Ti clipping structure shown in Figure 1 3(d) and (e) can be used for 

minimal invasive microelectrodes to clip a nerve cord or other living organisms [43,50]. In the 

micro tweezer shown in Figure 1 3(f) the Joule heating leads to both martensitic transformation 

and thermal expansion, leading to move in two perpendicular directions [51]. A micro wrapper 

(or micro cage) made of thin films with overall arms dimension of 100 m is shown in open 

(Figure 1 3(g)) and closed (Figure 1 3(h)) condition [51,52]. Ni Ti thin films are also ideal for 

applications in micro sensors due to their sensitivity to environmental changes such as thermal, 

stress, magnetic or electrical fields [43]. The micro gripper shown in Figure 1 3(i) made of rolled 

Ni Ti sheet employs two actuation units to be heated selectively in order to open and close the 

gripping jaws with a very short response time [53]. 

In the SMA actuators the mechanical work is obtained by SME when an electric current flows 

through the alloy and heats it up to the transformation temperature. As in this method no electric 

motor is used and an SMA with any shape can play the role of an engine, authors were tempted to 

extremely downsize the SMA actuators, some even talked about atomic scale [54]. For this purpose, 
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one should investigate the mechanical properties of the alloy in sub micron scale and check if our 

knowledge at the macro scale is also valid at the micro scale. 

 
Figure 1 3 (a) Top view of membrane and Ni Ti electrode in a micro valve [47]; (b) membrane 

actuator of a micro valve consisting of a circular arrangement of double beams [48]; (c) Ni Ti/Si 

micro gripper with cantilever structure with out of plane bending mode [43]; (d) & (e) 

microelectrode with clipping structure designed for nerve clipping [50]; (f) micro tweezer with 

both horizontal and vertical movement due to both shape memory and thermal effects [51]; (g) a 

micro wrapper or micro cage with open fingers and (h) with closed fingers grabbing 

polymer ball [52]; (i) Ni Ti micro gripper using two actuation units to quickly respond to the 

opening/closing signal [53]. 

1.2 Shape memory effect and superelasticity of Ni Ti 

alloys 
The shape memory effect refers to the ability of deformed materials to return to their  

pre defined shape upon heating. When a shape memory material is deformed up to some extent 

in a cold temperature, it reclaims its permanent deformation and returns to its original shape upon 
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heating to a certain characteristic hot temperature. This behavior is known as the one way shape 

memory effect. Two way shape memory effect, on the other hand, is when the material takes two 

different shapes by heating and cooling above and below specific temperatures. In other words, a 

one way SMA can only remember the high temperature shape, while a two way SMA can 

remember both high and low temperature shapes. For a material to show two way shape memory 

effect normally it requires [55]. 

Superelasticity, another property of Ni Ti alloys, is the ability of the material to be stretched or 

bent up to large extent and return to its former shape upon releasing the load, without effect on 

the properties of the material [12]. Elastic strains involved in shape memory alloys are close to two 

orders of magnitude larger than those of classical engineering materials, e.g., structural steel [6,20]. 

Superelasticity takes place at higher temperatures compared to those of shape memory effect in a 

given material. 

Both shape memory and superelasticity of Ni Ti alloys rely on martensitic transformation 

(MT) [20,56], which will be explained in the Chapter 2. 

1.3 Aim and outlines of this PhD thesis 
The shape memory and superelasticity effects in Ni Ti alloys are associated with reversibility 

of the martensitic transformation. Thus, any irreversible processes occurring during 

transformation cycles causing a change in the transformation characteristics are of great 

importance for the practical purposes of the material. One of the phenomena observed in Ni Ti is 

the suppression of the MT by thermal cycling [57] and the first objective of this work is to 

investigate the effect of thermal cycling on the material microstructures using electron microscopy. 

The second objective of this work is to investigate the stress induced martensitic 

transformation in sub micron scale samples using in situ transmission electron microscopy. This 

is important not only for providing insight in the MT nucleation and propagation, but also since 

observations during straining can directly be coupled with the mechanical data collected by the 

in situ transmission electron microscopy (TEM) straining holder. 

As Ni Ti thin wires are widely applied in micro actuators [58 60], most of the samples 

investigated in this work are micro wires. In order to prepare electron transparent thin specimens 

for electron microscopy, a method based on conventional twin jet electropolishing is developed 

which provides large and clean thin area. An independent chapter is dedicated to this method. 
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This thesis is organized in seven chapters. After the brief introduction given in the current 

chapter, a more detailed review of literature related to the present work is given in Chapter 2, 

including the thermal and stress induced martensitic transformation, previous works on  

micro plasticity induced by MT and thermal cycling, in situ electron microscopy and 

electropolishing.  

In Chapter 3 the bulk and micro wire Ni Ti material used in this work and their 

thermomechanical history and treatment are presented. Also, the instruments, methods and 

conditions applied to measure thermal and mechanical properties of the samples are discussed. 

Moreover, the conventional twin jet electropolishing specimen preparation method applied for 

transmission electron microscopy of bulk material and focused ion beam specimen preparation 

for making in situ straining specimens are explained. Finally, the Cluster Model which correlates 

reciprocal space to the real space and which will be applied to interpret diffuse intensities in 

electron diffraction patterns is introduced. 

The specimen preparation technique developed to apply a conventional twin jet 

electropolishing apparatus to prepare specimens from micro wires is presented in Chapter 4 In 

Chapter 5 the effect of thermal cycling with and without combination with room temperature 

aging on micron sized grain bulk material is investigated. In Chapter 6 the question investigated 

in the former chapter is deepened by using micron  and submicron sized grain microwires and 

elevated temperature aging in addition to the room temperature aging. 

While the former two chapters focus on thermal effects, in Chapter 7 the focus is on in situ 

nano straining experiments on single crystal and polycrystalline Ni Ti specimens.
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2 Literature review 

 

 

Chapter 2:  

Literature review 

In this chapter the literature related to this thesis is reviewed. First the Ni Ti phases appearing 

in this work and their corresponding crystal structures are introduced. Then the austenite and 

martensite temperature ranges are discussed and the phase diagram of the material is described. 

Then the martensitic transformation mechanism which is responsible for the special properties of 

the material is discussed. It is followed by considering the thermally induced martensitic 

transformation, including the shape memory effect and differential scanning calorimetry 

technique. Stress induced martensitic transformation comes after, focusing on the property of 

superelasticity and in situ nano tensile testing that will be applied in Chapter 7. The influence of 

precipitates, dislocations and thermal cycling on the martensitic transformation and how it is 

explained by different authors is also reviewed, which is related to Chapters 5 and 6 of this work. 

At the end an overview on the electropolishing procedure and the path from conventional 

electropolishing to the contemporary twin jet electropolishing apparatus for TEM specimen 

preparation is given. This provides a better understanding of the mechanism and development of 

the technique and is a preface to Chapter 4 in which a technique is developed for thinning 

undersized samples. 

Some materials of this chapter have been published in the following articles: 

• Pourbabak, S.; Orekhov, A.; Samaee, V.; Verlinden, B.; Van Humbeeck, J.; Schryvers, D. In-Situ 

TEM Stress Induced Martensitic Transformation in Ni50.8Ti49.2 Microwires. Shap. Mem. 

Superelasticity 2019, 5 (2), 154 162. https://doi.org/10.1007/s40830-019-00217-6. 

• Pourbabak, S.; Wang, X.; van Dyck, D.; Verlinden, B.; Schryvers, D. Ni Cluster Formation in Low 

Temperature Annealed Ni50.6Ti49.4. Functional Materials Letters 2017, 10, 1740005. 

https://doi.org/10.1142/S1793604717400057.  
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2.1 Phases and crystal structures of Ni Ti alloys 
Ni Ti can exist in several different phases. In this work we focus only on four most relevant 

phases for shape memory and superelastic behavior: austenite, R phase, 

Ni4Ti3 precipitates and which are briefly described here. Also, the B19 martensite is shortly 

introduced. Other existing phases such as Ni3Ti2, Ni3Ti and NiTi2 are out of the scope of this work. 

In this work, when the exact composition of the alloy or phase is to be specified, it is presented 

as subscript (e.g., Ni50.8Ti49.2) while Ni Ti is used as a more general term when no specific 

composition is meant (although it is, in the framework of shape memory, essentially Ni rich but 

still close to the 50/50 equiatomic ratio). When NiTi is used, an exact 50/50 composition is meant. 

2.1.1 B2 
Close to the equiatomic composition, the high temperature Ni Ti phase, in the present context 

referred to as the austenite phase, has the ordered body centered cubic B2 structure (CsCl), as 

shown in Figure 2 1(a). As this is the highest symmetry phase in Ni Ti alloys, other phases with 

lower symmetries can form in multiple different orientations in reference to the cubic B2 matrix 

and thus create variants. Since the martensite phases transform from this B2 phase upon cooling, 

the latter is often also referred to as the parent phase. 

 
Figure 2 1 (a) The parent B2 phase cells with face centered tetragonal (FCT) cell outlined and 

basal planes indicated by dash line; (b) orthorhombic B19 martensite formed by shear/shuffle of 

the basal plane (110)[1-10]B2 

sheared by a non basal (001)[1-10]B2 shear [61]. 
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2.1.2  
Figure 

2 1(c). This is the phase formed when the first order martensitic transformation occurs in the 

parent B2, and it allows different twin variants to form. Similar to B2 being referred to as the parent 

phase, the martensite is often called the product phase. 

The transformation from high symmetry B2 austenite to low symmetry monoclinic martensite 

state results in 12 variants of martensite. The orientation relation between these variants and the 

parent phase is listed in Table 2 1. 

Table 2 1 Orientation relation between the austenite and martensite [62]. 

Variants [100]M [010]M [001]M 

1 [100]B2  [011]B2 [01̅1]B2 

 [1̅00]B2 [01̅1̅]B2 [01̅1]B2 

2 [100]B2 [01̅1]B2 [01̅1̅]B2 

 [1̅00]B2 [011̅]B2 [01̅1̅]B2 

3 [010]B2 [101]B2 [101̅]B2 

 [01̅0]B2 [1̅01̅]B2 [101̅]B2 

4 [010]B2 [101̅]B2 [1̅01̅]B2 

 [01̅0]B2 [1̅01]B2 [1̅01̅]B2 

5 [001]B2 [110]B2 [1̅10]B2 

 [001̅]B2 [1̅1̅0]B2 [1̅10]B2 

6 [001]B2 [1̅10]B2 [1̅1̅0]B2 

 [001̅]B2 [11̅0]B2 [1̅1̅0]B2 

2.1.3 R phase 
The R phase in Ni Ti alloys is an intermediate trigonal phase (as shown in Figure 2 2) 

between austenite and martensite and its occurrence depends on the exact composition and the 

thermomechanical history of the alloy. The B2→R transformation competes with the B2→

martensitic transformation. If R phase appears first, the successive transformation occurs such as 

B2→R→ curs first, R phase transformation is suppressed. For 

R phase to form, substitution of Ni by Al or Fe, or coherent Ni4Ti3 precipitate formation, or a high 

density of rearranged dislocations left from cold work are required [56,63,64].  

R phase has four symmetry related variants in the parent B2. The B2→R phase is a first order 

diffusionless transformation [65]. R phase is also associated with a shape memory effect [19,65] 
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but it is usually not considered as such since it allows a much smaller strain change (0.5%) 

compared to the MT (5%) [19]. 

 
Figure 2 2 Trigonal representation of the R phase. 

2.1.4 B19 
Orthorhombic B19 martensite is another intermediate phase which may form in ternary alloys 

when Ni is substituted by, e.g., Cu. In this case, depending on the ternary element content, the B2 

 two steps: B2→B19 and B19→ [56]. In solution treated 

binary Ni Ti alloys, such as those used in the present work, the transformation occurs directly 

[56]. 

→

transformation, and will not refer to B19 any further, since it does not appear in our material. 

2.1.5 Ni4Ti3 precipitates 
Ni4Ti3 is a metastable phase which appears as a result of diffusion controlled precipitation 

transformation when Ni rich Ni Ti is aged at low temperature for short aging times. Ni4Ti3 can 

be described by rhombohedral (eight Ni atoms, six Ti atoms) or hexagonal (24 Ni atoms, 18 Ti 

atoms) structures, where the latter is often more convenient due to the orientation relation to the 

parent B2, e.g., (001)h // (111)B2 and [010]h // [-2-13]B2 (index h is standing for hexagonal). Ni4Ti3 

precipitates are of lenticular shape with the central plane parallel to {111}B2. The precipitates shrink 

2.7% along the (0001)h habit plane direction and 0.3% along its perpendicular directions relative 

to the B2 [20]. These precipitates are coherent to the matrix in the early stage of formation. The 

lattice mismatch between the precipitate and matrix yields a strain field in the matrix around the 

precipitates which plays an important role in adjusting transformation temperatures and 
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improving the shape memory characteristics [56]. The precipitates also strengthen the B2 phase 

and therefore improve the recoverability of the shape memory [20]. 

In principle eight variants of precipitates in reference to the parent matrix are possible, but 

since these variants are two by two sharing a same habit plane, only four orientation variants of 

precipitates occur. 

The above mentioned phases together with their corresponding crystal structure information 

are summarized in Table 2 2 [56,66,67] where the exact cell parameters depend on the specific 

composition of the alloy [20,67]. 

Table 2 2 Different phases and corresponding crystal structure of Ni Ti alloys. 

Phase composition 
Space 

group 
Crystal structure Cell parameters 

Austenite NiTi Pm3̅m Cubic B2 a = 0.3015 nm 

R phase NiTi P3̅ Trigonal 

a=0.7339 nm 

c = 0.5284 nm 

 

Martensite NiTi P21/m  

a =0.2898 nm, 

b = 0.4108 nm, 

c = 0.4646 nm, 

 

Martensite NiTi Pmmb Orthorhombic B19 

a = 0.2881 nm, 

b = 0.4279 nm, 

c = 0.4514 nm 

precipitate Ni4Ti3 R3̅ 

Rhombohedral 
a = 0.670 nm,  

13.8° 

Hexagonal 
a = 1.124 nm, 

c = 0.5077 nm 

2.2 Martensite and austenite regime temperature ranges 
A typical differential scanning calorimetry (DSC) measurement of a Ni Ti alloy in the 

transformation temperature range is shown in Figure 2 3(a). When the sample is cooled down 

from the austenite B2 parent phase, the MT starts at Ms [68] (MT start temperature), the onset of 

the MT peak. By further cooling more austen

finishes at Mf (MT finish temperature). Upon heating, the martensite phase starts to reverse 

transform to the austenite phase at As (austenite start) and finishes at Af (austenite finish) 
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temperature. The Ms, Mf, As and Af temperatures are characteristic temperatures of a single stage 

Ni Ti martensitic transformation. 

 One could also use the electrical resistivity of the material to measure the characteristic 

temperatures. Figure 2 3(b) is the electrical resistivity versus temperature of Ni Ti in the 

transformation temperature range where the electrical resistivity shows a decrease upon cooling 

in the B2 phase region while an increase of the decreasing rate occurs at the onset of the 

transformation at Ms [69], due to the crystal structural change. This is an older method and it has 

the disadvantage that extracting the characteristic temperatures from the curves is not trivial. 

 
Figure 2 3 (a) DSC curves showing the transformation temperatures of the Ni50Ti50 alloy [69]; (b) 

Electrical resistance versus temperature curve of the same material showing the transformation 

temperatures [69]. 

The graphs in Figure 2 3 show that the temperature at which we are looking at a specific sample 

determines whether it falls in the austenite or martensite regime. In fact the transformation 

temperatures depend on a number of parameters, including the Ni content, impurity content and 

thermomechanical history [20,70 72]. Suppliers use these parameters to regulate the 

transformation temperatures of Ni Ti alloys for the desired applications anywhere from cryogenic 

temperatures up to about 100 °C [19]. The main effect is the alloy composition, e.g., increasing the 

Ni content from 49.4 at.% to 50.4 at.% changes Ms from 57 °C to -30 °C [73]. Figure 2 4 shows the 

dependency of Ms to the Ni content of the alloy. 
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Figure 2 4 Ms versus Ni content experimental data [74]. 

2.3 Phase diagram 
The equilibrium phase diagram of the Ni Ti system is shown in Figure 2 5. The three 

equilibrium phases, NiTi2, Ni Ti and Ni3Ti locate at 33.3 at.% Ni, near 50 at.% Ni and 75 at.% Ni, 

respectively [12,69]. The 1090 °C indicated by a dashed line is the order disorder temperature [56] 

from which the B2 phase is stable from 49 at% Ni to 57 at% Ni [75]. Upon lowering the 

temperature, the B2 Ni Ti phase region narrows down very quickly to a line phase with no 

solubility below 630 °C [12,69]. Therefore, below this temperature Ni rich Ni Ti decomposes 

upon direct cooling or on aging at a temperature below 630 °C after quenching. The decomposition 

ultimately leads to stable Ni3Ti through metastable phases of Ni4Ti3 and Ni3Ti2. Ni4Ti3 which forms 

in the early stages of aging at low temperatures is the most important phase considering the 

functionality of Ni Ti. 
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Figure 2 5 Phase diagram of Ni Ti [61]. 

2.4 Cold work material and heat treatment 
In conventional superelastic Ni Ti a combination of cold work and subsequent low 

temperature annealing is employed to improve the characteristics of the material. After cold 

working material shows a mixture of austenite, amorphous phase, residual martensite and 

dislocations in the microstructure. Such material exhibits high yield strength, but very low phase 

transformation temperature and poor superelastic properties since only very low recoverable 

strain is possible. The characteristic properties are improved by annealing at 400 °C  500 °C, 

slightly below the recrystallization temperature which partially removes the lattice defects and 

internal stress resulting in decreasing the yield stress. The remaining dislocations minimize the 

plastic accommodation and martensite stabilization via increasing the critical shear stress for 

dislocation slip [76]. Strengthening in critical shear stress for slip increases the difference in 

strength between the critical stress for stress induced martensitic transformation and the 

macroscopic yield stress of martensite or austenite, yielding an enhancement of the cyclic stability 

[56,76]. On the other hand, if the material is fully annealed at temperatures of about 600 °C and 

above, martensite and internal stress gradually disappear, density of defects decreases and size of 

the recrystallized grains increases as the result of recovery and recrystallization [56]. In general, 
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superelasticity and shape recovery in solution treated material takes place only partially due to 

easy slip deformation [20] in the absence of dislocations. Still, in view of the selected experiments, 

the present work focuses on recrystallized samples. 

2.5 Martensitic transformation 

2.5.1 Mechanism 
The martensitic transformation is a thermoelastic, diffusionless, first order, solid to solid, 

reversible and shear like transformation. It can be described as a lattice deformation resulting 

from shearing and cooperative movement of atoms, rather than their long range diffusional 

movements [77]. There is a one to one lattice correspondence between the lattice points of parent 

and product phases. As the relationship between neighboring atoms is retained during the MT, the 

change in the crystal structure can be explained by the deformation of the austenite crystal 

structure into that of the martensite [77], as schematically is shown in Figure 2 1 (through B19). 

In Figure 2 1(a) the parent B2 phase cells are shown in which a FCT cell is outlined and the {110}B2 

basal planes are indicated by dashed lines. The B19 martensite structure, Figure 2 1(b), is derived 

by a basal plane {110}〈1-10〉B2 shear which leads to a more close packed structure [56]. The 

martensite, Figure 2 1(c), can be created by an additional monoclinic non basal shear  

{001}〈1-10〉B2 distortion.  

Although the displacement of each atom is smaller than an interatomic distance, the 

transformation results in a macroscopic change in shape of the material [20], due to the 

cooperative movement of atoms, dominated by shear [48]. This macro scale change can be 

observed by a simple experiment in which a straight line scratched on the surface of a single crystal 

austenite changes its direction upon MT. The habit or interface plane between the austenite and 

martensite should be an invariant plane (undistorted and un rotated), since it yields the lowest 

strain energy [77]. This invariant habit plane is formed as a result of invariant plain strain which 

is a homogeneous distortion in a way that the displacement of any point is in the same direction 

and proportional to the distance from the habit plane. This plane guarantees the existence of a 

martensite and austenite compatible interface without large internal strains. 

Although the habit plane being an invariant plane results in nearly equal to zero strain energy 

of the interface between the austenite and martensite phases, during the nucleation and growth of 

the martensite a large strain occurs due to the different crystal structure of austenite and martensite 

[78]. In order to reduce the strain and satisfy the invariant plain strain condition, two mechanisms 
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occur in Ni Ti. The first mechanism, twinning, is a lattice invariant shear mechanism since it does 

not change the basic crystal structure of martensite. The second mechanism is  

self accommodation [79] of martensite variants by which multiple martensite variants are formed 

side by side and mutually further reduce the transformation elastic strain energy. As a result, the 

sample does not experience deformation as a whole and the macroscopic volume change is 

minimized. The TEM image of a martensite plate and the corresponding selected area electron 

diffraction (SAED) pattern in Figure 2 6 clearly shows the finely twinned structure of the 

martensite, in the present case yielding spot splitting and streaking due to non periodic twin 

sequences. 

 
Figure 2 6 (a) TEM image of an internally twinned martensite plate in the B2 background matrix; 

(b) SAED acquired from the center of the martensite plate with streaks characteristic for non

periodic twins. 

MT in Ni Ti is a thermoelastic transformation, characterized by reversibility and having a 

small transformation hysteresis compared with non  thermoelastic transformations [61]. In 

thermoelastic alloys a reversible motion of the martensite plates [61] and austenite martensite 

interface is observed during the transformation and the martensite plates shrink and return back 

completely to the initial austenite phase orientation. In a non thermoelastic alloy, however, the 

reverse transformation occurs by nucleation of austenite inside the martensite plates instead of 

reverting martensite plates back into austenite. 

Martensitic transformation can be triggered either thermally or mechanically. In such 

conditions Ni

increasing stress, and upon increasing the temperature or unloading, the reverse transformation 
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takes place. In the following sections these two mechanisms and their role in the functionality of 

the material are discussed. 

2.5.2 Thermally induced martensitic transformation 

2.5.2.1 Shape memory effect 

Near equiatomic Ni Ti alloys treated with an appropriate heat treatment exhibit shape 

memory and superelastic properties originating from the underlying martensitic transformation 

[20,56]. 

For the shape memory effect to happen the material must be below As at the environment 

temperature in the initial state. It yields self accommodating structures formed by all possible, 

often internally twinned, martensite variants. In the stress strain temperature curve of  

Figure 2 7 this stage is indicated by a, the crossing of the three axes. Then by loading, the twinned 

martensite elastically deforms up to some extent, point b, after which detwinning of martensite 

starts. The applied stress promotes the growth of one martensite variant at the expense of the 

others in order to accommodate the applied stress as best as possible. In this manner the material 

can accommodate large deformations through martensite detwinning and rearrangement. This 

process continues until point c where the entire martensite phase is detwinned. If loading 

continues after this point, the detwinned martensite can still deform elastically up to point d. Upon 

unloading the material relaxes elastically, but the deformation accommodated by detwinning is 

retained, point e. Now by heating the sample, the material starts to transform back to austenite, 

point f, and by reaching Af temperature, the whole material is back to austenite phase and the 

original shape of the sample is regained, point g. Now decreasing temperature below Mf to point a 

and forward MT causes no strain in the material. This is the one way shape memory effect [20,75]. 

However, if the self accommodated martensite variants are permanently favored by forming 

dislocations or internal stresses, forward MT by decreasing temperature yields large macroscopic 

strain resulting in shape recovery. This process is called two way shape memory effect. 
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Figure 2 7 Stress strain temperature curve of Ni Ti showing the one way shape memory effect 

procedure. 

2.5.2.2 Differential scanning calorimetry 

Differential scanning calorimetry is a method to measure the total amount of energy released 

or absorbed by a material during a phase transformation. In this method a few milligrams of 

material is capsulated in a crucible and undergoes heating and cooling with a constant rate in a 

certain predefined temperature interval. The heat flow of the material is monitored and compared 

with that of an empty crucible as the reference and the results are shown in a graph with horizontal 

axis as temperature (°C) and vertical axis as heat flow normalized by the sample size (J.s-1.g-1). In 

the literature, there is no consistency in the direction of the vertical axis. In this work the 

exothermic peaks are presented in the positive direction and vice versa. As the MT involves a 

negative change in chemical enthalpy ∆𝐻, it is seen as an exothermic peak (heat releasing) in the 

DSC curve during cooling. The reverse MT, on the other hand, appears as an upside down peak 

revealing the reaction to be endothermic (heat absorbing). 

The martensite peak, as can be seen in Figure 2 3 has a finite width (e.g., Mf  Ms) caused by 

the resistance (frictional kinetics) of the parent 

[19]. Martensite growth in austenite introduces elastic strains in the surrounding austenite and as 

a result a larger driving force is required to transform the remaining austenite which lowers the 

transformation temperature. Therefore, when testing calorimetry of Ni Ti alloys, a temperature 

interval including Mf Af range should be chosen with some margins to ensure complete forward 
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and reverse MT. According to ASTM standards for Ni Ti alloys [80] the minimum temperature 

should be set at least 30 °C below Mf and the maximum temperature should be at least 30 °C above 

Af, and one should hold the system at the minimum and maximum temperatures for a time 

sufficient for equilibration of the sample with the reference. 

