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ABSTRACT 

Smart materials are a new class of materials that possess adaptive capabilities which 

include sensing, responding and regulatory in a precise manner to the change of its 

environment stimuli, and are of great interest in structural, robotics, biomedical, marine, 

aerospace, and spacecraft technologies. Fiber Optics, Piezoelectric (PE), 

Magnetorheological (MR), Magnetostrictive (MS), Chromogenic, Electrorheological 

(ER), Electrostrictive (ES), Shape Memory Polymers (SMPs), and Shape memory alloys 

(SMAs) are the most common smart materials. Among these, SMAs exhibit a peculiar 

property in that deformed material can restore its original/predefined shape either by 

increasing the temperature or removing the load, which is known as the shape memory 

effect (SME) and “pseudoelasticity (PE) or superelasticity (SE)”, respectively. In addition, 

certain SMAs can exhibit the magnetic shape memory effect (MSME) by undergoing 

magnetic-field-induced reverse martensitic transformations. The merits of these unique 

properties attract the use of SMAs as dampers and actuators in smart/adaptive structures to 

suppress unwanted vibrations and provide seismic protection with the adoption of passive, 

active, semi-active, or hybrid control strategies.  

The functional and mechanical properties of various groups of SMAs are still being 

progressive in the development and implementation of a novel, cost-effective, and long 

functional SMA for the vibration damping and isolation of mechanical and civil structures. 

Ni-Ti-based shape memory alloys (popularly known as Nitinol-based SMAs) are the most 

commonly used in many applications and already had a commercial presence due to their 

superior advantages, such as high strain recovery and long functional life, however, these 

are restricted its vast usage due to shortcomings like processing difficulties and high cost. 

Cu-Al-based SMAs are selected as a prime alternative to Ni-Ti-based SMAs owing to their 

ease of manufacture and economical, and this has motivated to develop the suitable Cu-Al-

based shape memory alloys. 



 

 The aim of this thesis is to design and develop Cu-Al-Be-based polycrystalline 

shape memory alloys with improved microstructure, enhanced mechanical properties, 

better pseudoelastic shape/strain recovery, and suitability for use as seismic protection 

material to isolate vibrations through a passive control strategy. The present investigation 

has been carried out on the influence of variations in the weight percentage of Copper (Cu), 

Aluminium (Al), Beryllium (Be) and the grain refiners, namely Boron (B), zirconium (Zr), 

on the alloy phases, microstructure, mechanical, and pseudoelastic hysteresis properties. 

Outcomes of the present investigation reveals that Al followed by Be plays a vital role in 

the alloy phase modifications i.e., parent austenite, martensite or mixed phase at room 

temperature. The minimal addition of quaternary boron and zirconium grain refiners leads 

to substantial grain refinement, enhanced mechanical properties, and better pseudoelastic 

shape recovery. Because of these improvements in properties, they are identified as suitable 

for the passive damper in mechanical and civil structure applications at ambient 

temperature. 

 

Keywords: Cu-Al-Be shape memory alloys, Grain refinement, Heterogeneous nucleation, 

Serrated grains, Phase transformation temperatures, Mechanical properties, 

Pseudoelasticity. 
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CHAPTER 1 

1 INTRODUCTION 

 BACKGROUND OF STUDY 

Over the past three decades, significant research efforts have been made in the 

domain of structural vibration control devices to study and mitigate critical vibration 

problems (Shiba et al. 1998). Vibration is one of the most relevant problems regularly 

encountered in machine components, automobiles, aerospace vehicles, and civil 

structures. The effect of severe vibration induced by the seismic and/or wind energies 

generates extreme deformations and leads to instability and catastrophic failures of the 

structures. Due to this, vibrational analysis has become an important aspect for the safe 

designing of mechanical, acoustic, and structural systems. A conventional structural 

system is typically designed to achieve a specific set of intended functions under pre-

determined loads. Such a conventional system cannot succeed in developing its ability 

against unexpected severe vibrations, loads, and forces unless a protective safety factor 

is sufficiently large. However, this conventional approach incurs increased construction 

costs. Besides, the randomness and severity of vibration/force excitations exceeds the 

design criterion and leads the structures to catastrophic failures (Mo et al. 2019; Zhang 

et al