Martensitic transformation involves temperature hysteresis (e.g., As  Mf, although some other 

 B2. 

Therefore, in Ni Ti internal twinning of martensite occurs in order to generate compatible habit 

planes between the austenite and martensite which yields plasticity near the interface [19]. The 

created nucleation energy barrier causes the temperature hysteresis. 

In addition to the characteristic temperature for start and finish austenite and martensite, 

sometimes Mp and Ap (martensite and austenite peak temperature, respectively, also shown by M* 

and A*) are also used. 

Depending on the composition and thermomechanical history of the material, an R phase 

peak can appear upon cooling in between the austenite and martensite peaks revealing a two step 

transformation of A→R→M in cooling, as shown in Figure 2 8(a). R phase can return to B2 

austenite and show a separate peak during heating only if the cooling is terminated before reaching 

Mf, i.e., the thermal cycle is incomplete [65,81], an example of which is shown in Figure 2 8(b). 

Characteristic temperatures of R phase are defined as Rs and Rf for the transformation start and 

finish, respectively. 

 
Figure 2 8 (a) DSC curve of a Ni Ti showing B2→R and R→ →B2 in 

the reverse transformation [82]; (b) same peaks as observed in a (C1: B2→R, C2: R→

→B2), plus the dashed H3 peak associated with R→B2 transformation appearing when 

heating starts at a temperature between C1 and C2 (incomplete cycle) [81]. 
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The R phase transformation exhibits very small (< 5 °C) temperature hysteresis [35,56,61] 

which is a quick indication of this transformation. The reason for such small hysteresis is that the 

R phase crystal structure is kinematically compatible with that of B2 which implies that the energy 

stored in the interface due to the lattice mismatch is very small [] . 

2.5.3 Stress induced martensitic transformation 

2.5.3.1 Superelasticity 

Superelasticity requires the material to be in the austenite regime in the environment 

temperature (T > Af) in the absence of an applied stress. Austenitic Ni Ti alloys under stress can 

accommodate large strains, mainly due to the stress induced martensitic transformation (SIMT) 

[19]. A schematic superelastic stress strain curve is shown in Figure 2 9. In such graphs, 

sometimes three regions are distinguished in the upper part. First, a region of sharp increase of 

stress versus strain can be recognized between labels a and b in Figure 2 9 and where elastic 

deformation of the austenite occurs. Second, a plateau region of stable stress exists between labels 

b and c in Figure 2 9 and where the austenite transforms into martensite. With increasing strain  

martensite plates grow and more can appear, while some of them coalesce into thicker plates. In 

this plateau region both austenite and martensite phases co exist and the martensite variant 

favored by the tensile direction will be dominant [6,75,83 85]. After the plateau region, between 

labels c and d in Figure 2 9, the stress again increases with strain, which is related to the linear 

elastic deformation of the martensite. 

When releasing the stress before plastic deformation of the martensite sets in and after a linear 

martensite elastic relaxation, the material returns to its original condition via the lower part of the 

curve, again showing a constant stress plateau between e and f where now martensite retransforms 

into austenite, followed by austenite elastic relaxation between f and a [6,75,84,86 88]. However, 

dividing such graphs into distinct regions is somewhat misleading since, for example, in between 

a and b, the slope of the graph can change while at label b the graphs often show a drop in stress 

before the plateau starts and which is referred to 

for nucleation of new martensite plates is higher than that for the subsequent propagation and 

growth of existing plates [89,90].  

This phenomenon is called superelasticity. The polycrystalline Ni Ti alloys can recover strains 

near to 8% for low cycle use or up to about 2.5% for high cycle use [19]. 
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Figure 2 9 Schematic diagram showing the stress strain curve of superelastic bulk Ni Ti. 

2.5.3.2 In situ tensile experiment 

In situ straining of thin films [91] or electropolished specimens [92] in a transmission electron 

microscope, which allows deformation of a specimen while under observation at the microscale, 

has been developed in the previous century using conventional in situ strain holders. This 

technique has been used by several authors to study microstructural features of SIMT in Ni Ti 

alloys [93 97]. Xu et al. [93] observed that the initial stress induced martensite (SIM) laths 

nucleate preferentially at grain boundaries in Ni51Ti49, particularly at triple points, and the strain 

arising from the end of a lath induces the martensitic transformation in the adjacent grain when 

the SIM lath grows and reaches a grain boundary. They found the transformation reversible. Jiang 

et al. [94] reported nucleation and growing martensite in solution treated bulk Ni50.6Ti49.4 upon 

loading and corresponding shrinkage by unloading, with the reversibility of the movement of the 

martensite austenite interface being dependent on the martensite morphology. Kröger et al. [98] 

performed in situ tensile tests on a solution treated polycrystalline Ni50.7Ti49.3 after 

electropolishing and making a rectangular hole which was sputtered into the thin part of the tensile 

specimen using the focused ion beam (FIB) technique. They observed that the formation of 

martensite started at the sharp corner of the rectangular hole acting as a stress raiser as well as the 

intersection of a grain boundary with the rim of the rectangular hole. They found that the grain 

boundary can represent an obstacle for the propagation of a martensite/austenite interface and 

that it can also promote nucleation of martensite. In the work of Tirry et al. [95], the main 

conclusion for a NiTi polycrystal specimen was the experimental observation of plates of only one 

variant of martensite and which were reversible upon relaxing. The existence of a compatible 
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interface between austenite and a single variant of martensite was explained in the framework of 

non linear elasticity theory [99] by the assumption of slightly deformed austenite and martensite 

lattices as a result of the imposed strain. Mao et al. [96] performed in situ tensile tests on  

micro strips of recrystallized cold rolled Ni50.8Ti49.2 with different thicknesses prepared by 

electropolishing combined with focused ion beam. They found that the transformation occurs first 

in thicker strips followed by the thinner strips at higher stress and was even completely suppressed 

in a strip of only 40 nm thick. Pfetzing Micklich et al. [97] carried out nano indentation on a 

solution treated austenite Ni50.7Ti49.3 alloy where stress induced martensite is thermally stable at 

room temperature, followed by post mortem TEM investigation on the FIB lamella prepared from 

the indented region. Although this is not strictly speaking an in situ experiment, they identified 

martensite plates, as confirmed by B1 diffraction spots, as needle like features close to the indent. 

A subsequent in situ heating of the specimen yielded the reverse transformation to austenite. 

Although those experiments allow one to observe the transformation during or after straining, 

they do not provide mechanical data, e.g., stress strain curves, correlated to the observed features 

or mechanisms. The development of novel in situ TEM straining holders based on MEMS devices 

and used in the present work allows collecting mechanical data while observing the evolution of 

the microstructure at the nanoscale and in real time [100], thus providing a more complete and 

quantitative picture of the behavior of the material under the applied loading conditions.  

2.5.4 Martensitic transformation suppression 
There are different parameters affecting the MT. In the following sections the effect of Ni4Ti3 

precipitates, R phase and dislocations on the martensitic transformation are discussed. 

2.5.4.1 Effect of Ni4Ti3 precipitates 

Aging Ni rich Ni Ti alloys in a specific temperature range results in the formation of Ni4Ti3 

precipitates. The size and density of the precipitates mainly depend on the material composition 

and aging time: to give an example, aging Ni50.6Ti49.4 at 400 °C for 1 h yields a high density of small 

size precipitates while aging at 500 °C results in a low density of large precipitates, and aging at 

higher than 600 °C yields no precipitation [56]. The Ni4Ti3 precipitates affect the R phase and MT 

by two different mechanisms influencing the surrounding matrix: strain fields induced by 

precipitates and the Ni depletion. 

The lenticular shape Ni4Ti3 precipitates are coherent with the austenite matrix in the early 

stages of formation (below ~ 300 nm diameter [101,102]) which leads to a strain field in the 
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surrounding matrix [20]

while hardly affects the stability of R phase because of its small transformation strain [64], or even 

supports it due to the uniformly relaxation of the elastic strain in the matrix near the habit plane 

of the Ni4Ti3 precipitates [103]. Ni depletion from the matrix, on the other hand, leads to the 

increase of both Ms (Figure 2 4) and Rs [103] temperatures. As the combination of the two effects, 

R →R→

obtained [64,103]. 

2.5.4.2 Effect of dislocations 

The effect of dislocations on the transformation path can be explained in the same way as the 

effect of precipitates. A high density of dislocations resists the lattice distortion caused by 

martensitic transformation, as with precipitates. This resistance is much larger for transformations 

involving large 

lattice distortion (e.g., R phase). Therefore, introduction of dislocations leads to the same 

consequence as the formation of fine precipitates which is a change of transformation path from 

B2→ →R→ [56,64]. 

2.5.4.3 Effect of thermal cycling 

The influence of thermal cycling on the Ni Ti transformation characteristics was initially 

reported as early as 1968 by Wang et al. [70]. They observed irreversibility of electrical resistivity 

versus temperature path and decreasing of the Ms temperature with increasing number of 

 in a solution treated Ni51Ti49, while 

thermal cycle within the temperature range lower than Ms to higher than As, but not low (Mf) or 

high (Af) enough to transform all material to martensite or austenite, respectively, while in a 

irreversibility of various properties within the critical temperature range to the irreversible shear 

movement of atoms. At the same time Ball et al. [104] reported formation of high dislocation 

densities by cycling stress induced MT in Ni Ti. Sandrock et al. [72] observed that incomplete 

thermal cycles cause an increase of dislocation density in a solution treated Ni50.5Ti49.5 and Ni51Ti49, 

s to the effect 

of dislocations as an impediment to further martensite formation resulting in a stabilization effect. 

Wayman and Cornelis [105] later on noted that MT suppression in a solution treated NiTi occurs 
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irrespective of whether the thermal cycles through Ms are complete or incomplete. Figure 2 10(a) 

shows their results as the electrical resistance versus temperature for a nearly stoichiometric  

Ni Ti alloy after 1, 2, 3, 4 and 20 complete thermal cycles [105]. 

Miyazaki et al. performed a systematic investigation [57] on the effect of thermal cycling on 

solution treated Ni49.8Ti50.2, Ni50.6Ti49.4 and Ni51.6Ti48.4 samples which were subjected to various types 

of thermomechanical treatments. They found that the transformation temperatures remain 

unchanged after thermal cycling in aged Ni rich specimens and those annealed at a temperature 

lower than the recrystallization temperature after cold working, due to the formation of fine 

precipitates and stabilization of dislocations, respectively. However, Ms of aged Ti rich specimens 

(i.e., having no precipitates) and solution treated samples with various Ni contents decrease 

drastically by thermal cycling. They attributed the decrease of Ms to the increase of dislocation 

density with increasing number of thermal cycles in the solution treated sample, whose strain 

fields affect the MT. 

In the early studies of the effect of thermal cycles on the MT the electrical resistivity versus 

temperature curve was used. The electrical resistivity decreases at the direct one stage B2→

MT (e.g., the first cycle in Figure 2 10(a), path 1), while in the two stage transformation (e.g., the 

second onwards cycles in Figure 2 10(a), path 2) a peak appears in the resistivity since the R phase 

brings about an increase in resistivity [72,106]. During heating no increase in resistivity caused by 

the appearance of the R phase is observed [106], as seen in Figure 2 10(b). In the martensite 

regime an increase in the resistivity is observed by repeating cycles, as seen in the left side of the 

curves in Figure 2 10(a), which is ascribed to the generation of transformation induced defects 

since defects cause scattering of conduction electrons resulting in an increase in resistivity [106]. 

 
Figure 2 10 (a) Electrical resistivity as a function of temperature for one, two and three cycles only 

during cooling showing enhancement of the peak in resistivity and the shift in resistivity of the low 
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temperature phase with increasing thermal cycles [106]; (b) electrical resistance versus 

temperature for a nearly stoichiometric Ni Ti alloy after different number of complete thermal 

cycles [105]; (c) Exothermic DSC curves showing the change of transformation behavior of Ni Ti 

during cooling for different number of thermal cycles [107]. 

While the effect of thermal cycling in the previous studies has been characterized by measuring 

structure sensitive properties such as the electrical resistivity, Matsumoto in 1991 [107] studied 

the transformation behavior of solution treated NiTi as a continuous change in the 

transformation against thermal cycles using a differential scanning calorimeter. He observed 

shifting of the exothermic peak to the low temperature side with increasing thermal cycles and 

formation and enhancement of a second peak on the high temperature side resulting in a  

two stage transformation in cooling, as shown in Figure 2 10(c). The endothermic reverse 

transformation peak remains a one –stage transformation during heating, shifts towards the low 

temperature and with no R phase formation. He concluded that the introduction of defects caused 

by repetition of MT with thermal cycling plays a role in the stabilization of the intermediate (R ) 

phase which also relates to the transformation mechanism in Ni Ti. 

While earlier authors focused on the role of functional fatigue caused by dislocations formed 

due to and thus in the temperature range of MT, recent authors investigated the effect of ordering 

caused either by low temperature aging in the top range of the thermal cycling temperature 

interval. 

In 2010 Wagner et al. [108] carried out DSC test cycling on three solution treated Ni50.7Ti49.3 

samples with different maximum temperatures of 150 °C, 200 °C and 250 °C. They reported that 

shifting MT temperatures towards lower values and also changing from single to a two stage MT 

occurs faster in experiments with higher DSC maximum temperature. They also observed MT 

suppression in samples with thermal cycling in a temperature range excluding MT. They 

concluded that the formation of Ni4Ti3 nano sized precipitates at the top range of the thermal 

cycling temperature interval has a substantial contribution to the functional degradation of the 

material. 

Kustov et al. [109] performed multiple DSC measurements on some solution treated Ni50.8Ti49.2 

alloy and Ni50.6Ti49.4 cold drawn wire samples at different days and maintained them at room 

temperature in between, called room temperature (RT) aging hereafter. They found a remarkable 
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effect of RT aging in between DSC cycles on the suppression of the MT, and which they also 

attributed to the formation of nano sized precipitates due to the RT aging. 

Wang et al. [110] systematically investigated the effect of thermal cycling on solution treated 

Ni50.6Ti49.4 with and without RT aging in between. They designed an experiment with three sets of 

samples to separate the effect of RT aging and thermal cycling. They found that only RT aging has 

no effect on the Ms values, while multiple DSC cycles suppress MT, and the suppression becomes 

even stronger when DSC cycles are combined with RT aging in between. 

2.6 Ni4Ti3 precipitation at low temperature 
Ageing is an effective way to improve the shape memory and mechanical properties of Ni rich 

Ni Ti alloys due to the formation of Ni4Ti3 precipitates [111,112]. It is well known that ageing 

leads to progressive precipitation with increasing ageing time, temperature and Ni content [113]. 

The effect of intermediate temperature [74,82,114] (400 °C  500 °C) and low temperature 

[111,115] (200 °C  300 °C) ageing on the transformation behavior have been widely investigated 

before. Ageing at temperatures below 200 °C has been considered too low to cause precipitation, 

as reported by Kim and Miyazaki [111]. By TEM, they did not observe any precipitates in a 

Ni50.9Ti49.1 sample quenched from 800 °C and aged at 100 °C for 3000 h, and in the sample aged at 

200 °C tiny 2 nm  3 nm precipitates were first observed after 100 h. However, Kompatscher et al. 

reported that if the sample is quenched from higher temperature, i.e. 1000 °C, small precipitates of 

size 1 nm can be detected by means of small angle neutron scattering, even without ageing [116]. 

Zheng et al. ascribed the suppression of the B2→

below 330 °C to the atomic rearrangement as a precursor phenomenon for precipitation [113]. 

2.7 Electropolishing technique 

2.7.1 Conventional electropolishing 

The process of electrolytic polishing (electropolishing) which is the core of the twin jet 

electropolishing apparatus was first discovered by Spitalsky in 1910 [117]. He placed silver as 

anode in an alkaline bath containing silver cyanide, resulting in highly increased lustre material. 

In 1930 Pierre A. Jacquet [118] developed the method further and systematically studied it for 

different materials until 1935 when he published his results for electropolishing copper. After 

elaboration of the basic principles of and procedures for electropolishing by Jacquet an increasing 

number of studies, publications and applications appeared in this field. Moreover, several lab 
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instruments for electropolishing were developed such as Micropol and Disa in 1944 and 1949, 

respectively, by the Danish company Struers. 

The electropolishing process takes place by closing the circuit with the metal under 

consideration as anode together with a cathode in an appropriate electrolyte and right choice of 

voltage and amperage. An oxidizing solution is used to dissolve the surface of the conductive 

material. During the process, an electrical voltage establishes at the material solution interface. 

Anodic dissolution products react with the electrolyte and form a thin liquid film of high viscosity 

and high electric resistivity at the metal surface (Figure 2 11(a)), which is the main phenomenon 

that is causing and regulating the polishing process. A concentration gradient of the film forms 

from the valleys (low points) to the ridges (high points). Since the film is essentially thinner over 

the ridges and thicker at the valleys, the resistance to electric current flow is lower over the ridges 

than in the valleys. Therefore, more current can flow over the ridges yielding faster dissolution 

process at the ridges, causing leveling of the surface and eliminating the sample roughness caused 

by previous mechanical polishing (mechanopolishing). An anodically discharged gas, usually 

oxygen, is also released from the metal surface. The process often requires low temperature 

electrolytes which reduces current densities and increases polishing layer viscosity, and 

consequently allows for better control of the polishing rate and quality [119 123]. 

Electropolishing essentially occurs in two distinct levels: macro electropolishing or smoothing 

whereby large scale surface roughness is removed, and micro electropolishing or brightening in 

which smaller (< 1 m) irregularities are removed. In bath electropolishing both processes take 

place while in jet electropolishing micro electropolishing is the main process [124]. 

The electrolyte usually contains two components: an oxidizing agent to oxidize the sample 

surface, and a depassivator to ensure that a passivating oxide film does not build up and prevent 

further attack. Sometimes a third component is added to promote the formation of a thick viscous 

layer on the sample surface [120,125]. 

If the potential is increased continuously during the process and the stable dissolution current 

acquired by the surface for each potential is plotted, a current voltage graph is obtained. As can 

be seen in the typical example shown in Figure 2 11(b) the current increases initially until reaches 

a plateau, after which it increases again. In the first region (AB), the surface is etched as a result of 

regular dissolution of the material in acid and there is hydrogen release in the cathodic domain. In 

the BC region a slight decrease of the current occurs which is due to the generation of the viscous 

layer on the anodic surface [126 128]. In the part after the plateau (DE) the viscous layer is 
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destroyed and bubbles of oxygen begin to develop on the anode surface where pitting will take 

place causing small holes on the surface. Appropriate electropolishing giving mirror like surfaces 

occurs on the central plateau (CD), namely close to the upper third of the plateau  

[119 121,129 132], where the apparent resistance of the electrolytic cell is the greatest. The plateau 

is due to the high electrical resistance of the aforementioned viscous film created by dissolution 

products on the surface of the anode, limiting the current and passivating the metal 

[119,120,122,126]. 

 
Figure 2 11 (a) Schematic of the material surface during electropolishing; (b) Typical  

current potential electropolishing curve showing the plateau for proper polishing. 

2.7.2 Electropolishing for TEM specimen preparation 
Using electropolishing as a method for TEM specimen preparation was initially proposed by 

Heidenreich in 1949 [133] in a short section of an article about dynamical theory of electron 

diffraction in crystals. He developed a so called electro thinning technique by introducing a Teflon 

specimen holder. In his original set up the sample is thinned on one side after which the procedure 

is stopped and the sample has to be taken out and flipped with the unpolished face out. The 

polishing is resumed and the sample is carefully observed through a 4 magnifier until the first 

puncture is seen. Heidenreich applied the technique for aluminum and aluminum copper, 

mentioning that the general procedure will likely be the same for any metal or alloy but with the 

electrolyte and polishing conditions varied for the particular alloy under consideration. 

In 1953 Castaing & Laborie [134] resumed the experiments of Heidenreich on  

aluminum copper and improved the technique by simultaneous polishing of both sides of the 

sample and circulating the electrolyte in order to avoid the formation of gas bubbles. 

In 1956 Bollmann [135] insulated the edges of the chrome nickel steel sample with varnish 

and used two pointed cathodes to polish both sides of the sample at the same time. He did the 
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preparation in two steps in which the cathodes were placed at two different distances from the 

sample yielding two holes with a large thin area in between. The Bollmann technique later lead to 

another electropolishing method called window technique [129,136]. 

In 1961 Strutt [137] used a microscope focused on the sample base while illuminating the 

sample from the other side by a point source light and when a tiny speck of light appears through 

the sample, the current is instantly stopped. In the same year Riesz & Bjorling [138] developed an 

automatic detection and stop system, yielding larger thin areas. By this time various attempts were 

made to further improve the technique and instrumentation[139 145], e.g., by the introduction of 

a P.T.F.E. holder (Dewey & Lewis [146]) and double jet polisher (Hugo and Phillips [145]). 

In 1966 Schoone & Fischione [147] introduced a specimen holder with basically the same 

principles as the P.T.F.E. holder and a polishing unit with an automatic shutoff system. The unit 

utilizes a submerged double jet simultaneously polishing the sample from both sides, and a 

photocell and Light Wires for automatically stopping the polishing current the instant perforation 

irst commercial 

twin jet electropolisher for TEM specimen preparation. 

In 1971 the Danish company Struers brought Tenupol on the market for TEM specimens 

thinning. In this first model the sample is illuminated from one side and observed from the other 

side with a magnifier. A photocell provided as extra equipment could be installed in front of the 

magnifier to automatically stop the polishing. Tenupol, in contrast with Fischione unit is a  

non submerged jet equipment. The setup could also be used for pre thinning of the sample with 

maximum diameter of 21 mm and thickness of 1 mm by changing the nozzle from 1 mm to  

2.5 mm and the specimen holder from 2.3/3 mm to 10 mm. 

2.7.3 Contemporary electropolishing apparatus 
A contemporary electropolishing apparatus consists of a sample holder, an electrolyte tank, an 

electropolishing cell and a control unit to adjust the electropolishing parameters.  

The flow rate setting determines the strength of the jets and the photo sensitivity gives some 

control on the size of the hole. Both parameters have arbitrary units indicated on the setup and 

proper settings are to be found by experience. The flow rate should not be too strong, otherwise 

etching by direct dissolution occurs due to prevention of formation of the viscous layer [121,147], 

and also the thin specimen edge risks distortion [147,148]. A too weak flow rate causes surface 

contamination due to the redeposition of material [147]. The current displayed on the device is to 
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be adjusted by the potential, ideally to obtain the CD plateau range of Figure 2 11(b). A too low 

voltage results in inhomogeneous etching while a too high voltage causes banana shape holes on 

the edges with no thin surroundings. 

A schematic of a twin jet electropolishing unit is shown in Figure 2 12. When inserting the 

holder, the electrical connection between the sample and the polishing circuit is automatically 

established and in which the sample act as the anode (positive) and the two nozzles as the cathode 

(negative). Nozzles are centered on both sides of the specimen with a symmetrical jet force in order 

not to deform the thin edges of the specimen [121]. Upon starting the machine, a pump runs to 

supply the two horizontal jets of electrolyte ejecting to both surfaces of the sample. This causes 

simultaneously material removal from both sides of the 3 mm disk and formation of two 

dissolution basins [121]. The basins meet in the middle of the sample thickness, far from any 

damage caused by previous surface mechanopolishing [149]. As soon as the sample perforates, the 

electrolyte flow and potential are cut off immediately and the procedure terminates automatically 

through an infra red or light detector system. The holder and the sample should be taken out as 

quickly as possible and subsequently rinsed into the same pure solvent (such as pure ethanol or 

methanol) several times in order to stop residual polishing of the surface of the material [150]. A 

successfully electropolished specimen usually has bright and shiny basins on both sides [149]. 

 

Figure 2 12 Schematic of a twin jet electropolishing unit. 
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2.7.4 Side effects of electropolishing 
When using electropolishing, one should be aware of effects of the procedure on the material. 

The first effect to consider is due to a change in temperature. Electropolishing for most of the 

materials should be done at lower than room temperature with a cooled electrolyte. On the other 

hand, the flowing current through the small and thin sample heats up the latter [121,151]. 

Preferential dissolution for multiphase materials and/or those containing precipitates or 

segregations is another issue [121,152] which is caused by the different electrochemical potential 

of each phase. It can yield selective thinning of precipitates in the case of Ni4Ti3 in a Ni Ti matrix 

[153]. This effect may also cause loosening or falling precipitates, failing the electropolishing 

process.  

As electropolishing removes the uppermost layers of the surface, the surface is stress relieved 

and possesses no cold worked structure resulting from mechanical grinding [119,122,154]. For 

the same reason, electropolishing has a detrimental effect on the fatigue properties [154]. 

Electropolishing decreases fatigue strength of electropolished specimens due to removal of, or 

inability to produce, compressive stress in metal surfaces. In this way electropolishing is 

comparable in effect to a stress relieving anneal [122]. 

Surface contamination may occur in electropolished specimens due to oxidation [121,134,139] 

or redeposition [152] which may cause enrichment of one or more elements of the sample material 

on the surface [121,134,155]. The oxide layer is very thin, 1 nm  2 nm [121] and does not cause a 

significant inconvenience for the microscopy and interpretations [139]. However, it can be 

removed by slight ion milling [156], if needed. A too low electrolyte jet strength escalates 

redeposition [157]. 

2.7.5 Electropolishing of Ni Ti 
Electropolishing of bulk Ni Ti for TEM specimen preparation has been widely and commonly 

applied since 1971 [72,158]. Authors have used different electrolytes and settings, as listed in Table 

2 3, which can be summarized as the following three most common options, each with its own 

 

1. Mixture of ~ 20% sulfuric acid and ~ 80% methanol is best for materials close to 

equiatomic Ni Ti, but in case of existence of Ni4Ti3 precipitates, the latter are 

preferentially thinned [153]. 
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2. Mixture of ~ 93% acetic acid and ~ 7% perchloric acid gives poorer results overall, but 

shows no preferential etching between possible precipitates and matrix [159]. 

3. Mixture of ~ 30% nitric acid and ~ 70% methanol, which should be used with awareness 

at the recommended working temperature (~ -30 °C) Ni Ti with higher Ni content 

might undergo a MT during polishing. 

Table 2 3 Electrolytes used for Ni Ti TEM specimen preparation twin jet electropolishing 

together with data given in the corresponding references. The component amount is in volume 

percent. 

M
et

h
an

o
l 

E
th

an
o

l 

S
u

lf
u

ri
c 

ac
id

 

N
it

ri
c 

ac
id

 

A
ce

ti
c 

ac
id

 

P
er

ch
lo

ri
c 

ac
id

 

B
u

to
xy

-

et
h

an
o

l 

C
4H

10
O

 

V
 (

V
) 

I 
(m

A
) 

T
 (

°C
) 

R
ef

 

re
m

ar
k

s 

80  20      21  9 [95]  

80  20      9 20  [160]  

80  20      19.5  20 [161]  

80  20      20  7 [153]  

80  20        0 [150]  

80  20      45  0 8 [162]  

83  17      17   [163]  

83  17      18  20 [164]  

83  17         [165]  

75   25       -30 [166]  

75   25     15  -22 [167]  

75   25       -30 [168]  

75   25     12  -15 [169] Flow Rate 4 

70   30       -30 [96]  

70   30     10  -30 [170]  

66   33     10  -20 [171]  

    93 7     6 [159]  

    95 5   19.5  18 [98]  

    90 10     23 [172]  

83      7  80  -60 [169] 

+ 9g LiCl 

+ 19g Mg(ClO4)2, 

Flow Rate 8 

60     6  34    [173]  

 95    5   35  -15 [174]  

  7  93    20  7 [175]  
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3 Materials and methods 

 

 

 

Chapter 3: 

Materials and methods 

In this chapter the materials investigated, the instruments employed and the methods applied 

through this work are described. First the Ni Ti materials under investigation in this thesis are 

introduced. Then heat treatment procedure of materials using a vertical furnace is discussed. It is 

followed by explaining the thermal and mechanical tests by DSC and dynamic mechanical analysis 

(DMA) machines, respectively. After that the main two conventional TEM specimen preparation 

methods applied in this work, electropolishing and FIB lift out, are introduced. 

In the TEM section the two imaging and diffraction modes are discussed. Then automated 

crystallographic orientation mapping (ACOM) TEM is explained after which the Picoindentor 

holder used in the nano mechanical tests is introduced. Then two thickness measurement 

techniques, convergent beam electron diffraction (CBED) and electron energy loss spectroscopy 

(EELS) are considered and finally the chapter is concluded by describing the Cluster Model used 

to interpret the diffuse intensity present in the acquired diffraction patterns. 

Some of the material of this chapter have been published in the following articles: 

• Pourbabak, S.; Orekhov, A.; Samaee, V.; Verlinden, B.; Van Humbeeck, J.; Schryvers, D. In-Situ 

TEM Stress Induced Martensitic Transformation in Ni50.8Ti49.2 Microwires. Shap. Mem. 

Superelasticity 2019, 5 (2), 154 162. https://doi.org/10.1007/s40830-019-00217-6. 

• Pourbabak, S.; Wang, X.; van Dyck, D.; Verlinden, B.; Schryvers, D. Ni Cluster Formation in Low 

Temperature Annealed Ni50.6Ti49.4. Functional Materials Letters 2017, 10, 1740005. 

https://doi.org/10.1142/S1793604717400057.  
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3.1 Bulk and micro wire materials 
The micro wire used in the Chapters 4, 6 and 7 is a 46.3% cold drawn Ni50.8Ti49.2 (nominal 

composition) wire with a diameter of 150 m which was heat treated depending on each specific 

experimental requirement, presented in the corresponding sections. 

The bulk material used in the experiments discussed in Chapter 5 is a Ni50.6Ti49.4 alloy (nominal 

composition) in the form of discs of ~ 3.7 mm diameter and ~ 0.7 mm thickness. 

3.2 Materials heat treatment 
A vertical furnace shown in Figure 3 1 was used for the material heat treatments in this work. 

It consists of a vertical cylinder surrounded by heating elements and two thermocouples to 

measure the temperature of the elements (set) and the sample (real). Before introducing the 

sample, the furnace was flushed by argon gas which continued to flow after inserting the sample 

to carry out heat treatment under inert atmosphere. 

The sample was hanged in the furnace when the set temperature is stably reached. Due to the 

small size and weight of the micro wires, the wire was wound around an iron strip of the size  

10.0 cm  2.0 cm  0.3 cm before being hanged in the furnace. When the heat treatment was 

finished, the sample was released by turning a handle at the top of the furnace, the sample fell and, 

after breaking a thin aluminum foil blocking the bottom of the furnace, was drown in a bucket 

containing room temperature water. 

As introducing the sample causes a drop in the furnace temperature, the initial temperature of 

the furnace was adjusted to some degrees above the desired temperature (the temperature 

difference of about 15 °C was previously found by trial and error) and after hanging the sample the 

temperature was readjusted to the aimed temperature. In this way the time to temperature 

equilibrium is minimized. 

In order to meaningfully compare and interpret the results of this work, the material used in 

each set of experiments was taken from a single heat treatment so that even small possible 

differences resulting from different runs at different times is avoided. 
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Figure 3 1 The vertical furnace used for heat treatment. 

3.3 Thermal and mechanical measurements 

3.3.1 DSC thermal analysis 
A METTLER TOLEDO differential scanning calorimeter (Figure 3 2(a) and (b)) equipped 

with a mechanical cooling system was used to measure the characteristic MT temperatures of the 

materials. The weight of the material (~ 15 mg for micro wires) was measured with a Mettler 

Toledo AE 240 Analytical Balance (Figure 3 2(c)) with 0.01 mg readability and ± 0.03 mg linearity 

[176]. The material is to be put into a 6.7 mm diameter aluminum pan and closed with the 

corresponding aluminum lid. While bulk samples fit into the aluminum pans, wires have to be 

chopped into lengths of ~ 5 mm. The wire pieces were placed side by side in the pan, as shown in 

(Figure 3 2(d)), in order to obtain maximum thermal contact between the sample and bottom of 

the pan and consequently to the DSC thermal sensor [19]. A typical fixed [19,80] cooling/heating 

rate of 10 °C/min was applied for all measurements with three minutes as an isothermal segment 

at two ends of the temperature interval to thermally equilibrate the sample and reference [80] 
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before the next segment of the measurement is performed, as seen in the temperature time graph 

of one DSC cycle in Figure 3 2(e). 

 
Figure 3 2 (a) METTLER TOLEDO DSC machine; (b) chamber of the DSC machine with a pan 

containing a sample on the sample sensor (S, left) and an empty pan on the reference (R, right) 

sensor; (c) Mettler Toledo AE 240 Analytical Balance; (d) aluminum pan containing chopped wire 

and the lid; (e) temperature time graph of a DSC cycle with 10 °C/min cooling or heating rate and 

three minutes isothermal segment between each two consecutive ramps. 
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The METTLER TOLEDO STARe Evaluation Software was used to analyze the DSC results. 

The Mp temperature was found using the MinMax function of the software in the specified frame 

(Figure 3 3(a)) while the Ms and Mf temperatures were extracted by intersecting a tangent line to 

the steepest sides of the peak with the corresponding baseline [19], as seen in Figure 3 3(b). One 

can expect some uncertainty involved in this procedure due to the bell like shape of the enthalpy 

peak and the chosen tangent and baseline. Also other parameters such as the precision of the 

measured weight of the material, the quality of the thermal contact between the sample crucibles 

and the sensor of the DSC machine, etc. may cause some uncertainty. In order to quantify this, Ms 

and Mp of 10 samples with the same heat treatment are measured yielding a respective uncertainty 

of 0.1 °C and 0.2 °C obtained as standard error. 

 
Figure 3 3 METTLER TOLEDO STARe Evaluation Software screenshot indicating (a) the frame 

for finding Mp and (b) the tangent lines for determining Ms of a typical DSC cycle. 

3.3.2 DMA macro mechanical measurements 
A Q800 dynamic mechanical analysis machine shown in Figure 3 4(a) was employed to carry 

out tensile tests on the micro wire and to obtain the macroscopic stress strain curves. A ~ 10 mm 

± 1 mm wire was clamped to the top and bottom grips, as can be seen in Figure 3 4(b), and strained 

with a constant strain rate of ~ 10-4/s [177] at room temperature. The values of stress and strain 

are obtained from the machine after the experiment has ended.  
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Figure 3 4 (a) Q800 DMA machine with closed chamber (left) and the control panel (right); (b) 

micro wire clamped by the grips inside the chamber. 

3.4 TEM sample preparation 

3.4.1 Electropolishing sample preparation 
For conventional twin jet electropolishing of bulk material the sample was sliced, grinded, cut 

and mechanically polished (mechanopolished) into the form of discs with 3 mm diameter and 

about 120  150 m thickness. A spark erosion machine was used for the cutting of the 3 mm 

disk in order to avoid inducing mechanical stress during punching. 

A Struers TenuPol apparatus (Figure 3 5) was used for the electropolishing. From the 

parameters and settings to be determined, the voltage, the electrolyte composition and electrolyte 

temperature depend on the sample material [123,147,150]. An electrolyte mixture of 80% 

methanol and 20% sulfuric acid was chosen from the electrolytes listed in Table 2 3 due to the 

ideal thinning of the Ni Ti B2 matrix and also the fact that its working temperature (~ 0 °C) is 

fairly above the MT temperature range (Ms < -20 °C) of the materials used in this work. This 

guarantees maintaining the austenite phase during the sample preparation. 

The voltage was set to ~ 18 V resulting in ~ 0.13 A current. The flow rate setting on the machine 

was set to ~ 5 and the photo sensitivity to ~ 8, both parameters having arbitrary units indicated on 

the setup. 
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Figure 3 5 The Struers TenuPol apparatus used in this work (control panel, electropolishing cell 

and tank, and the cooling system). 

This conventional electropolishing method using commercially available setups was employed 

for bulk material. In Chapter 4 an in house method developed to electropolish micro wires will 

be introduced. 

3.4.2 In situ tensile test specimen preparation 
In situ nano tensile testing of micro wires requires a sequence of dedicated specimen 

preparation procedures to obtain the needed sample shape. First the wire is embedded in  

EPO TEK 353ND [178] epoxy resin as a surrounding and supporting medium and is heated up 

to 120 °C for 5 min to cure the resin, as shown in Figure 3 6(a). Then the hardened resin 

embedding the wire is polished using a MultiPrep polishing system and a tripod polisher under an 

angle of ~ 10 ° with respect to the central axis of the wire. As a result a large elliptic cross section 

of the wire is obtained, as can be seen in Figure 3 6(b). Fine grain diamond film discs (particles 

down to 0.5 micron diameter) were used to polish the wire in order to obtain a smooth surface and 

minimize any defects induced in the material by the polishing. In order to prevent charge 

accumulation on the non conductive resin surface during the ensuing FIB procedures, a ~ 3 nm 

thick layer of carbon was deposited on the resin surface. 
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Figure 3 6 (a) Light optical microscope (LOM) image of some micro wires embedded in resin; 

(b) LOM image of the polished wires revealing an elliptical cross section; (c) scanning electron 

microscopy (SEM) image of the cross section of a wire (horizontal) with a specimen cut parallel 

to the wire; (d) SEM image of the specimen attached to the FIB omni probe ready for the last cut 

and being lift out; (e) SEM image of the specimen being placed on the PTP gap; (f) SEM image of 

the specimen fixed on the PTP gap by Pt deposition and cut in the dog bone shape; (g) TEM image 

of the specimen when mounted on the PicoIndenter holder and just before tensile test. 

A dual beam focused ion beam scanning electron microscopy system of an xT Nova Nanolab 

200 FEI was used to cut the in situ specimen from the above obtained sample, Figure 3 6(c), and 

detach it from the sample by lift out, an intermediate step which is shown in Figure 3 6(d). The 

lifted specimen is then mounted on a MEMS push to pull (PTP) chip described in § 3.5.4.2, as 

shown in Figure 3 6(e), and fixed from two ends on the 2.5 m gap between the fixed and mobile 
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parts by Pt deposition. Then the specimen is thinned to the final desired thickness and cut in a 

dog bone shape perpendicular to the gap edges, as shown in Figure 3 6(f). FIB induced defects 

could be reduced by avoiding to expose the specimen while mounting on the PTP and careful 

thinning with low voltage in the last steps. Figure 3 6(g) shows a TEM image of the specimen when 

the PTP chip is mounted on the holder and is ready for the tensile test. (Details on the working 

principle of the holder are given in § 3.5.4). 

3.5 Transmission electron microscopy 
A transmission electron microscope operates with the same principles as a light optical 

microscope, with a fundamental difference that in a TEM an electron beam plays the role of 

imaging probe instead of light. Consequently, the illumination, magnification, projection and 

detection systems in a TEM are designed to function with an electron beam as the probe: the 

specimen must be electron transparent, the electron beam pathway from the electron source all 

way down to the detector, called column, must be vacuum and electromagnetic fields will act as 

lenses. The reason why a TEM provides a higher resolution than a light optical microscope is that 

the wavelength of the accelerated electron which, according to the Rayleigh criterion, defines the 

resolution of the instrument is considerably smaller than that of visual light.  

A diagram of a conventional TEM is shown in Figure 3 7 which from top to bottom consists 

of: an electron gun which generates an electron beam at a high accelerating voltage, condenser 

lenses which condense the electron beam on the specimen, the electron transparent specimen, the 

objective lens which collects the transmitted electrons from the specimen and forms a pattern of 

reciprocal space in the back focal plane and an image of the specimen in the first image plane, and 

the projection lens which projects the image plane (in image mode) or back focal plane (in 

diffraction mode) of the objective lens on the florescent viewing screen or the charge coupled 

device (CCD) camera which is the last element at the bottom of the column. In different heights 

of the column several apertures are introduced to the microscope such as a condenser aperture (to 

control the beam intensity and reduce the aberration), objective aperture (to acquire bright field 

(BF)  and dark field (DF) TEM) and selected area (SA) aperture to define the area of which the 

diffraction pattern is acquired. 
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Figure 3 7 Schematic drawing of a TEM with the main stages [179]. 

A TEM is not only a high magnification and resolution microscope to visually observe the 

material microstructures, but also a powerful characterization instrument thanks to the electron 

diffraction mode and several other analytical side equipment. Contemporary TEM instruments 

have several different modes of operation, a few of which are used in this work and discussed in 

the following sections such as diffraction mode, imaging mode and automated crystallographic 

orientation mapping. 

3.5.1 Electron diffraction  
Electron diffraction (ED) is a powerful microscopy mode which allows very localized 

investigation of the crystallographic nature of the specimen. This includes whether the material is 

crystalline or amorphous, the crystallographic characteristics such as crystal orientation, 

symmetry, lattice parameter, etc. (for crystalline material), whether the material is single crystal or 

polycrystalline, what are the grain orientations (for polycrystalline material), whether the material 
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is single phase or multi  phase, what are the orientation and symmetry relations of the phases (for 

multi phase materials), etc. [180]. 

ED is formed due to the interaction of the electron beam with the atomic planes of the material 

and the constructive and destructive interference of the diffracted beams caused by their phase 

difference. In Figure 3 8(a) the geometry of diffraction of two parallel rays with two planes of 

atoms with distance 𝑑 and viewed under an angle 𝜃 is shown. The difference in path length of the 

two rays is 2𝑑 sin 𝜃 and the wave interference is constructive when this difference in path length 

is equal to an integer multiple of the wavelength , which is called the Bragg condition: 

 2𝑑 sin 𝜃 =  𝑛𝜆 (3.1) 

When the Bragg condition is satisfied, this yields the formation of rods in reciprocal space. 

Those reciprocal rods that touch the Ewald sphere, an imaginary sphere with the radius inversely 

proportional to the wavelength of the electron beam and touching the reciprocal plane at its origin, 

appear as spots in the diffraction pattern, which is shown schematically in Figure 3 8(b) and (c). 

 
Figure 3 8 (a) Interference of a wave scattered from two planes of atoms with distance 𝑑; (b) a cut 

of the Ewald sphere touching a reciprocal plane and (c) the resulting selected area electron 

diffraction pattern [181]. 
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In order to exclusively obtain ED from a small area of the material, e.g., a single grain, 

precipitate, etc., a selected area aperture with different size can be inserted to restrict the area of 

which the ED is acquired. The obtained ED is called a selected area electron diffraction pattern, an 

example of which is shown in Figure 3 9(a). The central spot in the SAED results from the  

non diffracted electrons passing through the specimen while any other spot is formed by and 

represents a family of atomic planes for which the incident beam satisfies the Bragg law. Therefore, 

the lattice parameters and symmetry present in the specimen crystal are reflected in the SAED in 

terms of, respectively, the distance between the central spot and diffracted spots and the angles 

between the diffracted spots. Since the SAED is a cross section of the reciprocal space, distances 

in the SAED are inversely proportional to the corresponding interplanar distances in the crystal in 

real space. 

As one can switch between the ED and image mode by just pushing a button on the microscope, 

ED is an easy and quick way to obtain crystallographic information of small area of the specimen 

and relate these to the features observed in the image mode. 

Structure factor calculation for body centered cubic (BCC) structures shows that the 

corresponding SAED spots with indices h+k+l=2n+1 are extinct [181]. In Figure 3 9(b) a 

simulated ED for Fe BCC is shown in which between each two visible spots in the horizontal 

direction one spot (outlined by ) is extinct. In Ni Ti with ordered B2 CsCl structure, however, 

odd values of h+k+l are also present due to the different atomic scattering factor of Ni and Ti, but 

weaker than the even values [71]. This can be observed in the simulated ED of the Ni Ti in the 

Figure 3 9(c). 

3.5.1.1 Diffuse intensity in SAED 

In some diffraction patterns a diffuse intensity can be observed in the area between the Bragg 

spots, as seen in Figure 3 9(d). In a perfect crystal the incident electrons end up either in the central 

or diffracted spots. Therefore, any intensity away from the Bragg spots includes information about 

additional structural configurations in the material. For example, an amorphous region will yield 

diffuse rings with a diameter corresponding to the average interatomic distance in the amorphous 

material [182]. In the present work, the diffuse intensities investigated have particular geometric 

configurations that can be interpreted as originating from particular clusters inside the perfect 

crystal, as further explained in Chapter 5. 
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Figure 3 9 (a) [012]B2 ED of Ni Ti (main spots) and Ni4Ti3 precipitates (superspots) [175]; (b) 

simulated ED of [012]BCC of Fe having extinct spots; (c) simulated [012]B2 ED of Ni Ti with no 

extinct spots due to the B2 ordering; (d) [012]B2 ED of Ni Ti revealing diffuse intensity between 

the spots. 

Diffuse intensity is usually very weak and not trivial to record on a CCD. In order to properly 

record diffuse intensity the ED must be exactly focused [183] and if possible  acquired by a large 

SA aperture. The exposure time should be chosen short enough not to over expose and damage 

the CCD. The beam stopper can be inserted in order to block the central (and maybe neighboring) 

spots and allow longer exposure time. Another possibility (applied in Chapter 6) is to acquire 

several images and overlap them afterwards. This approach is more effective than just increasing 

the exposure time due to the noise reduction achieved by overlapping. 

While the obtained SAEDs were directly used for quantification, the presented SAEDs  

including those shown in this thesis  have been rescaled in intensity to be properly seen in the 

print. 

3.5.1.2 Focusing SAED patterns 

SAED should ideally be acquired when the incident beam to the specimen is parallel so that the 

objective lens makes the pattern of reciprocal space in the back focal plane from where the 
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diffraction lens projects it onto the viewing screen. Since both condenser and diffraction lenses are 

involved in the formation of the final image, one could have one of those lenses defocused and 

this case, however, the incident beam is not parallel and the pattern of reciprocal space is below or 

above the back focal plane, the SAED is slightly rotated and the camera length shown on the 

microscope is incorrect (so it cannot be used to accurately determine interplanar spacing of crystals 

using the distance of the diffraction spots). 

In order to have the SAED in focus one should thus ensure that the reciprocal pattern is formed 

on the back focal plane. The image of an objective aperture can be used for this purpose since the 

latter is located in the back focal plane. After inserting the objective aperture, the diffraction lens 

(focus) knob should be used to carefully make the edge of the objective aperture sharp, i.e., in focus. 

In this way the diffraction lens is properly focused and now the condenser lens (intensity) knob 

should be used to focus the diffraction pattern [184]. 

3.5.1.3 Image and diffraction orientation relation 

In TEM the Lorentz force causes the electrons in a helical path around the optical axis. Any 

change in the excitation of lenses such as an intermediate lens used to switch between the 

diffraction and image mode yields a rotation around the optical axis. Therefore, the TEM image 

and the ED pattern of a specimen are often rotated with respect to each other by a finite angle 

depending on the used magnification and camera length. So if the ED is employed to find the  

in plane crystallographic orientation of a TEM image, e.g., for the in situ tensile tests, this  

image diffraction orientation relation is required to properly assign the specimen crystallographic 

orientation. For th

information can be used. When an ED pattern is focused in the back focal plane, the pattern is spot 

with no image information. However, if the ED is defocused, the diffraction spots expand into 

discs showing a small image from the area from where the diffraction information is originating. 

The central spot shows the bright field image and each diffracted spot contains the corresponding 

dark field image. 

Now one can easily find the orientation relation between the image and the diffraction pattern, 

as shown in Figure 3 10. The shadow image can also be used in order to track a desired grain or 

particle and correct for the sideways movement when tilting in the diffraction mode [185,186]. 
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Figure 3 10 (a) BF TEM image of a tensile test specimen with SAED as inset; (b) defocused SAED 

showing shadow image of the specimen and revealing the angle under which the SAED inset 

should be rotated in order to match the image mode. 

3.5.2 Bright field TEM Imaging 
A TEM is in image mode when the projection lens projects the image plane of the objective 

lens on the viewing screen. BF TEM is the image mode in which most images presented in this 

work are acquired. In this method the objective aperture is inserted in the back focal plane of the 

objective lens allowing only the transmitted beam to pass and contribute to the image formation. 

As the diffracted beams are excluded from a BF TEM image, the areas from which beams are 

diffracted (being in Bragg condition) show up as dark contrast in the image. This contrast will 

change when the specimen orientation in the microscope is changed. The absorption of electrons 

in thicker areas of the specimen is another source of contrast in the BF TEM images, but depends 

much less on specimen orientation. 

3.5.3 ACOM TEM 

information, if ED is collected using a small probe it allows local analysis of structure and 

orientation. This is the core idea of ACOM TEM [187,188] in which a nano beam diffraction 

scanning is performed over a rectangular mesh pattern and collecting very local ED data. By 

matching the acquired ED with software generated ED patterns the crystal phase and orientation 

of each scanning point is found and used to draw a phase and/or orientation map.  
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This method is the TEM analogy of EBSD in SEM. The nano size probe and scanning mesh 

allows crystallographic orientation identification with sizes down to a few nanometers. Moreover, 

acquiring large numbers of ED patterns provides enough data for statistical analysis. Also, 

precession of the incident beam can be used to minimize the dynamical effects in the diffraction 

[189]. 

3.5.4 In situ nano tensile tests 
The in situ nano tensile tests presented in Chapter 7 of this thesis were performed using a 

Hysitron PI 95 TEM Picoindenter and a Push to Pull MEMS device, both from Bruker Inc. and 

which are described in this section.  

3.5.4.1 Nano tensile test TEM holder 

The Hysitron PI 95 TEM Picoindenter holder is equipped with a quantitative indenter which 

is precisely controlled by the data acquisition computer through a control unit. The system 

provides time, displacement and force data while the in situ nano mechanical test is being 

performed and live observed. During the test also the TEM CCD screen is grabbed by the 

integrated video interface and synced with the collected quantitative mechanical data. The holder 

is shown in Figure 3 11 with an enlarged inset showing the PTP device installed on the holder. 

The tip positioning and mechanical testing is controlled in three different scales. First, the 

rough positioning in mm scale is done by turning the fully mechanical three axis positioner knobs 

(golden wheel at the left of the holder in Figure 3 11) by hand under the light optical microscope 

and afterwards at low magnification TEM (from millimeters to few micrometers distance between 

the indenter and the tip of the PTP chip). In the second step a 3D piezoelectric actuator controlled 

by the software is used for fine positioning and approaching the tip of the indenter (from a few 

micrometers distance till touching). In the third step by starting the test, the transducer for 

electrostatic actuation and capacitive displacement sensing for acquiring quantitative mechanical 

data is activated by the software. The transducer has a capacitive displacement sensor for acquiring 

quantitative nanoscale mechanical data. The holder is single tilt and has two control modes, 

displacement and load control. The maximum f

[190]. 
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Figure 3 11 A Hysitron PI 95 TEM Picoindenter with PTP device installed. 

3.5.4.2 Push to pull MEMS device 

The PTP chip designed by Bruker to work with the PI 95 PicoIndenter holder is a device that 

converts the compressive (push) force provided by the holder into a tensile (pull) force 

[100,191,192]. This is possible due to the special design of the PTP wafer, shown in Figure 3 12(a), 

consisting of a fixed (blue shaded) and a mobile (pink shaded) part connected by four identical 

spring like silicon pieces, as indicated in the figure. Now by applying a compressive force on the 

mobile part of the PTP device (push arrow in Figure 3 12(a)), the gap ed 

and mobile part of the device extends and induces a tensile force on the specimen. Figure 3 12(b) 

is the enlargement of the red square in Figure 3 12(a) showing the edges of the gap and the 

specimen in between. 

The force applied on the mobile part of the device by the PicoIndenter holder acts on both 

specimen and the PTP springs. So one can write: 

 𝐹𝐻 = 𝐹𝑆 + 𝐹𝑃𝑇𝑃 (3.2) 

in which 𝐹𝐻 is the load measured by the holder and 𝐹𝑆 and 𝐹𝑃𝑇𝑃 are the force applied on the 

specimen and PTP springs, respectively. If ∆𝑙 is the elongation of the specimen due to pulling and 

𝐾𝑃𝑇𝑃 is the PTP springs stiffness, 15 N/m in this work (value provided by the company), then the 

PTP force is:  

 𝐹𝑃𝑇𝑃 = 𝐾𝑃𝑇𝑃 . ∆𝑙 (3.3) 

which yields the force applied on the specimen using equation 3.2. 
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Figure 3 12 (a) SEM image of a PTP chip revealing four springs, fixed and mobile parts overlaid 

with blue and pink colors, respectively, and where the specimen is mounted between the two parts 

framed by the red square; (b) TEM image of the specimen and the PTP edges, enlargement of the 

red square in (a). 

3.5.5 TEM specimen thickness measurements 
For proper interpretation of the various results in this work, it is important to have some 

information on the thickness of the specimens. This is of importance for the in situ nano tensile 

tests in order to investigate the effect of specimen thickness on the transformation, and in the 

thermal cycled specimens since the observed diffuse intensity is strongly thickness dependent. In 

this work two specimen thickness measurement methods were applied. For the investigations of 

the nano  and microstructures of thermally cycled specimens the CBED method was used since 

the TEM experiments were also primarily performed in reciprocal space, so no back and forth 
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switching between different microscope modes was required. The tensile test specimens were 

measured by EELS, since the corresponding holder did not allow double tilt to get to the specific 

orientations required for CBED. 

One should be aware of the validity of any thickness measurements over a finite area of a  

non homogeneous thickness specimen. In electropolished specimens due to the wedge shape of 

the thin area, presenting one value as the thickness of an area selected by the SA aperture is of 

limited precision. In such cases the thickness of the center of the area is measured.  

3.5.5.1 Convergent beam electron diffraction 

CBED requires inserting no apertures and is simply obtained by converging the electron beam 

on the specimen. Unlike SAED in which a parallel beam illuminates a micron scale area of the 

 

condensed beam with a diameter of a few nm in size is required for CBED. 

Using CBED is the oldest specimen thickness measurement technique [193] and yet provides 

accurate results. Across a CBED disk a range of diffraction conditions (range of deviation vectors 

𝒔) exists. Being in two beam conditions, 𝑠 = 0 in the center of the disc and non zero anywhere 

else on the disc. These variations of 𝒔 yield oscillations of intensity in the discs which can be used 

to quantify the specimen thickness [181]. For this, one requires to insert the largest condenser 

aperture which is still small enough to return a non overlapping CBED disc (Kossel Mollenstedt) 

pattern. A reflection (best to be in the 7 1/nm  1.3 1/nm range [193]) should be chosen as the 

second spot together with the central spot. As the measured thickness is the specimen thickness in 

the beam direction and not the true thickness, the reflection should also be chosen where the 

orientation of the specimen is close to the one desired for the following main experiment. The 

CBED acquisition should be quick due to the rapid contamination build up caused by the focused 

beam. 

A CBED of Ni Ti having 000 and 121 spots in two beam conditions is shown in Figure 3 13. 

2𝜃𝑑  is the separation of the 000 and the hkl disc and Δ𝜃𝑖  the distance between each dark fringe and 

the central bright fringe where 𝑠 = 0. The deviation of the 𝑖th fringe (𝑖 being an integer) is found 

by the equation: 

 

 

 𝑠𝑖 = λ
Δ𝜃𝑖

2𝜃𝑑𝑑2
  (3.4) 
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in which λ is the electron wavelength and 𝑑 is the hkl interplanar spacing. Now the thickness 𝑡 

is found by: 

 
1

𝑡2
=

1

𝜉𝑔
2𝑛𝑘

2 +
𝑠𝑖

2

𝑛𝑘
2 (3.5) 

in which 𝜉𝑔 is the extinction distance and 𝑛𝑘 is an integer equal to 𝑖 or different from 𝑖 by a 

constant integer. Plotting 
𝑠𝑖

2

𝑛𝑘
2 versus 

1

𝑛𝑘
2 gives 

1

𝑡2
 by the intercept on the y axis and 

1

𝜉2
 as the slope. 

This is done by guessing different sequences of integer values of 𝑛𝑘 

until 
𝑠𝑖

2

𝑛𝑘
2 versus 

1

𝑛𝑘
2 plot becomes a straight line [181,193 195]. 

 
Figure 3 13 CBED of Ni Ti in two beam conditions showing the central and 121B2 disks and the 

required measures. 

3.5.5.2 EELS 

When the electron beam exposes the specimen in a TEM some electrons interact with the 

specimen atoms and loose a fraction of their energy (inelastically scattered electrons) while the rest 

leave the specimen with the same energy (un  or elastically scattered electrons). The inelastically 

scattered electrons contain information about the chemical and structural properties of the 

specimen. In EELS mode the energy of the electrons passing through the specimen is measured 

with an electron spectrometer.  
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As a thicker specimen yields more electron specimen interactions, the ratio of the number of 

elastic and inelastic electrons can be used as a measure of the specimen thickness. This is done by 

the integration of the area under the zero loss peak (𝐼0) and that of the total spectrum (𝐼𝑡), as 

shown in Figure 3 14. The thickness is then calculated by the so called log ratio formula: 

 𝑡 = λ 𝑙𝑛(
𝐼𝑡

𝐼0
) (3.6) 

in which 𝑡 is the thickness and 𝜆 the total inelastic mean free path in the specific material 

[196,197]. 

 
Figure 3 14 EELS of carbon film showing the area under the zero loss peak (I0) and the total area 

under the full spectrum (It) [197]. 

3.6 Cluster Model 
If a second phase is present as a superstructure in a given material it leads to the formation of 

superspots in the SAED. However, if the superstructure is not fully ordered, diffuse scattering 

rather than sharp spots in between the Bragg spots will be observed. In order to find the structural 

configurations underlying the diffuse intensities in the SAEDs, the Cluster Model [198 201], 

which assigns reciprocal diffuse intensity to micro domains in real space, is used. In this section, 

first the kinematical diffuse intensity amplitude is derived. Then it is applied for a binary system, 

after which the periodicity of the diffuse intensity is used to obtain the ordering relation. 
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We start from a specimen extending in the x y directions of the Cartesian coordinates system. 

The incident electron beam with wave vector 𝒌𝑖  coming along the z axis hits the specimen. 𝒌, a 

general vector in reciprocal space can be written as: 

 𝒌 = 𝒌𝑑 − 𝒌𝑖  (3.7) 

in which 𝒌𝑑 is the wave vector of a diffracted beam. Now if 𝒈 is the diffraction vector of the 

reflecting lattice planes lying in the x y plane, 𝒌 can also be written as the deviation 𝒔 from 𝒈: 

 𝒌 = 𝒈 + 𝒔 (3.8) 

The structure factor of a perfect crystal unit cell is defined as: 

 𝐹(0)(𝒈) = ∑ 𝑓𝑗

𝑗

𝑒2𝜋𝑖𝒈.𝒓𝑗 (3.9) 

in which 𝑓𝑗 is the atomic scattering factor of the atom at position 𝒓𝑗 and the summation is over 

lattice sites 𝑗 in the unit cell. The kinematical diffraction amplitude in case of local variation of the 

structure is: 

 𝐴(𝒌) = ∑ 𝐹𝑖

𝑖

(𝒈)𝑒2𝜋𝑖𝒌.𝒓𝑖 (3.10) 

where 𝒊 runs over all lattice vectors 𝒓𝑖 of the positions of the unit cells and 𝐹𝑖  is the structure 

factor of the unit cell at 𝒓𝑖 position. 

If 𝑁 is the number of unit cells, the average structure factor can be introduced as: 

 〈𝐹(𝒈)〉 =
1

𝑁
∑ 𝐹𝑖(𝒈)

𝑖

 (3.11) 

The deviation of the local structure factor 𝐹𝑖(𝒈) from the average structure factor 〈𝐹(𝒈)〉 is 

found as: 

 ∆𝐹𝑖(𝒈) = 𝐹𝑖(𝒈) − 〈𝐹(𝒈)〉 (3.12) 

By substitution of 𝐹𝑖(𝒈) obtained from equation 3.12 in equation 3.10, the kinematical 

diffraction amplitude 𝐴(𝒌) can be rewritten as: 

 𝐴(𝒌) = 〈𝐹(𝒈)〉 ∑ 𝑒2𝜋𝑖𝒌.𝒓𝑖

𝑖

+ ∑ ∆𝐹𝑖(𝒌)

𝑖

𝑒2𝜋𝑖𝒌.𝒓𝑖 (3.13) 

The first term yields sharp Bragg reflections at 𝒌 = 𝒈. 
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The second term describes the diffuse intensity which vanishes for 𝒌 = 𝒈, because per 

definition: 

 ∑ ∆𝐹𝑖(𝒈) = 0

𝑖

 (3.14) 

Now the total diffracted intensity 𝐼(𝒌) can be split into two distinct terms, the Bragg reflection 

𝐼(𝐵)(𝒈) and the diffuse diffraction 𝐼(𝐷)(𝒌): 

 𝐼(𝒌) = 𝐼(𝐵)(𝒈) + 𝐼(𝐷)(𝒌) (3.15) 

We focus on the second term in which we are interested. The intensity of the diffuse diffraction 

 𝐼(𝐷)(𝒌) can be calculated as the square of the absolute of the second term of equation 3.13: 

 𝐼(𝐷)(𝒌) = ∑ ∆𝐹𝑖(𝒌)∆𝐹𝑗
∗(𝒌)𝑒2𝜋𝑖𝒌.(𝒓𝑖−𝒓𝑗)

𝑖,𝑗

 (3.16) 

which by changing the index of the summation becomes: 

 𝐼(𝐷)(𝒌) = ∑ 𝑒2𝜋𝑖𝒌.𝒓𝑘 ∑ ∆𝐹𝑗
∗(𝒌)∆𝐹𝑗+𝑘(𝒌)

𝑗𝑘

 (3.17) 

Now these mathematical derivations are applied to the Ni Ti system. 

In a binary system of 𝑁𝑖 and 𝑇𝑖 atoms with their atomic fraction of 𝑚𝑁𝑖 and 𝑚𝑇𝑖, respectively, 

in such a way that: 

 𝑚𝑁𝑖 + 𝑚𝑇𝑖 = 1 (3.18) 

and 𝑓𝑁𝑖(𝒌) and 𝑓𝑇𝑖(𝒌) as scattering factors for 𝑁𝑖 and 𝑇𝑖, respectively, the average structure 

factor (equation 3.11) is found to be: 

 〈𝐹(𝒌)〉 = 𝑚𝑁𝑖𝑓𝑁𝑖(𝒌) + 𝑚𝑇𝑖𝑓𝑇𝑖(𝒌) (3.19) 

and since 

 𝐹𝑖(𝒌) = {
𝑓𝑁𝑖          𝑁𝑖 𝑜𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖 
𝑓𝑇𝑖            𝑇𝑖 𝑜𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖

 (3.20) 

the deviation of the local structure factor from the average structure factor, ∆𝐹𝑖(𝒌) (equation 

3.12) can be obtained as: 

 ∆𝐹𝑖(𝒌) = {
𝑚𝑇𝑖[𝑓𝑁𝑖(𝒌) − 𝑓𝑇𝑖(𝒌)]          𝑁𝑖 𝑜𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖 

−𝑚𝑁𝑖[𝑓𝑁𝑖(𝒌) − 𝑓𝑇𝑖(𝒌)]        𝑇𝑖 𝑜𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖
 (3.21) 

which by using the Flinn site occupation operator 𝜎𝑖  defined as follows: 
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 𝜎𝑖 = {
𝑚𝑇𝑖            𝑁𝑖 𝑜𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖 
−𝑚𝑁𝑖        𝑇𝑖 𝑜𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖

 (3.22) 

can be simplified to: 

 ∆𝐹𝑖(𝒌) = 𝜎𝑖[𝑓𝑁𝑖(𝒌) − 𝑓𝑇𝑖(𝒌)] (3.23) 

Now using the second term of equation 3.13, the diffuse scattering amplitude 𝐴(𝐷)(𝒌) can be 

written as: 

 𝐴(𝐷)(𝒌) = [𝑓𝑁𝑖(𝒌) − 𝑓𝑇𝑖(𝒌)] ∑ 𝜎𝑖

𝑖

𝑒2𝜋𝑖𝒌.𝒓𝑖  (3.24) 

and the obtained equation can be normalized to: 

 �̂�(𝐷)(𝒌) =
𝐴(𝐷)(𝒌)

𝑓𝑁𝑖(𝒌) − 𝑓𝑇𝑖(𝒌)
= ∑ 𝜎𝑖

𝑖

𝑒2𝜋𝑖𝒌.𝒓𝑖 (3.25) 

Now the geometrical information about the occupancy of the sites in the 𝜎𝑖  is completely 

separated from the physical information of the atoms in 𝑓𝑁𝑖(𝒌) − 𝑓𝑇𝑖(𝒌). 

The normalized diffuse intensity is stated as: 

 𝐼(𝐷)(𝒌) = ∑ 𝜎𝑖𝜎𝑗𝑒2𝜋𝑖𝒌.(𝒓𝑖−𝒓𝑗)

𝑖,𝑗

 (3.26) 

 = ∑ 𝑒2𝜋𝑖𝒌.𝒓𝑘 ∑ 𝜎𝑗𝜎𝑗+𝑘

𝑗𝑘

 (3.27) 

The Warren Cowley short range order 𝛼𝑘 is defined as: 

 𝛼𝑘 = 𝛼𝒓𝑘
=

〈𝜎𝑗𝜎𝑗+𝑘〉

𝑚𝑁𝑖𝑚𝑇𝑖
=

1

𝑁

1

𝑚𝑁𝑖𝑚𝑇𝑖
∑ 𝜎𝑗𝜎𝑗+𝑘

𝑗

 (3.28) 

which helps to write equation 3.27 as: 

 𝐼(𝐷)(𝒌) = 𝑁𝑚𝑁𝑖𝑚𝑇𝑖 ∑ 𝛼𝑘𝑒2𝜋𝑖𝒌.𝒓𝑘

𝑘

 (3.29) 

If the diffuse intensity is concentrated near a periodical locus, like a surface or a curve, real 

space information from the locus of the reciprocal diffuse intensity can be derived. If the locus has 

the translational symmetry of the reciprocal lattice, it can be presented by the following Fourier 

series: 
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 𝑙(𝒌) = ∑ 𝜔𝑘𝑒2𝜋𝑖𝒌.𝒓𝑘

𝑘

= 0 (3.30) 

If all diffuse intensity is concentrated on the locus 𝑙(𝒌), the following identity holds: 

 �̂�(𝐷)(𝒌). 𝑙(𝒌) = 0          𝑓𝑜𝑟 𝑎𝑙𝑙 𝒌 (3.31) 

Substitution of equation 3.25 and equation 3.30 into equation 3.31 leads to: 

 ∑ 𝜎𝑖𝜔𝑘𝑒2𝜋𝑖𝒌.(𝒓𝑖−𝒓𝑘)

𝑖,𝑘

= 0          𝑓𝑜𝑟 𝑎𝑙𝑙 𝒌 (3.32) 

and thus 

 ∑ 𝑒2𝜋𝑖𝒌.𝒓𝑗

𝑗

[∑ 𝜔𝑘𝜎𝑗+𝑘

𝑘

] = 0          𝑓𝑜𝑟 𝑎𝑙𝑙 𝒌 (3.33) 

which results in: 

 ∑ 𝜔𝑘𝜎𝑗+𝑘

𝑘

= 0          𝑓𝑜𝑟 𝑎𝑙𝑙 𝒌 (3.34) 

which is a linear relation between the Flynn operators and referred to as the ordering relation. 

If coefficients 𝜔𝑘 can be determined from the experimental diffuse intensity, the linear relation 

identifies the lattice sites with the same composition in the cluster via 𝜎 [182,202]. 
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4 Twin–jet electropolishing for TEM 

specimen preparation of Ni–Ti micro–

wires 

 

 

 

 

 

 

 

Chapter 4: 

Twin–jet electropolishing for TEM 
specimen preparation of Ni–Ti 
micro–wires 

In this chapter a method developed to use a conventional electropolishing apparatus to prepare 

TEM specimens from micro size wires is presented.  
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4.1 Introduction 
The necessity for this work became apparent during transmission electron microscopy (TEM) 

investigations of Ni nano clusters in Ni50.8Ti49.2 micro wires with a diameter of 150 m, which will 

be presented in Chapter 6. Due to the small diameter of the wire, cross sectional FIB specimen 

preparation seemed to be the most appropriate thinning procedure. However, FIB induced 

damage severely hampers a proper interpretation of the intended high resolution images needed 

to investigate the expected nano precipitates. Moreover, the 510 m2 dimensions of a typical FIB 

specimen do not allow proper statistical investigations when looking for averaged diffraction data. 

Therefore, the use of conventional electropolishing for obtaining thin TEM specimens was 

reconsidered. 

Twin jet electropolishing is one of the cheapest, fastest and cleanest methods to prepare TEM 

specimens from bulk electrically conductive materials such as metals and alloys. In this method 

the material is electrochemically removed from both sides of a mechanically thinned disc of, e.g., 

3 mm diameter and 100  150 m thick, until sample perforation occurs. The surroundings of 

the small perforation are sufficiently thin for TEM. The achieved specimen is free of mechanical 

or ion damage, typically shows large regions of electron transparent material, is easy to handle due 

to the rigid rim which supports and protects the thin area in the center and requires no grid support 

to be mounted on the TEM holder [133,144]. Also heating of the specimen by the electron beam 

during TEM investigations remains limited since the heat generated in the thin region is rapidly 

dissipated by the rather thick surroundings [203]. Electropolishing is specifically appropriate for 

(inter)metallic samples, since these materials are too soft for crushing and easily damaged by ion 

milling [153]. However, the conventional twin jet electropolishing apparatuses are designed for 

bulk material, namely discs of 3 mm or 2.3 mm diameter and can normally not be applied for 

specimens of smaller size such as micro wires. In Figure 4 1 the small diameter of the micro wire 

under consideration can visually be compared with the perforation size of a typical 3 mm 

electropolished specimen. 



 

 

67 

 

 
Figure 4 1 Comparing perforation size of a 3mm disc electropolished specimen and diameter of a 

150 m Ni Ti wire. 

Very few studies have been performed on TEM specimen electropolishing of samples smaller 

than the conventional 3 mm or 2.3 mm discs. Stickler & Engle [204] electropolished 1 mm 

diameter wires of tungsten and bismuth telluride in a two step procedure. The first step, 

indentation on the specimen (dimpling), is performed with a vertical gravity fed electrolyte 

machine using a 0.01mm nozzle with a platinum wire as cathode, as shown in Figure 4 2(a). In 

the second step final electropolishing is performed in an electrolyte bath equipped with a light 

source and a light microscope to detect the first break through of the indentation, as presented 

diagrammatically in Figure 4 2(b). The perforation occurs on the region thinned in the first step. 

This method cannot be used for wires smaller than 1 mm, such as the 150 m wires in this work. 

Kestel [205] introduced three methods for TEM electropolishing of undersized samples. In the 

first method, plating or coating the wire with a metal to increase its diameter to 3 mm, a 120  

stainless steel wire is plated with nickel, after which it is sectioned and grinded to the desired size 

disc. Then it is electropolished. If the hole is at the interface of wire and plating, it is masked with 

lacquer, covering all but the wire center. After electropolishing again, a second perforation, this 

time on the wire will appear, as shown in Figure 4 2(c). 

As a second approach, an arbitrary shaped sample of the size of 1.5 mm  2 mm is placed on a 

3 mm standard copper disc with a 1 mm hole in the center, as shown in Figure 4 2(d). The sample 

is fixed and coated with lacquer on all but the center of the sample and is then electropolished. 
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The third method introduced by Kestel [205] is embedding the sample in molten metal. As 

shown in Figure 4 2(e) a 250 m thoriated tungsten wire is embedded into molten gold and 

electropolished. 

 
Figure 4 2 (a) dimpling and (b) electropolishing of 1 mm diameter wire [204]; (c) plating stainless 

steel wire with nickel; (d) sandwiching the sample between two copper discs with a hole and (e) 

embedding a thoriated tungsten wire into molten gold, followed by electropolishing [205]. 

The idea of enlarging the sample to a 3 mm size was retained in the present work, but due to 

the further reduction of the size of the original material, an alternative approach had to be 

introduced which also has the advantage of not manipulating the specimen by high temperature 

or contaminating with other metals, as is unavoidable in the Kestel procedure. Only a commercial 

twin jet electropolishing apparatus and some other available lab setups and materials are needed 

to apply this new method. 
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4.2 Experimental procedure 
The main idea is to embed the micro wire under consideration in a medium in a way that the 

obtained complex fits into the clamping holder of a twin jet electropolishing unit, which means 

having a disc shape of 3 mm diameter and ~ 150 m thickness, and the wire is exposed on both 

sides of the embedding disc so that it can be reached by the electrolyte during the electropolishing 

process. 

To be applicable for this purpose the embedding medium should have the following properties: 

1. Being adhesive, so that it can embed the wire, and being hard enough after hardening, 

so that it can endure the mechanical stress during mechanopolishing without cracking 

and detaching from the wire. 

2. Resistant to the applied electropolishing electrolyte (acids + alcohols), e.g., sulfuric acid 

and methanol which are used in this work. 

3. Resistant to acetone, which is used to remove the glue from the medium in the 

mechanopolishing procedure. 

4. Being electrically conductive to establish electrical contact between the embedded wire 

and the electropolisher holder. 

5. Being non transparent, so that it can block the light photocell path in the unit and 

allow the use of the automated stop mechanism of the setup. 

Epoxy resins are found to match the three first conditions since they suffer least from chemical 

attack and show true adherence to the sample, especially metals [206]. They induce no chemical 

reaction with the material and cause no contamination on the material surface. However, epoxy 

resins with no filler are generally semitransparent and non conductive, so some kind of filler needs 

to be used in order to match conditions 4 and 5. 

Electrically conductive epoxies that are non transparent due to a filler are commercially 

available, however, the vast majority of these are silver filled, some other copper , nickel  and 

gold filled, which all dissolve in the sulfuric acid mixture under the present electropolishing 

conditions [207 209]. Very few epoxy resins with graphite as filler and which do not react with 

acids exist. However, they all share the disadvantage of having a resistivity of orders of magnitude 

higher than that of the metal filled resins, which hampers electropolishing. For example, the 

volume resistivity of the graphite filled EPO TEK 377H [210] 
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while that of the silver filled EPO TEK H20E [211] 

placing the wire perpendicular to the disc surface, as shown in Figure 4 3(a), and relying on the 

resin conductivity to make electrical contact between the wire and the platinum strip of the holder 

does not lead to proper electropolishing, but partial etching instead. In Figure 4 4 an example of 

such an experiment with graphite filled EPO TEK 377H is shown under a light optical 

microscope (Figure 4 4(a)) and BF TEM (Figure 4 4(b) and (c)). It can be seen from the SAED 

in Figure 4 4(d) that some electron transparent regions are indeed obtained, but the specimen 

thickness is not uniform and the surface is rough (due to partial etching). These results confirm 

that the perpendicular method can be successful if a high conductive epoxy resin is applied. This 

approach is needed when the cross section TEM view of an, e.g., textured wire is desired. 

In order to avoid this conflict of needed properties for the embedding medium, the electrical 

contact can be obtained by embedding the wire in the resin parallel to the surface of the 3 mm disc 

(Figure 4 3(b)) and ensuring direct electrical contact between the wire and the metallic strip of the 

holder. The length of the wire was thus chosen large enough to reach the platinum of the 

electropolisher holder from one (or both) sides of the strip hole, as shown in Figure 4 3(c), 

ensuring electrical contact between the sample and the system while the strip also acts as a heat 

sink minimizing sample heating during polishing. This method provides a plan view of the wire 

sample. 

 
Figure 4 3 Wire piece embedded (a) perpendicular and (b) parallel to the disc surface; (c) 

schematic of a resin disc embedding a 1.9 mm long wire piece overlaid on a platinum hole of a 

Tenupol holder, connecting to the platinum on the right side.  
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Figure 4 4 (a) Low magnification light optical microscope and (b) BF TEM image of three 

perpendicularly embedded electropolished micro wires; (c) higher magnification BF TEM image 

of the edge of one of the wires showing non uniform thinning; (d) SAED of the same region 

revealing electron transparency. 

In the present work an EPO TEK 353ND [178] epoxy resin was used which is transparent 

when liquid and becomes amber to dark red after curing. Therefore, complete non transparency 

was achieved by adding 10 wt.% graphite powder with particle size of ~ 

amount of graphite makes the resin non transparent but has no effect on the electrical 

conductivity. Mixing the epoxy, the hardener and graphite powder should be done gently to avoid 

forming tiny bubbles. In case of micro bubbles formation in the resin, vacuum degassing or 

centrifuge should be carried out to eliminate minute air bubbles and prevent the appearance of 

holes in the final polished resin disc.  

The standard Tenupol holders for 3 and 2.3 mm samples have a platinum strip hole of diameter 

2.6 and 2.1 mm, respectively. The latter was used for this work since it allows the use of shorter 

wires. Since it is sufficient for the wire to be in contact with the platinum strip only on one side, 
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there is no need for the wire to be longer than 2.1 mm. It only needs to be placed in the resin disc 

in such a way that when mounting in the electropolisher holder 

1. The wire is connected to at least one side of the strip hole 

2. The wire reaches the center of the hole where the electrolyte jet is most active 

3. The resin disc completely blocks the holder hole, as shown in Figure 4 3(c). 

The wires were chopped into a length of ~ 2 mm and placed on a microscope glass slide 

wrapped in Teflon tape which eases detaching the resin after hardening, as shown in Figure 4 5(a). 

A drop of resin mixture was placed on each wire piece using a needle, as seen in Figure 4 5(b). The 

resin drop should be big enough to make a hemisphere with a diameter of appr. 3 mm, completely 

covering the wire, as schematically shown in Figure 4 5(c). Due to the still viscous nature of the 

resin some resin will flow underneath the wire, but most of the resin will form the hemisphere 

above the wire. The resin was then left to harden at room temperature which took about 4 days. In 

case the sample is not affected at elevated temperature, the resin can be heated up to speed up 

hardening according to the resin technical data sheet, e.g. 10 minutes at 100 °C. An image of 

hardened hemisphere resins is shown in Figure 4 5(d). 

The hardness of the resin was checked by scratching the surface with a sharp needle. Then it 

was mechanopolished from both sides until a disc of ~ 100 m thickness was obtained with the 

wire surface appearing from both sides of the disc. To this purpose the resin embedding the wires 

3 adhesive 

which melts at ~ 120 °C, requiring a few seconds heating at each attaching or detaching step. 

Polishing should start from coarse to soft paper, each step removing the plastically deformed or 

structurally altered layers induced by the previous polishing step. As a rule of thumb, polishing 

with abrasive papers can produce a depth of damage to the material up to three times the size of 

the abrasive particles [121]. The polishing steps should be carried out in a way that after the last 

polishing the sample is slightly thicker than twice the damage penetration depth of the last 

polishing step so that the central part of the material is unaffected [212]. After achieving the final 

thickness the disc should be rinsed in acetone to completely remove the remaining adhesive. An 

image of some mechanopolished discs is shown in Figure 4 5(e). 
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Figure 4 5 (a) Chopped wires of different samples on a Teflon covered microscope slide; (b) 

putting a drop of resin on each piece of wire using a needle; (c) schematic of the wire embedded 

into a hemisphere resin; (d) hardened hemisphere resin containing single wire pieces; (e) 

mechanopolished discs. 

As from this point the resin disc embedding the wire should be handled gently since it is fragile. 

When possible, using a vacuum pickup tool instead of tweezers is recommended for picking up 

the disc. 

If the resin disc is larger than 3 mm, it should be resized to fit into the TEM holder. To this 

purpose the resin disc perimeter was cut using a scalpel. In order to minimize the risk of breaking 

the resin disk or detaching the wire from it, cutting should be done by pressing a curved scalpel 

down from one side of the resin disc to another with a rolling movement over the curved edge of 

the blade, instead of pulling the blade in a horizontal direction, or landing it in the vertical 

direction, as shown in Figure 4 6(a). A resin disc before cutting and another after proper cutting 

are shown in Figure 4 6(b). 
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Figure 4 6 (a) Cutting the resin disc from one side to another by using the curved blade of a scalpel 

(see arrow); (b) Left to right, a 3 mm cupper grid as reference size, a resin disc larger than 3 mm 

diameter and another resin disc after being cut. 

The disc was mounted into the twin jet electropolisher holder in the way that the wire connects 

to the edge of the hole of the platinum strip of the holder, as was shown in Figure 4 3(c). The 

holder is then inserted into the electropolisher, settings of the machine are set equal to those of the 

respective bulk material, and the electropolishing procedure can be started. In the present case the 

mixture of 80% methanol and 20% sulfuric acid operating at 18 V, 0.13 A and 0 °C was used. 

Voltage and current indicators of the electropolisher control unit give information about the 

process and whether or not electropolishing is occurring. When both potential and current are 

non zero, electropolishing occurs. If the potential is non zero and the current is zero, the electrical 

contact between the wire sample and the apparatus is not established [150]. If both potential and 

current are zero, this is an indication that the auto stop has been triggered even before 

electropolishing starts. This might happen for the present resin embedded wire samples due to the 

semi transparency of the thin filled resin. In bulk Ni Ti the material completely blocks the light 

source photocell path and photosensitivity determines the perforation size. In the resin embedded 

wire disc, however, the graphite filled resin can transmit some light when thinned to around 100 

transmitted light through the resin. As the resin disc thickness and graphite content or distribution 

might be slightly different from one sample to another, the photosensitivity should be adjusted as 

follows: it is set to 8, as for bulk material. If the current and potential are both zero, which means 

the auto stop mechanism is activated, photosensitivity is set to zero and the start button is pushed 

again. Then the photosensitivity is increased until the auto stop is triggered due to the  

semi transparency of the resin, so the photosensitivity number in which the auto stop is activated 

is found. Then electropolishing is restarted with the photosensitivity set to a number ~ 0.5 1 lower 
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than the triggering number. With judicious adjustments of the photosensitivity a successful 

electropolished specimen can be obtained and the procedure has a success yield of around 90%. 

The achieved specimen is examined after rinsing and drying. As the wire is already thinned, 

even if the resin breaks at this step, the specimen can still be used, as shown in Figure 4 7. 

 
Figure 4 7 A specimen with the resin half disc broken and detached from the wire after cutting 

and electropolishing, but still usable when mounted in a TEM holder. The perforation is indicated 

by an arrow. 

When mounting the specimen in the TEM holder the wire should be in contact with the holder 

to avoid charge accumulation on the specimen. In case this is not possible due to size limitations 

of the wire, a 5 nm carbon layer can be deposited on the surface of the resin. 

4.3 Results 
A light optical microscope image of a Ni Ti micro wire TEM specimen obtained by the above 

method is shown in Figure 4 8(a). In this image the perforation in the center of the wire is clearly 

seen. The corresponding low magnification scanning transmission electron microscopy  

(LM STEM) image is shown in Figure 4 8(b). A higher magnification BF TEM image is 

presented in Figure 4 8(c) together with an SAED pattern as inset. In Figure 4 8(d) a high 

resolution (HR) STEM image along the 〈111〉B2 direction is presented. The BF TEM image, the 

diffraction pattern as well as the HR STEM showing atomic resolution clearly indicate the local 
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quality of the thinning procedure, with the LM STEM image revealing a successful thinning 

around the entire hole. 

 
Figure 4 8 (a) LOM image of the specimen after electropolishing showing the perforation in the 

wire; (b) LM STEM image of the specimen shown in a; (c) a BF TEM image of some grains of the 

wire together with the SAED pattern (inset); (d) HR STEM image with the corresponding fast 

Fourier transformation (inset). 

In another specimen three elongated holes appeared along the wire, providing thin areas 

between the holes in addition to the surroundings. A LM STEM image of the region between two 

holes is shown in Figure 4 9(a). In Figure 4 9(b) an annular dark field (ADF) image of the 

rectangle indicated in Figure 4 9(a) is shown with the corresponding EELS thickness map in 

Figure 4 9(c). The thickness map shows that the specimen reaches about 20 nm  25 nm thickness 

in the thinnest region. It also reveals that a 2   
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50 nm surrounds the holes and b

larger thinned areas than with conventional FIB specimens. 

 
Figure 4 9 (a) LM STEM image of a specimen where two lateral elongated holes meet; (b) higher 

magnification ADF image of the region indicated in (a), showing a crack in the middle, and (c) 

EELS color coded thickness map of (b) in nanometer. 

4.4 Conclusions 
A novel method to prepare TEM specimens from micro size thin wires is introduced which 

can be used with instrumentation available in most electron microscopy labs. The wire is enlarged 

in size by embedding into a graphite filled resin medium after which it is treated as bulk material 
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and electropolished by a conventional twin jet electropolishing apparatus. The result is a  

well polished specimen without radiation damage and large electron transparent areas and with a 

success rate similar to that of bulk material. This method is used to prepare TEM specimens from 

micro wires in Chapter 6. 
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Chapter 5: 

Effect of room temperature aging 
combined with DSC cycling on 
micron grain size bulk Ni50.6Ti49.4 

In this chapter the effect of thermal cycling induced by DSC measurements on bulk Ni50.6Ti49.4 

material with and without room temperature aging in between cycles is investigated.   

This chapter is based on the following paper: 

• Pourbabak, S.; Wang, X.; van Dyck, D.; Verlinden, B.; Schryvers, D. Ni Cluster Formation in 

Low Temperature Annealed Ni50.6Ti49.4. Functional Materials Letters 2017, 10, 1740005. 

https://doi.org/10.1142/S1793604717400057.  
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5.1 Introduction 
It is known that thermal cycling, including those occurring during DSC measurements, 

suppresses the martensitic transformation, i.e. lowers Ms. As explained in § 2.5.4, this is classically 

attributed to the micro plasticity introduced by thermally induced martensite transformation 

which causes formation of dislocations whose strain fields affect the martensitic transformation 

[57]. Recently nano scale Ni4Ti3 precipitates formation at the high range of the DSC temperature 

interval is also considered as an additional factor to suppress martensitic transformation [108,109]. 

In this chapter different microscopy techniques are applied to investigate the effect of thermal 

cycling on the micron grain size bulk Ni Ti, with and without room temperature aging in between.  

5.2 Experimental Procedure 

5.2.1 Sample treatment 
A Ni50.6Ti49.4 alloy was annealed at 1000 °C for two hours followed by room temperature water 

quenching. The quenched samples were subjected to three different procedures: 

• Protocol A, nine samples: DSC cycling was done on one sample immediately after 

quenching, the remaining eight samples were aged at RT respectively for 1, 2, 4, 8, 15, 

30, 60 and 90 days, always followed by a DSC cycle. All samples were again aged at RT 

afterwards. For later reference the samples are labeled with A followed by the day of the 

test, e.g., A0, A1, A2, etc. The aging and DSC diagram of the A30 sample is shown in 

Figure 5 1(a), as an example. 

• Protocol B, one sample: nine consecutive DSC cycles were performed on one sample 

immediately after quenching and followed by aging for one year at RT afterwards, as 

diagrammatically shown Figure 5 1(b). This sample is called B. 

• Protocol C, one sample: The sample was measured by DSC cycling immediately after 

quenching and aged at RT afterwards, interrupted by single DSC cycles performed at 1, 

2, 4, 8, 15, 30, 60 and 120 days after quenching, as schematically shown in  

Figure 5 1(c). This sample will be referred to as C. 

The DSC measurements were performed between -150 °C and +25 °C in a TA Q2000 

calorimeter with a cooling/heating rate of 10 °C min 1. 
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Figure 5 1 Diagram of aging (red) and DSC measurement (green) of (a) A30, (b) B, and (c) C 

sample. 

The Ms values versus aging time for samples A and C are compared in Figure 5 2(a). Ms of 

samples A varies between -23 °C and -19 °C, and does not seem to be affected by aging [213]. Ms 

of sample C decreases from -23 °C for the measurement just after quenching to -40 °C after 120 

days. 

Ms values versus number of thermal cycles for samples B and C are shown in Figure 5 2(b). Ms 

of the sample with only consecutive thermal cycling, B, lowers from -21 °C to -27 °C, but the 

decreasing is much less intense than that of the combined aging cycling treatment, C. 
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Figure 5 2 (a) Ms comparison between A samples only aged at RT and C sample aged at RT 

combined with DSC cycling; (b) Ms comparison between B sample with consecutive DSC cycling 

and C sample aged at RT combined with DSC cycling. 

5.2.2 TEM investigation 
Samples A0, A90, B and C from the aforementioned procedures were selected for the TEM 

investigation. Moreover, a sample with no DSC tests but only aged at RT after annealing at  

1000 °C was used as reference, called REF hereafter. The corresponding Ms points of samples A0 

and A90 are indicated on Figure 5 2(a). Sample B produces all points of the upper (green) curve 

in Figure 5 2(b) and all points of the lower (red) graphs in Figure 5 2(a) and (b) are obtained from 

sample C. Sample REF had no DSC cycle and appears in none of the graphs. 

TEM specimens were made of the selected samples by electropolishing, as explained in § 

3.4.13.4. The obtained electron transparent specimens were used to acquire tilt series of SAED 

patterns using a Philips CM 20 TEM to study the reciprocal space in three dimensions. High 

resolution (HR) TEM and dedicated SAED patterns were acquired in some different high  and 

low index zones aiming for further quantification on a FEI Tecnai G2 instrument running at  

200 kV. In order to achieve comparable quantitative data some considerations were taken into 

account: CBED, explained in § 3.5.5.1 was applied to measure the specimen thickness which 

allowed to use a consistent thickness of 120 nm ± 20 nm for all acquisitions. Microscope settings 

such as beam spotsize, condenser and objective lenses excitation, condenser and selected area 

apertures and camera length were kept unchanged. Also, camera settings (exposure time) and 

calibration (gain and bias corrections) were consistent for the whole procedure. In parallel, the 

data collection feature of TOPSPIN strain mapping in TEM was employed to scan a rectangular 
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region of the specimen with the nano probe and acquire very local electron diffraction from an 

infinitesimal volume of the material. 

Also, high angle annular dark field (HAADF) STEM on a FEI Titan 50 80 instrument 

operating at 300 kV was used to exploit the Z contrast ability of the technique. 

5.3 Results 
Figure 5 3(a) shows a bright field TEM image of the REF sample in which clearly no fully 

formed precipitates can be seen. Accordingly, the SAED pattern of the zone [012]B2 shown in 

Figure 5 3(b) does not represent any of the characteristic superspots of Ni4Ti3 precipitates along 

〈123〉*. However, it does reveal a clear structured pattern of diffuse intensity. By tilting the 

specimen it is found that similar diffuse intensity patterns also exist in zones in which no Ni4Ti3 

superspots are expected in specimens with fully grown precipitates, such as [122]B2 shown in Figure 

5 3(c). The main properties of the diffuse intensities observed in different zone axes are as follows: 

1. They are more pronounced in high index zones and less visible in low index zones. 

2. They are arranged around specific geometrical loci. 

3. In the 2D SAED patterns they generally appear as line shapes. 

4. They reveal a periodical character. 

Contrary to the clear structural diffuse intensity found in reciprocal space, which indicates the 

existence of some kind of short range order in the lattice, HR TEM images taken along various 

zones do not reveal any useful information. In Figure 5 3(d) an example along the 〈111〉B2 

direction is shown which does reveal some contrast variation in the resolved atom columns. 

However, these contrast variations strongly depend on the used imaging focus and are thus not 

very reliable to be used as guidance for any possible structural feature, although they have been 

shown to provide some guidance in order disorder transformations [214,215]. 

The HAADF STEM image acquired along the same 〈111〉B2 and shown in Figure 5 3(e) is 

more stable against focal changes and is expected to reveal differences in the intensity of atom 

columns due to Z contrast, in case changes in atom occupation along the columns exist [216]. In 

the perfect austenite B2 matrix the 〈111〉B2 atom columns consist of alternating Ni and Ti atoms, 

so all dots in the HAADF STEM image should have the same intensity, and since in the hexagonal 

Ni4Ti3 precipitates 1 out of 7 〈001〉H // 〈111〉B2 columns of atoms is pure Ni, in case of existence of 

some Ni4Ti3 precursors, i.e., increased Ni occupation along some 〈001〉H // 〈111〉B2 columns for a 
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precipitate with the central plane perpendicular to the viewing direction, one might expect to see 

some variation in the HAADF STEM intensities. However, although a variation in intensity of the 

column dots is indeed visible, the measured intensity differences run up to about 8% while 

MULTEM [217] simulations indicate that a precursor of, e.g., 7 unit cells (i.e., 15 Ni atoms in a 

〈111〉B2 row) in a 50 unit cell thick specimen yields an intensity increment of only 2%, due to the 

close atomic number of Ni and Ti. Thus, the observed difference in the HAADF STEM intensity 

of atomic columns cannot be attributed to the presence of a precursor. Moreover, aside from some 

minor shifts due to the use of STEM, no coordinated atom shifts, which might indicate a precursor 

to a displacive transformation, can be observed in this image. 

 
Figure 5 3 REF sample (a) Bright field showing no full grown precipitates; (b) [012]B2 SAED 

pattern revealing no Ni4Ti3 superspots; (c) [122]B2 SAED pattern representing structural diffuse 

intensity; (d) HR TEM and (e) HAADF STEM along [111]B2 revealing atomic resolution with no 

meaningful correlation between atomic column intensity and corresponding Ni content. 

In order to check whether the observed diffuse intensity in SAEDs is caused by averaging over 

the rather large area of the 3.8 m diameter disc of the specimen selected by the SA aperture, or it 

is also present when the data is collected from a much smaller region, nano probe electron 

diffraction scanning was acquired on a grid of 100 nm 150 nm rectangle with 5 nm mesh distances 
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and a probe size of ~ 3 nm, resulting in 600 nano probe electron diffraction patterns, three of 

which are presented in Figure 5 4. The results show that similar diffuse intensity, in shape and 

strength, is present in each and every diffraction pattern acquired from a volume more than six 

orders of magnitude smaller than that of SAEDs. It reveals that the origin of diffuse intensities is 

homogenously spread all over the sample and in any small volume of the material. 

 
Figure 5 4 Nano probe electron diffraction acquired from three neighboring regions at 5 nm 

distance on the scanning mesh. 

A tilt series of regular SAED patterns was acquired to obtain a 3D view of the diffuse intensity 

in reciprocal space, an example of which is shown in Figure 5 5 for the REF sample. In this 90 °C 

tilting the reciprocal space between [011]B2 and [100]B2 through [111]B2 is covered. The angle 

between two consecutive images was one degree when close to perfect zones where patterns change 

quickly and two degree when far from perfect zones. This shows that the diffuse streaks observed 

in each diffraction pattern, to a first approximation, are created by the intersection of diffuse 2D 

{111}*
B2 sheets with the observing plane. All four equivalent {111}*

B2 families of parallel planes exist 

with only even values of h,k,l occurring. 
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Figure 5 5 Tilt series of REF sample acquired from [110] to [111] through [001] at every one or 

two degree. 

There are two exceptions for the above statements, both concerning the absence of specific 

traces of (111)* planes. In Figure 5 6 the loci of intersections of {111}*
B2 planes with the (012)*

B2 

plane are schematically plotted. The dashed red streaks are obviously absent in Figure 5 3(b). This 

phenomenon, where the traces of one or two {111}*
B2 families are absent, is observed in all 
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diffraction patterns of the series. Investigating the properties of the invisible traces reveals that 

diffuse planes with angles smaller than about 48° with the viewing plane cannot be seen in the 

diffraction pattern. In the above example the angle of the green streaks is 75°, while that of the 

dashed red streaks is 39°. The same phenomenon was observed by Baba Kishi et al. in PZT 

ceramics, while they found 67° as the critical angle [218]. It is still unclear whether this is related 

to the relative orientation of these families of {111}*
B2 planes to the selected zone or whether there 

is a structural origin. The reason for the absence of the dotted yellow streaks, belonging to the same 

family as the visible green streaks, will be explained in the following section. 

SAED patterns of all five samples were obtained using the same experimental conditions as 

explained before. The respective patterns for the [112]B2 zone axis are presented in Figure 5 7. A 

slight difference in the intensity and distribution of the diffuse intensities can already be 

distinguished by eye. In order to allow quantitative comparison between the samples, a rectangle 

region of the patterns as shown in Figure 5 7(a) was selected to achieve an averaged line profile. 

In this region three diffuse planes cross each other and the spot like intensity enhancements 

correspond to the intersection of the Ewald sphere with the intersection line of two such diffuse 

planes, as schematically shown in Figure 5 8. 

 
Figure 5 6 Intersection traces of (012)* and {111}* planes. 
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Figure 5 7 (a) to (e), [112]B2 SAED of samples REF, A0, A90, B and C, respectively. The rectangle 

shown in (a) indicates the area over which the averaging is performed. 

 
Figure 5 8 Schematic of the cross section of the Ewald sphere with two {111}* diffuse planes, 

yielding a diffuse spot in the diffraction pattern. 

The rectangular profiles obtained from all SAEDs are plotted in Figure 5 9. The lowest (yellow) 

trace belongs to sample REF with no DSC cycling. Samples A0 (light blue) and A90 (dark blue) 

mostly show a very similar intensity distribution. This is also true for remaining B (green) and C 

(red) samples when compared with one another. Each peak is fitted with a Gaussian function to 
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determine the top or bottom value. The diffuse intensity factor (DIF) is then defined as the 

difference of the averaged four maxima and minimum of the averaged line profile of each sample 

compared with that of the REF sample and presented in %: 

𝐷𝐼𝐹 =
𝑀𝑎𝑥̅̅ ̅̅ ̅̅ − 𝑚𝑖𝑛

𝑀𝑎𝑥̅̅ ̅̅ ̅̅
𝑅𝐸𝐹 − 𝑚𝑖𝑛𝑅𝐸𝐹

× 100 

Although a certain difference in sample foil thickness cannot be avoided (CBED measures yield 

an uncertainty of ~ 20 nm for the foil thickness) and which is expected to be the origin of the slight 

differences in absolute intensity of the Bragg reflections between each pattern, and also each SAED 

might be slightly deviated from the perfect zone axis which is the reason for non perfectly 

symmetric peaks (best seen in the green graph), this type of relative measure uses an internal 

reference for each pattern so the results can be properly compared between patterns. The results 

are presented in Table 5 1 and Figure 5 10. Although the standard errors of some of the DIF 

values overlap, the trend of an increasing intensity of the diffuse spots with increasing treatment 

times at those very low temperatures is clear. 

 
Figure 5 9 Rectangular averaged profiles of the same region in the [112]B2 SAED patterns of all 

five samples. 
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Table 5 1 Statistical data of Figure 5 7 (standard errors for the maximum average are calculated 

and their average percentage error is also used for the minimum intensity) 

Sample Max avg. min Max avg. - min DIF 

REF 18410±680 12340±390 6070±780 100±18 

A0 23180±990 16110±510 7070±1110 116±24 

A90 23020±680 15580±490 7450±840 123±21 

B 25260±930 16330±510 8930±1060 147±26 

C 26250±290 16940±530 9300±610 153±22 

 

 
Figure 5 10 Trend of increasing intensity of the diffuse spots in comparison with the relative 

measure in sample REF. 

5.4 Discussion 
The Cluster model introduced in § 3.6 was used to interpret the acquired SAEDs. The fact that 

the observed diffuse intensities are arranged around specific geometrical loci allows to analytically 

solve the diffuse scattering amplitude equation. Therefore, ordering relation, equation 3.34, can be 

applied for analyzing the results. 

As the diffuse intensities are located on equivalent {111}*
B2 planes in the reciprocal space, they 

satisfy the requirements of equation 3.30. So, the mathematical equation of the planes can be found 

as: 

 𝑒2𝜋𝑖𝒈.𝒓 = 1 (5.1) 

in which 𝒓 = (111). This can be written as: 

 𝑙(𝒈) = 𝑒2𝜋𝑖𝒈.𝒓 − 1 = 0 (5.2) 

As four families of (111) planes exist, each has a mathematical function of the form 𝑙(𝒈) = 0. 

The product of those functions should satisfy: 
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 𝑙1(𝒈). 𝑙2(𝒈). 𝑙3(𝒈). 𝑙4(𝒈) = 0 (5.3) 

which requires at least one of four functions to be zero. Thus, it is enough to study each relation 

independently, and the clusters have to obey any of the relations. 

The equation 5.2 is of the form of equation 3.30, in which 𝒓𝑘 is the vector of the cluster and 𝜔𝒌 

is the coefficient. Thus, the cluster relation in real space will be of the form of the ordering relation, 

equation 3.34: 

 ∑ 𝜔𝑘𝜎𝑗+𝑘

𝑘

= 0          𝑓𝑜𝑟 𝑎𝑙𝑙 𝒌 (5.4) 

Equating equation 3.30 with 𝑒2𝜋𝑖𝒈.𝒓 − 1 and considering even (hhh)* planes gives: 

 ∑ 𝜔𝑘𝑒2𝜋𝑖𝒌.𝒓𝑘

𝑘

= 𝑒2𝜋𝑖𝒈.𝒓 − 1  ⇒  𝜔1 = −1, 𝒓1 = [000] (5.5) 

                                                           𝜔2 = +1, 𝒓2 = [½½½] (5.6) 

As a result 

 𝜎1 − 𝜎2 = 0   ⇒    𝜎1 = 𝜎2 (5.7) 

Obtaining 𝜎1 = 𝜎2, r1=[000] and r2=[½½½] means that atoms occupying [000] and [½½½] 

positions are of the same kind, and since the alloy is slightly Ni rich, having Ni in both sites is 

more favorable. In other words, the diffuse {111}* planes correspond with clusters of the form of 

pure Ni strings oriented along all four equivalent 〈111〉B2 directions. These can easily be produced 

by replacing a single Ti atom by a single Ni atom, as this immediately induces three consecutive 

Ni atoms in all four 〈111〉B2 directions. Figure 5 11(a) shows a 333 B2 supercell with three Ti to 

Ni atom replacements resulting in a cluster of seven Ni atoms long along the 〈111〉B2 direction and 

indicated by a red bar. As mentioned before, as far as the ordering is concerned, the Ni4Ti3 

precipitates can be distinguished from the B2 structure since 1 out of 7 [111]B2 columns consists of 

pure Ni, as shown in Figure 5 11(b). This matches well with the above clusters since these clusters 

in the quenched samples can be considered as early stages of some columns of the Ni4Ti3 

precipitates which normally start appearing upon annealing. Having Ni atoms with the periodicity 

of ½〈111〉B2 also matches the 2{111}*
B2 periodicity of diffuse intensities in reciprocal space. The 

length of the clusters will inversely correspond with the width of the diffuse {111}* planes in 

reciprocal space and as long as the clusters do not get ordered (e.g., in an arrangement resembling 

the Ni4Ti3 structure) no intensity enhancement in the form of superspots will exist inside the 

diffuse planes. 
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Figure 5 11 (a) A 333 B2 supercell containing a Ni cluster of seven atoms along the 〈111〉B2 

direction; (b) a Ni4Ti3 hexagonal unit cell with 18 columns of alternative Ni and Ti atoms and three 

columns of Ni atoms (indicated by red arrows) along the 〈001〉H // 〈111〉B2 direction. 

The missing dotted yellow streaks in Figure 5 6 belong to the same family as the visible green 

streaks but pass through the central spot. This phenomenon was previously observed in Ti Nb 

and explained by Sass [219]. The reason is that the scattering phase term is not changed by an atom 

shift normal to the reciprocal lattice vector. As the reciprocal lattice vector is passing through 000 

and the atom columns are in the [111] direction, the scattering phase is the same before and after 

the formation of clusters and as a result a 〈111〉B2 cluster in the B2 structure will not produce a 

{111} plane of diffuse intensity passing through 000. 

It should be mentioned that earlier investigations have related part of similar diffuse intensity 

patterns to precursors of the displacive R phase, omega or martensitic transformation[220 222], 

be it in Ti rich systems with other or additional chemical elements (Ti Ni Fe, Ti Pd Fe, Ti Nb, 

ns faint diffuse intensities could be recognized in, e.g., the [111]B2 

zone and resembling the onset of the R phase superspots, the present explanation includes the full 

3D shape of the diffuse intensity loci containing diffuse intensities not expected for the displacive 

precursors. Moreover, an increasing number of DSC cycles increases the diffuse intensities, while 

Ms decreases further below room temperature. Since the TEM in the present work is always 

performed at room temperature, this means we are looking at a situation farther away from the 

transformation temperature and so any displacive precursors would be expected to become weaker 

rather than stronger. Also, no signature of any displacive nature was observed in the  

HAADF STEM images, as seen in Figure 5 3(e). It can of course not be excluded that part of the 

diffuse intensity is still originating from some displacive precursors. 
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Analyzing the data presented above in view of the proposed short range order mechanism 

could possibly help explaining the effect of the DSC cycling on Ms. Sample REF has the weakest 

concentration of diffuse intensity, which can be ascribed to very short clusters. The diffuse 

intensity is slightly more concentrated in samples A0 and A90, which both had only one DSC cycle 

but at different times during processing. The Ms of these two samples are also quite similar. The 

concentration of diffuse intensity is more pronounced in samples B and C which had several DSC 

cycles. Sharper and more focused diffuse intensities in these cases can be explained by more 

concentrated diffuse {111}* planes which leads to sharper cross sections and thus stronger diffuse 

spots, e.g., as those highlighted in Figure 5 8. Such concentration of diffuse intensity can be related 

to the elongation of clusters which implies some short range diffusion or re ordering of atoms 

during thermal cycling. However, since the cycling for the present samples was performed between 

-150 °C and +25 °C, very little thermal energy is provided. Still, with a transformation front moving 

across the system, sufficient energy could be available on a local scale to move a single atom from 

one lattice site to the next [223]. Since all of these samples still reveal strong diffuse intensity in the 

[112]B2 zone in which no Ni4Ti3 superspots exist, no ordering into nano precipitates is expected as 

yet, which is confirmed by the fact that no structural features can be recognized in the HR TEM 

or HAADF STEM images. The effect of short pure Ni strings on the decrease of Ms will be 

discussed in the next chapter. 

5.5 Conclusions 
The effect of low temperature thermal cycling combined with room temperature aging on the 

Ms of some Ni50.6Ti49.4 samples was investigated. Strong structured diffuse intensities condensed in 

periodic loci were observed in SAED. The cluster model was used to interpret the results which 

reveals the existence of micro domains in the form of clusters of pure Ni atoms along 〈111〉B2 

directions. Quantitative comparison between samples with and without a DSC cycle reveals that 

the more DSC cycles a sample has received, the more condensed the diffuse intensity which is 

expected to be caused by longer Ni clusters. The required energy for atom diffusion on a local scale 

may be provided by the transformation front moving across the system during the DSC cycling. 
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Chapter 6: 

Effect of different parameters of 
DSC cycling on the phase 
transformation temperatures of 
micron and submicron grain size 
Ni50.8Ti49.2 micro–wire 

In this chapter the effect of thermal cycling induced by DSC measurements on Ni50.8Ti49.2 

micro wires with micron and submicron grain size with and without room and elevated 

temperature aging in between cycles is investigated. Moreover, the effect of different DSC 

temperature intervals is elaborated. TEM was employed in order to study the microstructural 

alteration of the material and find the origin of the change of martensitic transformation 

characteristics.  
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6.1 Introduction 
The shape memory alloys used in engineering applications often undergo cyclic shape recovery 

during either strain or thermal cycling. While the martensitic transformation responsible for the 

functionality of these materials should ideally [224] and theoretically [225] be reversible, in reality 

it shows some irreversibility mainly observed as changing transformation temperatures [57], 

changing amount of recoverable deformation, and changing amount of transformed martensite 

[109]. As SMAs devices require stable recovery with no degradation caused by metallurgical 

alteration, understanding the nature and origin of MT suppression as a result of thermal cycling is 

necessary to effectively apply such SMA. 

As mentioned in § 2.4, for conventional SMAs to perform efficiently the material needs to be 

annealed below the recrystallization temperature. However, in order to obtain a useful orientation 

for SAED from a single grain in the present work, the grain size of the material should be large 

enough. Therefore, in this work, where the aim is on understanding the fundamental influence of 

the short range order, the material is annealed above the recrystallization temperature. 

6.2 Experimental procedure 
Two sets of experiments with different objectives have been performed, each involving several 

samples which are labeled with letters and numbers depending on their heat treatments and 

thermal cycling conditions. A 46.3% cold drawn Ni50.8Ti49.2 wire with a diameter of 150 m was 

followed by room temperature water quenching which resulted in submicron  and micron size 

grains, respectively. The samples originated from these two treatments were labeled starting with 

S (for small) or L (for large) grain size hereafter, and used as initial material for two different sets 

of experiments. 

The objective of the first set of experiments is to investigate how the effect of thermal cycling 

on the MT is influenced by parameters such as including aging between the DSC cycles, the 

temperature of aging between the cycles, number of cycles and sample grain size. 30 samples with 

different treatments schematically demonstrated in Figure 6 1(a) were involved in these 

experiments. Some S and L samples were subjected to three different DSC cycling procedures as 

described in the following, and aged at room temperature (labeled with R) or at elevated 

temperature of 100 °C (labeled with E) between the DSC tests, as schematically shown in Figure 

6 1(b). The three DSC cycles procedures are as follows: 
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A: six samples each undergoing one DSC cycle at respectively day 0, 2, 8, 30, 90, 120 after 

annealing. These samples are labeled as SRA, SEA, LRA and LEA followed by the number of the 

day, e.g., SEA30 for a small grain sample aged at elevated temperature until day 30 when the DSC 

test was performed, etc. In case of the E samples the elevated temperature aging was stopped after 

the DSC test. The aging and DSC cycling diagram of L(S)RA30 and L(S)EA30 samples are shown 

in Figure 6 2(a) and (b), respectively. 

B: one sample undergoing 10 consecutive DSC cycles at the day of annealing, (R or E is not 

applicable for this procedure, since the sample was not aged between the cycles), resulting in 

samples labeled as LB and SB, the diagram of which is shown in Figure 6 2(c). 

C: one sample undergoing 10 DSC cycles at days 0, 1, 2, 4, 8, 15, 30, 60, 90, 120 after annealing, 

resulting in SRC, SEC, LRC and LEC samples. Elevated temperature aging was stopped after day 

120 for the E samples. The aging and DSC diagram of the L(S)RC and L(S)EC samples are 

demonstrated in Figure 6 2(d) and (e), respectively. 

 
Figure 6 1 First set of experiments, (a) flowchart of heat treatments, aging and three different DSC 

procedures; (b) DSC timetable of protocols A (six samples, each one cycle at six different days), B 

(one sample, 10 cycles at day 0) and C (one sample, 10 cycles at 10 different days). 
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Figure 6 2 diagram of aging (red) and DSC measurement (green) of (a) L(S)RA30, (b) L(S)EA30, 

(c) L(S)B, (d) L(S)RC and (e) L(S)EC. 

The timetable of DSC measurements for the A, B and C procedures is shown in Figure 6 1(b), 

in which A markers refer to different samples while C markers belong to a single sample. 

Comparing results of B and C will show the effect of room temperature aging between the cycles, 

while comparing A and C is to reveal the effect of the number of cycles. The L and S comparison 

is to show the effect of grain size and the R and E comparison will reveal the effect of aging 

temperature between the cycles. For all the above mentioned DSC tests a temperature range of  

(-90, +100) °C was used which guarantees full forward and reverse MT. 

The second set of experiments was designed in a way to separate the effect of the bottom range 

of the DSC cycling temperature interval (including MT) and the top range of the DSC cycling 

temperature interval (excluding MT). In order to do so, the DSC measurement of the L sample, 
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shown in Figure 6 3 was used to find the transformation temperature ranges and to determine the 

experimental conditions. 

 
Figure 6 3 DSC curve of the L sample with the LBI, LTI and LFI temperature ranges indicated. 

Three experiments were performed starting with an L sample, an initial (-90, +100) °C DSC 

measurement, and a package of 11 DSC cycles to be repeated 10 times. The first 10 cycles of each 

package cover the following temperature intervals: 

• (-90, +20) °C for a sample labeled as LBI (large grain bottom interval), as shown with 

red solid line in Figure 6 4(a), which only includes the MT temperature range 

• (+20, +100) °C for LTI (large grain top interval) sample, as shown with red solid line in 

Figure 6 4(b), covering only the top range of the DSC cycling temperature interval, 

excluding MT 

• (-90, +100) °C for LFI (large grain full interval) sample, as presented with red solid line 

in Figure 6 4(c), including both MT and the top range of the DSC cycling temperature 

interval 

Each package completes with a (-90, +100) °C DSC measurement, shown with green dashed 

line in Figure 6 4(a) (c). In fact, the first 10 cycles of each package are meant as the actual 

treatment on that specific sample, while the 11th cycle is to measure the effect of that treatment.  
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Figure 6 4 DSC temperature intervals (red) of the second set of experiments consisting of 10 times 

DSC cycles of (a) LBI (-90, +20) °C; (b) LTI (+20, +100) °C and (c) LFI (-90, +100) °C. All three 

procedures are followed by a (-90, +100) °C cycle (green and dashed) which is considered for 

measurements. 

The method explained in Chapter 5 was used to prepare TEM specimens by electropolishing 

microwires. BF TEM and SAED patterns were acquired to investigate the microstructural changes 

of the material in image and diffraction mode, respectively. In order to obtain meaningful 

comparison of quantitative data for SAEDs, the electron beam illumination (all lenses excitation, 

condenser and selected area apertures), specimen thickness, and imaging conditions (exposure 

time and camera calibration) were kept consistent for the whole procedure. CBED was used to 

measure the thickness of the sample and to select consistent areas for all SAEDs. As the diffuse 

intensity is very weak and a large selected area aperture could not be used due to the small grain 

size in the present samples, for each SAEDs 10 images were acquired and superimposed in order 

to improve the signal to noise ratio. 

6.3 Results 
DSC results of the first set of experiments for large grain samples are summarized in Figure 6

5. Samples belonging to A, B and C procedures are represented by triangles, squares and circles, 

respectively, and RT and ET aging are shown by solid and dashed lines, respectively. In  

Figure 6 5(a) Ms versus number of cycles is presented while Figure 6 5(b) shows Ms versus the 

day of the experiment after quenching. Each of eight A samples undergoes only one DSC cycle at 

a specific day, so they appear only in the graph with the day of the experiment, Figure 6 5(b). The 

opposite holds for B sample which undergoes multiple DSC tests at the day of quenching, so it 

appears only in the graph involving the number of cycles, Figure 6 5(a). Sample C undergoes 
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repeated DSC tests at different days, so it appears in both graphs and can be compared with 

samples A and B. The obtained results are analyzed in the following three sections. 

 
Figure 6 5 (a) Ms versus number of cycles for LB, LRC and LEC samples; (b) Ms versus aging time 

for LRA, LRC, LEA and LEC samples. Ms of LEC and LEA samples for some high number of DSC 

cycles could not be found due to the weak MT peak as a result of strong MT suppression. 

6.3.1 Effect of including RT aging between DSC cycles 
The large grain sample DSC tested at different days and kept at RT in between, LRC curve in 

Figure 6 5(a) and (b), resembling the condition of the material in typical applications, shows a 

nearly linear decrease of Ms by 1.2 °C ± 0.  °C per DSC cycle. There are two parameters that may 

play a role in this behavior: repeated DSC tests on the sample and the time gap between the day of 

LB and 

LRA tests were designed in the way that in each of them the sample is only affected by one of these 

conditions. LRA results obtained from different large grain samples each DSC tested at different 

days (i.e., no repeating cycles on a single sample, only time gap difference) are presented in Figure 

6 5(b). Apart from small fluctuations the graph shows no decrease but instead even a slight 

increase of Ms towards the long aging times. This shows that RT aging alone will not suppress MT. 

 LB, which is a large grain sample 10 times DSC cycled continuously at the day of quenching 

(only repeating, no time gap), on the other hand, shows a linear decrease of Ms by .  °C ± 0.  °C 

per DSC cycle, as can be seen in Figure 6 5(a). These LB results reveal that the accumulative effect 

of DSC cycles on the sample is responsible for the MT suppression. Moreover, comparing LB and 

LRC shows that this effect is enhanced if the sample is aged at RT between the DSC measurements. 

In Figure 6 6 [112]B2 SAEDs of different samples are shown. Figure 6 6(a) belongs to the 

original sample, REF, with no thermal cycles and Figure 6 6(b) (c) represent LRA8 and LRC, 

respectively. The difference in strength and spread of the diffuse intensity in the different SAEDs 
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due to the improvement of ordering by formation of Ni clusters can already be seen by eye. In 

order to obtain quantitative comparison between the observed diffuse intensities, the rectangle 

shown in Figure 6 6(a) where three families of diffuse planes cross each other and produce 

intensity maxima and minima was selected to find the averaged line profile as an internal reference, 

similar to the procedure presented in Chapter 5. In the current series of experiments, however, a 

self written Matlab code was used to automatically select the region of interest from the SAED 

pattern, calculate the averaged profile, fit the Gaussian curve to the local extrema and calculate the 

DIF value introduced in Chapter 5. A screenshot of the Matlab code output is shown in Figure 6

7 and the obtained DIF values of Figure 6 6 are demonstrated in Figure 6 8. 

 
Figure 6 6 [112]B2 SAED patterns of the samples (a) REF, (b) LRA8, (c) LRC and (d) LEC. 
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Figure 6 7 Screenshot of the Matlab code showing the region of interest from the SAED, the 

average profile and Gaussian curves fitted to the peaks. 

 
Figure 6 8 DIF values of LRA8, LRC and LEC samples. 

6.3.2 Effect of aging at 100 °C between DSC cycles 
Enhancement of MT suppression by RT aging between DSC cycles raises the question of what 

if the aging temperature is slightly higher than RT, but not high enough to get close to the Ni4Ti3 

precipitation range of about 350 °C  400 °C? To answer this question, a large grain sample was 

DSC tested similar to the LRC sample but aged at an elevated temperature of 100 °C in between. 

The Ms results in Figure 6 5(a) and (b) labeled as LEC show severe suppression of MT (about 20 

degrees after 7 cycles), and the DSC curves shown in Figure 6 9 reveal the following behavior: By 

increasing the number of DSC cycles and aging prolongation the high B2→ LEC0) splits 

into two peaks revealing a B2→R and R→ -stage process, the former propagating towards 
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higher temperatures and increases in peak height while the latter shifts towards the lower 

temperature and spreads out and nearly becomes invisible. A similar process happens in the 

reverse transformation, however, the peak separation in the reverse transformation only occurs 

after more cycles and is less pronounced. 

 
Figure 6 9 DSC results of the LEC sample tested at different days and aged at 100 °C in between. 

LEA experiments were also performed on samples kept at 100 °C and DSC tested only once at 

different days after quenching. The results presented in Figure 6 5(b) show a slighter decrease of 

Ms compared to that of LEC, showing DSC cycling combined with elevated temperature aging in 

between to be the strongest MT suppression procedure. These experiments show that drastic 

changes in material behavior may occur at temperatures that are normally considered too low to 

induce any effect on the structure or behavior of the material. 

Figure 6 6(d) shows the [112]B2 SAED of the LEC sample, of which the DIF is plotted in Figure 

6 8. 
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6.3.3 Effect of grain size 
In order to study the effect of grain size, the aforementioned procedures were also performed 

on small grain samples, S. The results presented in Figure 6 10(a) and (b) show a similar trend as 

that of the L samples, but different in numbers. 

Comparing the first cycle in Figure 6 5 and Figure 6 10 shows that the S sample reveals an 

initial Ms of ~ -21 °C which is slightly higher than that of L sample, ~ -25 °C. However, Mp of both 

samples is ~ -41 °C. 

Comparing the full graphs it can be concluded that the grain size has a clear effect on the 

changes of the MT temperatures when retaining the same external variations. For the present small 

grain sample Ms decreases by 0.7 °C ± 0.1 °C per DSC cycle for SB sample, an effect which is about 

30% smaller than for the larger grain sample LB. The SRC sample shows a decrease of  

1.0 °C ± 0.2 °C per DSC cycle, an effect about 15% smaller than in the LRC sample. SRA, however, 

shows a slight increase. Comparing the S results with those of corresponding L samples thus show 

slighter MT suppression in the small grain samples. 

 
Figure 6 10 Ms versus number of cycles for SB, SRC and SEC samples; (b) Ms versus aging time 

for SRA, SRC, SEA and SEC samples. Ms of SEC and SEA samples for some of the higher number 

of DSC cycles cannot be found due to the weak MT peak as a result of the strong MT suppression. 

No SAED from the small grain samples were acquired since the diffuse intensity obtained from 

a small enough selected area aperture to cover only one grain, necessary to fix the orientation as in 

Figure 6 5, was too weak to yield meaningful results. 

6.3.4 Effect of the temperature interval of DSC cycling  
The so far presented DSC results of which the thermal cycling effect was investigated were all 

performed in the (-90, +100) °C temperature interval. In the second set of experiments, three 
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different DSC temperature intervals, schematically shown in Figure 6 3, were chosen to study the 

effect of the thermal cycling temperature interval on the MT.  

Figure 6 11 shows Ms versus the number of DSC cycles for the LBI, LTI and LFI experiments. 

The full LFI test that includes both the MT and top temperature range shows the most abrupt 

decrease of Ms values. LBI including only the MT temperature range has a smaller effect and LTI 

covering only the top temperature range reveals the least effect on Ms. In these three samples Ms 

suppression between two consecutive points is caused by the 10 treatment cycles (red line in Figure 

6 4) and one measurement cycle (green dashed line in Figure 6 4) all combined. In order to 

determine the effect of the measurement cycles, REF sample with 11 consecutive measurement 

cycles is presented. Therefore, the net effect of treatment cycles in different temperature intervals 

of LBI, LTI and LFI samples is the difference of those curves with the REF curve. 

 
Figure 6 11 Ms versus number of DSC cycles for the LBI, LTI, LFI and REF samples. Ms of LFI 

sample for some high number of DSC cycles cannot be found due to the weak MT peak as a result 

of strong MT suppression. 

Figure 6 12 shows [112]B2 SAED patterns of the REF, LTI and LFI samples, respectively, and 

obtained at the end of the series (unfortunately, no good samples could be produced from the LBI 

batch). The corresponding DIF values are presented in Figure 6 13.  
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Figure 6 12 [112]B2 SAED patterns of (a) REF (b) LTI and (d) LFI samples. 

 
Figure 6 13 DIF of LTI and LFI samples. 

6.4 Discussion 
The DSC results of the first set of experiments confirm the results obtained for bulk material 

in Chapter 5. Enhancement of ordering due to repetitive thermal cycling is concluded from the 

evolution of the diffuse intensity from the more homogeneous and spread intensity of the reference 

sample to a sharper and more localized intensity in the cycled samples and which is linked to the 

formation of the Ni4Ti3 precursors. The change of DIF parameter for each sample is in line with 

the decrease of Ms for that sample. 

There are three parameters that are known for affecting MT as a result of thermal cycling. The 

first parameter is the strain field induced by the coherent Ni4Ti3 precipitates (suppressive), as 

explained in § 2.5.4.1. The second one is the local decreasing of Ni content in the matrix by Ni 

depletion caused by formation of Ni4Ti3 precipitates (supportive), as described in § 2.5.4.1 and 

Figure 2 4. The third parameter is dislocation formation due to the MT in the former cycles 
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(suppressive), as was explained in § 2.5.4.2. Which and how strong these parameters play a role in 

the MT changes depends on each specific experiment. 

The decrease of Ms in the repeatedly cycled samples occurs in spite of the depletion of Ni in the 

matrix due to the formation of Ni4Ti3 precursors which is expected to promote MT. In order to 

understand thi

there is no direct measurement of the dimension of the clusters, their size could not be larger than 

a few atoms, since they were not detected by TEM or STEM imaging and produce no super spots 

in the SAED patterns. In other words, such small clusters will not deplete the matrix from Ni 

content at a large scale, as was also concluded from Figure 5 4 where diffuse intensity was present 

in every diffraction pattern recorded from a nm area of the sample acquired by nano probe 

scanning on a large area of the sample. A simple calculation based on the composition of the 

material shows that if the Ni needles are of 7 atoms length (three Ti to Ni replacements), on average 

each cube of the size of about 666 unit cells contains such a cluster. The size of the cube will be 

about 777 and 888 unit cells for a Ni cluster of 13 and 17 Ni atoms length, respectively. So 

even if the Ni clusters are as large as 13 atoms length, in each about 2 nm3 of the material one such 

cluster can be found, which, taking a TEM sample thickness of a few tens of nm into account, 

explains the observed diffuse intensity in the nano probe mode. This shows that Ni depletion due 

to the formation of such small clusters will not provide large equiatomic matrix volumes with 

higher Ms than that of the Ni rich material. As the equiatomic matrix should be sufficiently larger 

to play a role in the transformation dynamics (e.g., mean interparticle spacing should be larger 

than 200 nm (650 unit cells) to cause a change from a two step to a three step martensitic 

transformations on cooling [226]), the Ni depletion due to the Ni clustering at this scale cannot be 

expected to have an effect on MT. 

The well known dislocation formation due to the MT can cause the MT suppression, but it 

cannot explain the enhancement of the systematic diffuse intensity at well defined geometric loci 

in between the reciprocal spots. Moreover, it cannot explain the stronger MT suppression of the 

LTI sample where there is no MT during the cycling and thus also no introduced dislocations 

(Figure 6 11). In Ni4Ti3 precipitates the {111}B2 planes collapse and a strain field develops 

surrounding the precipitates, allowing the R phase to form first and thus decreasing Ms. The 

reordering in those Ni4Ti3 precipitates is obtained by replacing, in an ordered fashion, some Ti 

atoms by Ni atoms in the B2 structure. Since the latter has an ordered bcc CsCl structure, this 

automatically yields pure Ni atom rows in the 〈111〉B2 direction (which becomes the [001]4:3 
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direction in the precipitates, hexagonal description). 〈111〉B2 Ni needles responsible for the 

observed diffuse intensity can thus be considered as an early stage of the Ni4Ti3 precipitates. The 

systematic replacement of Ti atoms with smaller Ni atoms forming pure Ni needles is expected to 

induce smaller but similar kind of strain fields as the full grown precipitates, thus yielding a similar 

but smaller effect on Ms. The 〈111〉B2 Ni needles will eventually line up to form the Ni4Ti3 

precipitates and are oriented in the direction perpendicular to the central plane of those 

precipitates which is also the direction of the largest induced strain field.  

The smaller effect of full thermal cycling on the S samples can be explained by the fact that the 

mobile dislocations created during MT can be easier absorbed at the grain boundaries compared 

with in the L samples, which reduces the MT suppression by the dislocations. On the other hand, 

upon full annealing Ni4Ti3 precipitates are much smaller and denser in the vicinity of the grain 

boundaries rather than in the grain interior [114]. This implies that in the S samples the cluster 

evolution will be more complete than in L samples, which should increase the share of MT 

suppression by Ni clusters compared with that of dislocations. In this case, the lowered influence 

of the dislocations in the S sample takes the upper hand. 

The LTI and LFI results of the second set of experiments confirm the work of Wagner et al. 

[108], while LBI was not covered in their work. One should note that the maxima of the DSC 

temperature interval in their work were 150 °C, 200 °C and 250 °C (for a material with Mf -30 °C 

and Af 4Ti3 precursors at those maximum 

temperatures. However, the DSC temperature interval maximum in the present work is 100 °C, 

which still improves ordering as seen from the DSC and DIF results. This shows that for short

range ordering to improve one does not need to go to a temperature far above Af,  

(~ 120 °C  220 °C above Af cur at lower 

temperatures (~ 80 °C above Af in the present work). More importantly, the observation of 

increasing of DIF with decreasing Ms for the bulk material with a DSC temperature interval 

maximum of 25 °C (in Chapter 5) reveals that the MT itself has its own effect on the enhancement 

of ordering. One mechanism that could play a role is the shuffling of atoms when the martensite 

front moves back and forth in the matrix which could enhance the local replacement of individual 

Ti atoms by Ni atoms yielding short 〈111〉B2 Ni clusters precursing the formation of Ni4Ti3 

precipitates at higher temperatures. 



Chapter 6: Effect of different parameters of DSC cycling on the phase transformation temperatures 

of micron and submicron grain size Ni50.8Ti49.2 micro wire 

110 

 

6.5 Conclusion 
From the two sets of experiments the following conclusions were drawn. In samples annealed 

above the recrystallization temperature, yielding large enough grains to acquire meaningful 

SAEDs, consecutive thermal cycling not exceeding temperatures above 100 °C suppresses MT. The 

suppression enhances when the DSC cycling is combined with RT aging and becomes even 

stronger when the aging is performed at elevated temperature of 100 °C. Ms measurements show 

that aging at RT alone has no significant effect on the MT. Aging at elevated temperatures of  

100 °C alone, however, suppresses the MT. Comparing DSC results of large and small grain 

samples shows that the effect of room and elevated temperature aging is stronger in large grain 

samples than in small grain samples. SAED patterns show an increase of Ni clustering in line with 

decreasing Ms. Since due to the small size of these Ni clusters there is no precipitate free matrix 

with lower Ni content, martensite nucleation is not supported but instead suppressed due to the 

strain field induced in the matrix by the Ni clusters. It is suggested that the smaller size of Ni atoms 

compared to that of Ti atoms induces strain into the matrix surrounding the 〈111〉B2 Ni clusters 

promoting R phase and suppressing MT. 

MT included, high temperature included and full range temperature DSC cycling were 

performed to separate the effect of MT and high temperature range of DSC cycling. High 

temperature included cycling suppresses MT by enhancement of ordering due to the high 

temperature range, while MT included cycles suppress MT by enhancement of ordering due to the 

MT and also strain field of the introduced dislocations. The full range temperature DSC cycling 

shows the most MT suppression due to the combination of all aforementioned reasons. 
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Chapter 7: 

In–situ TEM stress–induced 
martensitic transformation in 
Ni50.8Ti49.2 micro–wires 

In this chapter stress induced martensitic transformation in sub micron size Ni rich Ni Ti 

specimens is investigated using in situ transmission electron microscopy tensile straining.  

This chapter is based on the following publication: 

• Pourbabak, S.; Orekhov, A.; Samaee, V.; Verlinden, B.; Van Humbeeck, J.; Schryvers, D. In-Situ 

TEM Stress Induced Martensitic Transformation in Ni50.8Ti49.2 Microwires. Shap. Mem. 

Superelasticity 2019, 5 (2), 154 162. https://doi.org/10.1007/s40830-019-00217-6. 
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7.1 Introduction 
As described in § 2.5.2 and 2.5.3 a martensitic transformation can either be induced thermally 

or mechanically. The L micro wire with micro sized grains of which the thermal characteristics 

have been investigated in Chapter 6, together with a micro wire with much larger grain size are 

chosen for macro  and micro size tensile straining tests to develop a full picture of the properties 

of this material. As mentioned in § 2.4, conventional SMAs are annealed below the recrystallization 

temperature [227] in order to maintain the MT stress lower than that of plastic deformation. 

However, the very small grains and also presence of dislocations in such materials complicate 

proper imaging in TEM tensile tests and prevent single crystal tensile examination. Therefore, the 

tensile test specimens were obtained from recrystallized material with larger grains and less 

dislocations. 

Although stress induced martensitic transformations have been well studied [6,86,89,228,229] 

and utilized [12,75,230] at macro scale, not many quantitative investigations have been performed 

at the nano scale, partly due to technical restrictions. Such studies are, however, essential in order 

to apply Ni Ti alloys in micro mechanical devices. Although the previous in situ experiments 

discussed in § 2.5.3.2 provide some insight on the martensitic transformation and behavior of the 

material, they usually lack quantification and mechanical data linked to the TEM observations. 

The micro  and nano scale of the present observations enables us to better understand the 

underlying structural mechanisms that play their part in the overall mechanical response to 

deformation of Ni-Ti polycrystals. Translating these observations to the macroscopic behavior is, 

however, beyond the scope of this work. 

The results of a series of in situ experimental investigations of the SIMT in single crystal and 

polycrystalline Ni Ti material are given in this chapter. The experiments were performed at room 

temperature and the CCD images were continuously captured by the integrated video interface 

during the experiments and synced with the collected quantitative mechanical data of the holder, 

enabling dedicated post processing of the results and coupling the micro structural observations 

directly to quantitative stress strain curves. In all cases the starting material is in the austenite 

phase at room temperature which implies that the observed and induced transformations yield 

superelasticity at the macro scale. 
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7.2 Experimental procedure 
The Ni50.8Ti49.2 wire with 150 m diameter introduced in § 3.1 was heat treated at the two 

following conditions (each used separately): 

1. 600 °C for 20 min yielding sub micron sized grains (up to ~ 1.5  

2. 800 °C for 30 min yielding micro sized grains (up to ~  

and followed by room temperature water quenching to prevent precipitation. 

The key parameters of the martensitic transformation and the status of the material at room 

temperature, at which the mechanical tests are performed, were investigated using DSC 

measurements by METTLER TOLEDO. Also, tensile tests were carried out on the micro wire to 

obtain the macroscopic parameters and stress strain curves. 

Dog bone shaped specimens with lateral sizes of ~ 0.7  1.5  2  ut 

from the wires and mounted on a PTP device using FIB, as was described in § 3.4.2. The specimens 

obtained from the large grain size sample (i.e., annealing at 800 °C) were cut from grain interiors 

resulting in single crystal specimens for the in situ experiment, while those obtained from the 

small grain size sample (i.e., annealing at 600 °C) contain multiple grains of different sizes. 

Before the mechanical tests EELS was performed on each specimen to measure the thickness 

[197]. The nano mechanical tests were performed using the Bruker PI95 PicoIndenter holder in a 

FEI Osiris instrument running at 200 kV. The in situ tensile experiments were carried out in the 

displacement control mode [88,177]. As the gauge length was slightly different from one specimen 

to another (2000 nm  3000 nm), the displacement rate was proportionally chosen as 0.2 0.3 nm/s 

depending on each specimen length, in order to achieve a common strain rate of 10-4/s [177] for 

all tests and to obtain comparable results. The holder provides the quantitative load displacement 

data while at the same time a real time movie of the experiment can be obtained under bright field 

conditions using the microscope CCD camera; most images shown in this work are snapshots from 

these videos. Since the development of the micro structural changes occurs at relatively high 

speed, i.e., often from one frame to the next, and a continuous BF TEM video was also required 

for post analysis displacement measurements, no live diffraction data could be obtained during 

these running in situ experiments. Still, some selected area electron diffraction data was obtained 

at the start and finish of particular cycles. The interpretation of the images obtained during the  

in situ experiments is thus solely based on the BF contrast, which in some cases is not fully 

conclusive, in part also since only one tilt axis is available and no tilting can be performed during 
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the in situ experiment because of risks of instabilities affecting the deformation control. On one 

occasion (Specimen Single3) the experiment was stopped after the appearance of the first 

martensite plates (which means that at that moment the displacement was kept constant), in an 

attempt to obtain diffraction data from an intermediate situation. Unfortunately, the 

transformation did not stop and the specimen fractured shortly after, so no further data could be 

gathered this way. 

Due to the probable influence of thermal drift on the displacement data obtained from the 

instrument, the real displacement of the specimens was obtained by image displacement tracking 

of the deformation movies and accordingly strain amounts were obtained by dividing the raw 

displacement data by the initial length of the specimen [191]. The load data obtained from the 

instrument is a combination of the PTP device springs and the force applied on the tensile 

specimen. Knowing the device spring constant, the force on the specimen can be calculated thus 

yielding the stress by dividing by the specimen cross section [100,191,192]. 

Nanomegas® ACOM TEM [231] was performed in a FEI Tecnai instrument running at  

200 kV on one of the polycrystalline specimens to investigate its texture. 

In total three single crystal and three polycrystalline specimens with different thicknesses were 

investigated. They are referred to as Single1 Single3 and Poly1 Poly3 hereafter. One 

polycrystalline specimen (Poly3) was chosen perpendicular to the wire direction while the other 

specimens were taken along the central axis of the wire. 

7.3 Results 
The Af temperature of the large and small grain size material was measured by DSC and in all 

cases found to be ~10 °C, which means that the material is in the austenite phase at room 

temperature, at which all tensile experiments are performed. This is confirmed by TEM 

observations and SAED patterns before each test. Also, no precipitates were found by TEM in any 

of the specimens, confirming the rapid quench. 

7.3.1 Single crystal  
The uniaxial stress strain curve of the original 150 m wire annealed at 800 °C for 30 minutes 

and of which the PTP single crystal specimens have been taken is shown in Figure 7 1. In this 

graph the stress plateau starts at ~ 0.9% strain with a drop in the beginning and ends at ~ 7.3% 

strain, where the martensite elastic deformation starts. The drops observed on the stress plateau 
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are due to the transformation of some martensite laths which causes temporary relaxation and 

decreases the stress. The height of the stress  

~ 53 GPa. 

 
Figure 7 1 Stress strain curve of the 150 m wire annealed at 800 °C for 30 minutes, from which 

the single crystal PTP specimens were taken. 

7.3.1.1 Specimen Single1, along the wire, 105 nm thick 

Figure 7 2(a) represents the in situ stress strain curve of the single crystal specimen cut along 

the wire and having a thickness of 105 nm ± 11 nm as measured by EELS. The normal to the 

specimen is close to the [011]B2 direction and the pulling direction is close to [-11-1]B2  

(Figure 7 2(b)), confirming the 〈111〉B2 texture of a drawn wire [54,232]. 

Halfway the region of sharp increase of stress versus strain, at appr. 1.8% strain, the slope of 

the curve slightly decreases and the remaining stress increase is followed by a stress drop, similar 

as in the bulk material [89,233]. The stress plateau, apart from some small fluctuations, remains 

horizontal up to ~ 12% strain where the specimen fractures. The height of the plateau is ~ 2.0 GPa 

and the Young's modulus, obtained from the slope of the curve in the austenite elastic deformation 

between 0 and 0.6% strain (in order to avoid any contribution from the first transforming parts 

and also used for all following cases), is found to be ~ 7  GPa. The TEM video of the experiment 

together with the synced stress strain curve can be seen using the Figure 7 2(c) QR code or this 

link in the digital version of the thesis. 

Figure 7 2(d)  (f) show bright field TEM images of the single crystal specimen at different 

moments of the tensile test, indicated by red arrows in Figure 7 2(a). From the corresponding 

TEM video, the first visible signs of the martensitic transformation occur at ~ 2.2% strain (white 

arrow in Figure 7 2(a)) with the appearance of a dark region on the bottom right side with 

https://www.youtube.com/watch?v=1dRp-V0AWi8
https://www.youtube.com/watch?v=1dRp-V0AWi8
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internal plate like contrast. A short moment later a single needle appears in the top right corner 

in Figure 7 2(d), corresponding to point d on the curve, which is at the end of the elastic regime. 

The latter reveals typical twin variant black/white contrast surrounded by interface contrast 

separating the plate from the austenite matrix, as seen in the zoom of Figure 7 2(d). Upon 

increasing the strain, more dark parallel plates again clearly resembling martensite  

micro structure nucleate and grow in different regions of the specimen, as can be seen in  

Figure 7 2(e), some now showing a different variant orientation from those nucleated before as 

judged from the main direction of the plates and interfaces. 

Since no in situ diffraction data could be collected from the specimen in Figure 7 2, it is 

unclear whether the major B/W plate like contrast reveals twinned martensite or single variant 

plates (dark) with remaining austenite (bright, as in Figure 7 2(d)) in between, as seen in earlier 

qualitative in situ work [95]. In the latter case, the slight diffraction contrast changes in the bright 

areas in between the dark plates could be due to small rotations of the austenite lattice. In all cases, 

the transformation nucleates from one edge of the specimen after which it rapidly propagates to 

the other side of the specimen or the boundary with other martensite variants. In the zoom from 

the center of the specimen in Figure 7 2(e) finer plates can be observed, indicating that already at 

this early stage martensite appears over the entire length of the gauge. By further pulling the 

specimen, the contrast of several martensite plates changes and neighboring plates seem to 

coalesce, from which an intermediate stage is shown in Figure 7 2(f), and plastic deformation 

occurs within the already existing martensite by (de)twinning and/or dislocation slip, explaining 

the change in diffraction contrast. In case austenite is still present, as mentioned above, these 

contrast changes could indicate further stress-induced transformation into martensite or newly 

formed twinned austenite grains, as observed by  et al. [234]. 
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Figure 7 2 (a) Stress strain curve of the PTP single crystal specimen, (b) SAED pattern of the 

specimen revealing a close to [-11-1]B2 pulling direction, (c) QR code of the corresponding 

experiment video (https://www.youtube.com/watch?v=1dRp-V0AWi8), (d)  (f) different stages 

of the tensile test obtained as snapshots from the video and corresponding to the points indicated 

on the stress strain curve of (a). 

7.3.1.2 Specimen Single2, along the wire, 230 nm thick 

This specimen was severely beam damaged during the FIB procedure and was also quite thick, 

thus did not provide proper images from the beginning of the experiment, as seen from  
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Figure 7 3(a). Yet, some mechanical data and diffraction patterns could be obtained. The 

specimen was cut along the wire and had a thickness of 230 nm ± 23 nm. 

The stress strain curve of this test is shown in Figure 7 3(b). At a strain of ~ 1.1% the curve 

slightly bends down, and first parallel dark laths characteristic for martensite plates start to develop 

at ~ 1.7% in different locations of the specimen, but are rather hard to see beyond the dislocations 

induced by FIB. Two main variants of martensite can be recognized in Figure 7 3(c) (indicated by 

dashes on either side), the snapshot taken from the indicated moment in Figure 7 3(b). 

The specimen fractured at a strain of about 2.8% which is very low compared to other 

specimens. This is due to the strength degrading surface defects introduced by high energy Ga 

ions during the FIB process which promote plasticity on the specimen surface. Bei et al. found 

[235] that the shear stress of Mo micro pillars produced by etching away the matrix, is much 

higher than when produced by FIB, which they attribute to the surface FIB damage. Also Lee et al. 

[236] found that FIB irradiation significantly reduces the yield strength of pristine Au  

micro particles. The fracture interface, as seen in Figure 7 3(d), is parallel to one of the martensite 

variants. Due to the very early fracture of the specimen, it is not certain that the small period before 

fracture in which the increase of stress is interrupted should be interpreted as the start of stress 

plateau. Figure 7 3(e) is the QR code linked to the video of this experiment which also can be 

found in this link in the digital version of the thesis. The Young's modulus was found to be  

~ 81 GPa. 

The SAED provided in Figure 7 3(f) shows the 〈011〉B2 orientation for the specimen surface 

and a 〈111〉B2 as pulling direction, similar to the case of the Single1 specimen. 

https://www.youtube.com/watch?v=DuwBjbCT-yU
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Figure 7 3 (a) BF TEM image of the specimen before pulling, (b) stress strain curve, (c) image 

from the moment indicated on the stress strain curve with dashes indicating the two appearing 

variants, (d) specimen after fracture along one of the variants, (e) QR code of the video experiment 

(https://www.youtube.com/watch?v=DuwBjbCT-yU), (f) SAED pattern revealing 〈111〉B2 to be the 

pulling direction. 

7.3.1.3 Specimen Single3, along the wire, 200 nm thick 

A third single crystal specimen was prepared for tensile testing, this time with the intention to 

obtain diffraction data during the experiment where the specimen was under strain, in order to 

investigate the nature and micro structure of the transformed region. The specimen was cut along 

the wire and has a thickness of 200 nm ± 20 nm. The BF TEM image and its corresponding SAED 

are presented in Figure 7 4(a) and (b), respectively. The specimen had a surface orientation of 

〈011〉B2 and pulling direction 〈211〉B2. 
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Figure 7 4 (a) BF TEM image of the specimen before tensile test conforming single crystal, (b) 

SAED pattern of the indicated region revealing 〈011〉B2 as surface orientation and 〈211〉B2 as pulling 

direction. 

The experiment was set as before, but straining was stopped at about 2.1% strain, the moment 

the first martensite plates appeared. This was done by pausing the in situ straining which keeps 

the displacement fixed. The BF TEM image just after pausing is presented in Figure 7 5(a), 

showing two different variants of martensite growing at the extremes of the transformed region 

but also in the central area of the specimen where austenite is still present. Despite pausing the 

pulling, transformation continued to proceed in the specimen, while attempting to record 

diffraction data. Figure 7 5(b) is the BF TEM image of the moment of recording of Figure 7 5(c) 

SAED at about 4% strain and from the indicated area. The SAED clearly shows the martensite 

character of the appearing plates in nearly the entire specimen and also reveals some R phase 

reflections. 

Figure 7 5(c) was the first and last achieved diffraction pattern, since the specimen fractured 

shortly after that at about 5% strain along one of the martensite variants, since pausing the pulling 

did not stop the transformation. The TEM video can be seen using the QR code provided in Figure 

7 5(d) or in this link in the digital version of the thesis. Although the TEM recording was 

interrupted by going to diffraction mode, the provided video is not edited in order to show the real 

sequence of events and experiment, as well as the moment of fracture. 

https://www.youtube.com/watch?v=ueM88hc2OGo
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Figure 7 5 (a) BF TEM image taken immediately after martensite appearance and pausing the 

pulling, showing two variants of martensite, (b) BF TEM image at about 4% strain, (c) SAED of 

the indicated area of b revealing [010]M and some additional R phase reflections, (d) QR code of 

the TEM video of the experiment (https://www.youtube.com/watch?v=ueM88hc2OGo). 

A BF TEM image of the fractured specimen is shown in Figure 7 6(a) SAED patterns taken 

from indicated regions show large single variants of retained martensite close to the fracture, while 

those of areas far from the fracture reveal the B2 structure. In Figure 7 6(b) a DF TEM image of 

the indicated spot  is presented, revealing that specific variant of the residual 

martensite in the upper and lower part with bright contrast and showing a curved but well 

delineated interface with the B2 austenite, especially in the top part.  

 

Figure 7 6 (a) BF of the specimen after fracture with four SAED patterns from indicated regions, 

showing retransformation to austenite at the upper and lower parts of the specimen, while 

retaining martensite around the fractured area; (b) DF image of the specimen using one of the 

martensite diffraction spots (red circle in SAED), revealing retained martensite close to the fracture 

edges. 
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The trace of the fracture plane is along the [2-11]B2 direction, as seen from the simulated SAED 

of the [0-1-1]B2 zone overlaid with the fractured specimen image in Figure 7 7(a). From the lack 

of thickness fringes in the contrast of the edge of the fracture it can be assumed that the fracture  

cross section is almost perpendicular to the specimen top surface. Assuming this and knowing the 

specimen  zone axis and fracture trace direction, the fracture cross section is found to be along a 

(-1-11)B2 plane, which is confirmed by the stereographic projection shown in Figure 7 7(b). In this 

image the (-1-11)B2 plane (red straight line, indicated by arrows) matches the direction of the crack, 

while the expected slip planes [237] of (011)B2 (green) and (100)B2 (blue) do not. From the SAED 

in Figure 7 7(c) which belongs to the upper fraction and is an overlapping spots 

(Figure 7 7(d)), the austenite martensite orientation relation is found to be close to  

[010] //[0-1-1]B2, (001) //(100)B2 with some deviations due to strain. Using these relations, the 

directional orientation relation is found to be [100] //[0-11]B2, [101] //[1-11]B2 and 

[010] //[0-1-1]B2, as confirmed by Figure 7 7(e) and (f) in which the directions are, respectively, 

shown in black, green and purple, the latter being normal to the page. Assuming that the common 

plane between martensite and austenite is perpendicular to the specimen surface, the right part of 

the austenite martensite interface in the top half of the fractured sample is found to be  

(20-1)B //(-1-11)B2 , as shown in red in Figure 7 7(e) and (f), and which is parallel to the fracture 

surface. In the left part of this half, the interface is along (20-3) //(-3-11)B2 plane, shown in blue 

in Figure 7 7(e) and (f), but parallel with the second variant also observed in Figure 7 5 (a). This 

implies that the observed crystallographic relationship does not comply with one of those expected 

for the thermoelastic transformation (see Table 2 1), which could be the effect of the influence of 

external stress.  
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Figure 7 7 (a) The fractured specimen overlapped with the simulated [011]B2 SAED pattern 

showing the pulling and fracture directions; (b) stereographic projection of [011]B2 zone and three 

different planes of which only one ((-1-11)B2) matches the fracture direction; (c) SAED of the top 

part of the fractured specimen revealing ove

austenite (red square) and martensite (green circle) spots; (e) (f) stereographic projection of B2 

and B19  revealing the orientation relation to be [100] //[0-11]B2 (black), [101] //[1-11]B2 

(green) and [010] //[0-1-1]B2 (purple) and the austenit martensite interface planes as 

 (20-1) //(-1-11)B2 (red) and (20-3) //(-3-11)B2 (blue). 
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Figure 7 8(a) shows the stress strain curve of specimen Single3. The first martensite plates 

appear at about 2.1% strain at the onset of the stress plateau, which is unique for this specimen. At 

about 3.1% (arrow in Figure 7 8(a)) a big part of the specimen (seen as clear contrast change in 

the center of the specimen when comparing Figure 7 8(b) and (c)) transforms into martensite, 

which causes an abrupt drop in the curve, and also partially retransforms the martensite into 

austenite in some regions (e.g., top left and bottom center indicated by two circles in  

Figure 7 8(c)) due to a spontaneous decrease of the tension (cf. drops shown in Figure 7 8(a)). 

Finally, the specimen fractured at about 5%.  

 
Figure 7 8 (a) Stress strain curve of the Single3 specimen. (b) and (c): Snap shots at and 

immediately after the arrow in (a) showing large martensite varaints and retransformation in the 

top left and bottom center encircled areas in (c). 

height of the plateau about 1.1 GPa. The missing 

parts of the curve correspond to the moments that the TEM video recording was interrupted by 

diffraction acquisition so that no proper values for displacement could be measured. 

7.3.2 Polycrystalline specimens 
The stress strain curve of the 150 m wire annealed at 600 °C from which the following three 

nano sized grain PTP specimens were cut is shown in Figure 7 9. In this graph the plateau starts 

at ~ 0.9% strain with a small stress drop in the beginning and ends at ~ 9.2% strain, where 

martensite elastic deformation starts. The height of the stress plateau is ~ 390 MPa and the 
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Figure 7 9 Stress strain curve of the 150 m wire annealed at 600 °C for 20 minutes, from which 

the polycrystalline PTP specimens were taken. 

7.3.2.1 Specimen Poly1, along the wire, 210nm thick 

Shorter annealing time at lower temperature yields the formation of smaller grains which 

allows for multiple grains in the PTP specimen. Figure 7 10(a) is a BF TEM image of such a 

specimen cut along the wire axis and with a thickness of 210 nm ± 21 nm, revealing grains of  

100 nm  500 nm size. In order to examine the texture of the specimen ACOM TEM was 

performed. The orientation map Figure 7 10(b) of this first polycrystalline specimen, further 

referred to as Poly1, shows the preferential orientation of several grains to be 〈111〉B2 perpendicular 

to the surface (normal direction ND). The inverse pole figure (IPF) maps in Figure 7 10(c) further 

reveal 〈101〉B2 to be along the pulling direction (PD) of the specimen and with a prominent 

transverse direction (TD) of 〈112〉B2. Here it should be noted that this particular texture is not 

necessarily representative for the entire wire, as it was shown by, e.g., Laplanche et al. [232] and 

Gall et al. [238] that drawn Ni Ti wires after recrystallization exhibit a strong 〈111〉B2 fiber texture 

along the wire axis, which apparently is not the case for the region where this particular specimen 

of 20.7 m2 was cut. 
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Figure 7 10 (a) BF TEM image and (b) ACOM TEM of the Poly1 specimen, (c) IPF maps 

showing strong preferential orientation of [110]B2 along the length of the specimen, i.e., the pulling 

direction. 

Figure 7 11(a) shows the stress strain curve of the Poly1 specimen. The first transformation 

occurs at ~ 0.9% and the specimen exhibits elastic deformation of austenite up to ~ 1.8% strain, 

where the stress plateau starts. Transformation continues to happen in different grains on the 

stress plateau, however, some grains did not seem to transform even at ~ 8.2% strain where the 

pulling was stopped, as can be seen in the video linked to the Figure 7 11(b) QR code or in this 

link in the digital version of the thesis. Figure 7 11(c) is taken from the indicated moment on the 

curve and shows some transformed grains (red solid arrows) while some other grains are still in 

the austenite phase (hollow arrows). The height of the stress plateau is about 1.1 GPa and the 

~ 76 GPa. 

https://www.youtube.com/watch?v=RgWkbNv0zxo
https://www.youtube.com/watch?v=RgWkbNv0zxo
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Figure 7 11 (a) Stress strain curve with an arrow indicating the moment that the image in c is 

taken, (b) QR code of the TEM video (https://www.youtube.com/watch?v=RgWkbNv0zxo), (c) 

BF TEM image showing transformed (red arrow) and non transformed (white arrows) grains. 

7.3.2.2 Specimen Poly2, along the wire, 220 nm thick 

A second experiment was performed on a specimen with thickness of 220 nm ± 22 nm, referred 

to as Poly2 and cut from the same region of the same wire and again along the wire axis. This 

specimen has a similar 〈111〉B2 ND texture as Poly1, but an average 〈211〉B2 pulling direction, as 

concluded from the overall SAED pattern in Figure 7 12(a), and shows the stress strain curve in 

Figure 7 12(b). The first transformation occurred at 0.6% strain in a 300 nm diameter grain, 

shown in Figure 7 12(c), which is clearly not the largest grain in the view. The austenite was 

elastically deformed up to ~ 1.5% strain where the stress plateau with a small stress drop in the 

beginning started. At this point a sharp martensite plate appeared on the top left side of the 

specimen, quickly followed by an inclined and localized deformation band in the center of the 

specimen, as indicated by arrows in Figure 7 13(a). The latter propagated sideways towards upper 

and lower parts of the specimen and while some extra martensite plates appeared in adjacent 

grains, the deformation in this band continued to increase, indicating a Lüders-band like behavior 

[239]. The transformation continued up to 17.2% deformation, where the pulling was stopped and 

the specimen was released. At this stage, all but the lower and upper shoulder of the specimen have 

been transformed into martensite. The height of the plateau is ~ 1.0 GPa and the Young's modulus 

is ~ 69 GPa. 
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Figure 7 12 (a) SAED pattern of the entire Poly2 specimen revealing [-111]B2 to be the most 

prominent normal to the specimen and an approximate [211]B2 the PD for the majority of grains. 

(b) Stress strain curve of the specimen and (c) the first transformation occurring in the indicated 

grain. 

Figure 7 13(b) presents the BF TEM image of the specimen after release, showing some 

austenite recovery at the wider top and bottom shoulders of the specimen, seen as a return to a 

larger area with lower contrast, and with the central part retaining the stronger martensite contrast 

which confirms the remaining strain of about 13% after unloading. In the video linked to the QR 

code of Figure 7 13(c) or in this link in the digital version of the thesis it can be seen that nearly 

halfway the plateau the specimen starts to show necking so that all strain becomes localized in this 

area finally yielding plastically deformed martensite, explaining the retained martensite after 

release.  

https://www.youtube.com/watch?v=7Dm9_BFDHgE
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Figure 7 13 (a) The specimen where the Lüders like band indicated by arrows forms upon the 

stress drop in the beginning of the plateau (b) The specimen released after the tensile test, (c) QR 

code of the Poly2 TEM video (https://www.youtube.com/watch?v=7Dm9_BFDHgE). 

7.3.2.3 Specimen Poly3, perpendicular to wire, 160 nm thick 

The stress strain curve of the third nano sized grain specimen with thickness  

160 nm ± 16 nm, further referred to as Poly3, and cut perpendicular to the axis of the wire annealed 

at 600 °C is shown in Figure 7 14(a). The first transformation starts at ~ 0.7% strain. In  

Figure 7 14(b) a BF TEM image of some fully transformed grains is presented. When a martensite 

plate reaches the opposite side of the grain, transformation nucleates from the other side of the 

grain boundary and propagates in the neighboring grain, as shown by arrows in the enlarged image 

of Figure 7 14(c), and is also seen in the TEM video linked to the Figure 7 14(d) QR code or in 

this link in the digital version of the thesis. The plateau of the curve starts at ~ 2.5% strain and 

continues to ~ 3.7% where the pulling was stopped. After releasing the load, most martensite 

transformed back to austenite, as seen in Figure 7 14(e). The height of the stress plateau is about 

 

https://www.youtube.com/watch?v=23xWCTabhEE
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Figure 7 14 (a) Stress strain curve of a PTP test on a polycrystalline specimen cut perpendicular 

to the wire axis. (b) BF TEM image showing several grains transformed into martensite, (c) 

martensite plates nucleating where an earlier plate in the neighboring grain hits the grain 

boundary, (d) QR code of the TEM video (https://www.youtube.com/watch?v=23xWCTabhEE) 

and (e) partial recovery to austenite after releasing the stress. 

7.4 Discussion 
The results of the different measurements from the six different specimens are combined in 

Table 7 1, together with those of the original micro wires. At first sight, the stress strain curves 

of the six nano sized specimens resemble the part between labels a and c of the bulk curve shown 

in Figure 2 9 in § 2.5.3.1. They start with a sharp increase of stress during the elastic regime of the 

austenite. Somewhere along this line, the slope starts to decrease when the first martensite plates 

appear and in the beginning of the stress plateau a stress drop is observed due to the diminishing 
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of the required stress subsequent propagation and growth of existing plates. This feature is stronger 

in the single crystal specimen, which could be related to the fact that in this specimen no new plates 

seem to nucleate after this nucleation peak while for the polycrystalline specimens some grains 

only transform after the plateau has already started. Depending on the specimen conditions, severe 

strains can be developed with a maximum of 17% found in one of the polycrystalline specimens. 

The nano mechanical test stress strain curves do not show the start of elastic transformation of 

the martensite after the plateau, which possibly corresponds with the fact that in all cases some 

austenite is still present in the specimen, be it sometimes only at the upper and lower ends where 

the specimen base becomes wider and the stress decreases. 

Table 7 1 Measures of the examined PTP specimens and the original micro wires. Errors of the 

between 0 and 0.6% strain, and that of the plateau height were found by standard error of the stress 

value in the plateau interval.  

Single/ 

poly/ 

micro wire 

Thickness 

Specimen

wire 

orientation 

Pulling 

direction 

(PD) 

Surface 

orientation 

(ND) 

Grain size modulus 

(GPa) 

Plateau 

height 

(GPa) 

Large grain 

micro wire 
150 m    ~20 30 m 52.5 ± 0.5 0.38 ± 0.02 

Single1 105 ± 11 nm parallel 〈111〉 〈011〉  77.9 ± 0.2 1.96 ± 0.05 

Single2 230 ± 23 nm parallel 〈111〉 〈011〉  80.8 ± 0.4  

Single3 200 ± 20 nm parallel 〈211〉 〈011〉  59.7 ± 0.1 1.10 ± 0.05 

Small grain 

micro wire 
150 m    ~0.1 1 m 57.1 ± 0.3 0.39 ± 0.01 

Poly1 210 ± 21 nm parallel 〈011〉 〈111〉 100 500 nm 76.1 ± 0.3 1.08 ± 0.04 

Poly2 220 ± 22 nm parallel 〈211〉 〈111〉 120 950 nm 68.5 ± 0.6 1.04 ± 0.05 

Poly3 160 ± 16 nm normal   120 650 nm 69.6 ± 0.1 1.29 ± 0.02 

 

Except for the Single3 specimen, in all of the above examples the Young's modulus for the 

austenite phase, as determined from the slope of the linear elastic part at the onset of the  

stress strain curves, is close to the averaged literature value of ~ 70 GPa [240], confirming the 

accuracy of the quantitative data of the MEMS device. In the case of the single crystal specimen 

where the pulling direction was along a 〈111〉B2 direction, the measured value is between 78 and 

the 〈111〉B2 direction is a stiff direction [240,241] li of the treated micro wires 

are lower than for the single crystal specimen, which can be understood since some grains will not 

have a 〈111〉B2 stiff direction along the pulling direction. However, the micro wire values are also 
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lower than those measured for the polycrystalline PTP specimens, which could be due to the 

initiation of the stress induced transformation in the region between labels a and b in  

Figure 2 9 where the slope is measured without exactly knowing where the martensite starts [240]. 

Since the start of the transformation induces a lowering in slope, also the averaged measured 

 

The height of the obtained stress plateaus shows considerable difference for the various samples 

and specimens investigated. When comparing the 3 in situ polycrystalline TEM specimens an 

increase of the stress plateau with decreasing specimen thickness is seen. This is also the case 

comparing 2 single crystal (Single1 & 3) specimens that show the stress plateau, as shown in the 

graph of Figure 7 15. This confirms the in situ work by Mao et al. [96] who also found an increase 

in the needed stress with decreasing specimen thickness to transform small strips of Ni Ti. They 

  to the increasing influence of non transforming surface layers with 

decreasing thickness of the specimen, including a Ga+ impregnated layer caused by FIB and a 

natural oxide layer, which also enriches Ni in the matrix and thus further suppresses the 

martensitic transformation. Since also in our case especially the edges of the specimens are often 

seen as the nucleation points of the transformation, such surface effects could indeed play an 

important role. On the other hand, also for thermally induced martensite a decreasing grain size 

lowers the martensite start temperature [167] so the nano scale dimensions of the thickness of the 

specimens should also be considered.  

 
Figure 7 15 Plateau height of the stress strain curves versus thickness (log scale) of five different 

TEM specimens as well as the micro wire. 
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In the Poly2 specimen a Lüders like band forms at the beginning of the stress plateau causing 

a drop in the stress. Lüders like bands form when grains in the high strain region fully transform 

to martensite with mutually compatible shear while the grains in the low strain regions remain 

mostly austenite [239]. It is a localized deformation behavior via propagation of shear bands 

suggesting the heterogeneity of the martensitic transformation. Although the macroscopic 

observation of Lüders like band has been reported in Ni Ti by a number of research groups 

[88,177,242 244], this is the first in situ TEM observation of this phenomenon. 

For all specimens, together with elastic deformation of austenite, some martensitic 

transformation occurs well before reaching the plateau. The transformation accelerates in the 

beginning of the plateau, where parallel plates of martensite form next to each other, whether it is 

in the single crystal specimen or in certain grains of a polycrystalline specimen. In the single crystal 

specimen, many plates very rapidly after nucleation reach the opposite side of the specimen, while 

in the polycrystalline specimen the grain boundaries form obstacles and some austenite grains 

need a much higher applied strain to show any sign of transforming to martensite. In many cases, 

new plates nucleate at sites on grain boundaries where the earlier martensite plates grown in the 

neighboring grain have ended, confirming the observations of Xu et al. [93]. The plates in the  

top left area of the Single1 specimen are further apart than those in the bottom left and central 

parts. This can be due to the local width of the austenite area, which is larger on the top since the 

central and bottom areas are limited by the earlier appearing variant in the bottom right corner, 

and the need to balance the elastic strain energy of the austenite/martensite transformation with 

the surface energy of a single plate [245 248]. By increasing the load, the martensite plates broaden 

and seem to merge, which can be associated or with detwinning or reorientation of martensite or 

with final transformation of any remaining austenite, favoring those variants that best 

accommodate the external stress and result in single variant parts of the martensite. (in the single 

crystal specimen this is seen in Figure 7 2(f) (Single1), in Figure 7 16 an example in the 

polycrystalline specimen (Poly1) is shown) However, without any in situ SAED support, the exact 

micro structure of the strong changes in contrast cannot be concluded. 

Plastic deformation observed in the specimen Single1 martensite or austenite by (de)twinning 

and/or dislocation slip may result in permanent deformation and suppression of the recoverability 

of transformation strains in tensile tests [234,249,250]. 
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Figure 7 16 (a) The first martensite plate appears in a grain, (b) another martensite variant grows 

in the grain, (c) martensite plate contrast disappears which is an indication of transforming the 

grain into a single variant of martensite. 

7.5 Conclusions 
In situ TEM tensile tests on nano scale single crystals and polycrystalline Ni Ti specimens 

have been performed. The formation of stress induced martensite is followed and stress strain 

curves are plotted based on the mechanical data. The stress plateau height increases by decreasing 

specimen thickness but remains independent of the grain size since the latter is, on average, larger 

than the specimen thickness. In all cases the martensitic transformation starts well before the 

plateau is reached and results in a slight decrease of the slope of the initial sharp increase of the 

stress

nucleates, values around 70 GPa are found. Martensite transformation starts at edges of the 

specimen for the single crystal and on the edges and grain boundaries for the polycrystalline 

specimen. When a martensite plate reaches a grain boundary in the polycrystalline specimen, it 

initiates the transformation in the neighboring grain at the other side of the grain boundary. After 

releasing the load some residual martensite remains in the specimen, the amount depending on 

the totally induced strain and indicating the existence of induced plasticity in the martensite at 
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large strains. Formation of a localized deformation Lüders like band was observed in one of the 

polycrystalline specimens.  
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Summary 

 

The main properties of Ni Ti alloys, i.e., shape memory and superelasticity, are used in 

engineering applications usually through a cyclic shape recovery during thermal or strain cycling, 

respectively. As these properties originate from the martensitic transformation, the functional 

stability of the material depends on the reversibility of this martensitic transformation. Therefore, 

the reversibility of MT for Ni Ti material under thermal cycling was investigated for bulk and 

micro wire Ni Ti. 

After introducing the material and used techniques, in Chapter 5 the effect of low temperature 

thermal cycling combined with room temperature aging on the Ms of some recrystallized Ni50.6Ti49.4 

samples was studied. While no apparent effect was observed in TEM image mode using different 

techniques, strong structured diffuse intensities condensed in specific periodic loci were observed 

in SAED. The cluster model was used to interpret these results which revealed the formation of 

micro domains in the shape of needle clusters of pure Ni atoms along 〈111〉B2 directions. 

Quantitative comparison between samples with and without a DSC cycle revealed that the more 

DSC cycles a sample has received, the more condensed the diffuse intensity becomes which is 

expected to be caused by longer Ni clusters and enhancement of short range ordering. The 

required energy for atom diffusion on a local scale may be provided by the transformation front 

moving across the system during the DSC cycling. 

A similar procedure was followed in Chapter 6 for recrystallized Ni Ti micro wires, this time 

with changing some parameters such as grain size, aging temperature and DSC temperature 

interval. It was found that consecutive thermal cycling suppresses MT, the suppression enhances 

when the DSC cycling is combined with RT aging and becomes even stronger when the aging is 

performed at elevated temperature of 100 °C. However, RT aging alone did not show a significant 

effect on the MT. Aging at elevated temperatures of 100 °C alone, however, suppresses the MT. 
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Comparing DSC results of large and small grain samples shows that the effect of room and elevated 

temperature aging is stronger in large grain samples than in small grain samples. SAED patterns 

show an increase of Ni clustering in line with decreasing Ms. Since due to the small size of these Ni 

clusters there is no precipitate free matrix with lower Ni content, martensite nucleation is not 

supported but instead suppressed due to the strain field induced in the matrix by the Ni clusters. 

In order to investigate the aforementioned micro wires using TEM, a novel method was 

introduced in Chapter 4 to use a conventional twin jet electropolishing apparatus for thin wires. 

In this method the wire is embedded in a graphite filled epoxy resin medium which after hardening 

is mechanopolished so that both sides of the wire a free from resin. The obtained complex is then 

inserted into the electropolishing holder and undergoes the conventional polishing process. The 

method provides damage free specimens with large electron transparent areas. 

Chapter 7 focuses on in situ TEM tensile tests on nano scale single crystals and polycrystalline 

Ni Ti specimens, obtained from recrystallized material. The formation of stress induced 

martensite was observed and stress strain curves were plotted based on the obtained mechanical 

data. The stress plateau height shows an increase by decreasing specimen thickness but remains 

independent of the grain size since the latter is, on average, larger than the specimen thickness. In 

all cases the martensitic transformation starts well before the stress strain plateau is reached and 

results in a slight decrease of the slope of the stress ulus before the 

martensite nucleates was found to be around 70 GPa. Martensitic transformation starts at edges of 

the specimen for the single crystal and on the edges and grain boundaries for the polycrystalline 

specimen. When a martensite plate approaches a grain boundary in the polycrystalline specimen, 

it provokes the transformation in the neighboring grain at the other side of the grain boundary. 

After releasing the load, depending on the totally induced strain, some residual martensite remains 

in the specimen indicating the existence of induced plasticity in the martensite at large strains.  

In situ TEM observation of the formation and propagation of a Lüders like band is reported for 

the first time.  
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Samenvatting 

Vormgeheugen en superelasticiteit zijn de belangrijkste eigenschappen van Ni Ti legeringen 

voor technische toepassingen. Deze eigenschappen spelen een belangrijke rol tijdens het cyclisch 

vormherstel bij thermische of stress geïnduceerde cycli. Aangezien deze eigenschappen 

voortkomen uit een martensitische transformatie, hangt de functionele stabiliteit van het materiaal 

af van de omkeerbaarheid van deze transformatie. Daarom werd de omkeerbaarheid van 

martensitische transformatie voor zowel bulk als microdraad Ni Ti materialen onder thermische 

cycli onderzocht. 

Na de introductie van het materiaal en de gebruikte technieken, werd in hoofdstuk 5 het effect 

van thermische cycli bij lage temperatuur in combinatie met de veroudering bij kamertemperatuur 

op de MS van sommige Ni50.6Ti49.4 stalen bestudeerd. Hoewel er via verschillende TEM technieken 

geen duidelijk effect werd waargenomen, werden toch sterk gestructureerde diffuse intensiteiten 

gevonden op specifieke periodieke locaties in de diffractiepatronen. Toepassing van het  

Cluster model toonde aan dat deze intensiteiten correleren met de vorming van microdomeinen 

van naaldvormige clusters van zuivere Ni atomen langs 〈111〉B2 richtingen. Kwantitatieve 

vergelijking tussen stalen met en zonder een DSC cyclus toonde dat meer DSC cycli leiden tot een 

versterking van de diffuse intensiteit wat, naar verwachting, wordt veroorzaakt door langere  

Ni clusters en een verhoogde ordening. De vereiste energie voor atoomdiffusie op lokale schaal 

kan worden geleverd door het transformatiefront dat zich door het systeem verplaatst tijdens de 

DSC cyclus. 

Een vergelijkbare procedure werd gevolgd in hoofdstuk 6 voor microdraad Ni Ti, waarbij 

enkele parameters werden gevarieerd zoals korrelgrootte, verouderingstemperatuur en het DSC 

temperatuurinterval. Het bleek dat opeenvolgende thermische cycli MT onderdrukken, verder 

treedt er meer onderdrukking op wanneer de DSC cycli worden gecombineerd met veroudering 

bij kamertemperatuur en dit effect wordt extra versterkt bij veroudering bij een verhoogde 

temperatuur van 100 °C. Veroudering bij kamertemperatuur alleen toonde echter geen significant 
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effect op de MT, terwijl veroudering bij een verhoogde temperatuur van 100 °C MT wel 

onderdrukt. Vergelijking van DSC resultaten van stalen met verschillende korrelgrootte toont aan 

dat het effect van veroudering bij kamertemperatuur en verhoogde temperatuur sterker is bij grote 

dan bij kleine korrelgrootte. SAED diffractiepatronen tonen een toename van Ni clustering met 

afnemende Ms. Wegens de kleine omvang van deze Ni clusters is de matrix, met een lager  

Ni gehalte, niet precipitaatvrij, daardoor wordt martensietnucleatie onderdrukt als gevolg van een 

spanningsveld dat door de Ni clusters in de matrix wordt geïnduceerd. 

Om de bovengenoemde microdraden met behulp van TEM te onderzoeken, werd in hoofdstuk 

4 een nieuwe methode geïntroduceerd om een conventionele twin jet elektropolijstmachine te 

gebruiken voor dunne draden. Bij deze methode wordt de draad ingebed in een met grafiet gevuld 

epoxyhars dat na uitharding mechanisch wordt gepolijst zodat beide zijden van de draad vrij zijn 

van hars. Het verkregen staal wordt vervolgens in een elektropolijsthouder geplaatst en ondergaat 

het conventionele polijstproces. Op deze manier werden stalen vrij van schade en met grote 

elektronen transparante gebieden verkregen. 

In Hoofdstuk 7 werden in situ TEM trektesten op zowel afzonderlijke nanoschaal 

monokristallen als polykristallijne Ni Ti stalen onderzocht. De vorming van stress geïnduceerde 

martensiet werd waargenomen en spanning rekdiagrammen die werden uitgezet op basis van de 

verkregen mechanische gegevens. Een toename van de hoogte van het spanningsplateau werd 

waargenomen bij afname van de monsterdikte, onafhankelijk van de korrelgrootte, aangezien deze 

gemiddeld groter is dan de dikte van het staal. In alle analyses werd genoteerd dat de martensitische 

transformatie start voordat het spanning rekplateau bereikt wordt wat opgemerkt wordt door een 

lichte afname van de helling van de spanning rekcurves. De Young modulus voor de 

martensitische nucleatie was ongeveer 70 GPa. Martensitische transformatie begint bij randen van 

de monokristallijne stalen en bij de randen en korrelgrenzen voor polykristallijne stalen. Wanneer 

een martensietplaat een korrelgrens in een polykristallijne staal nadert, veroorzaakt dit de 

transformatie in de naburige korrel aan de andere kant van de korrelgrens. Na het vrijgeven van 

de spanning en afhankelijk van de totaal geïnduceerde spanning, blijft er wat martensiet in het 

staal achter, wat wijst op het bestaan van geïnduceerde plasticiteit in het martensiet bij grote 

spanningen. In situ TEM observatie van de vorming en verspreiding van een Lüders achtige 

band werd voor het eerst gerapporteerd. 
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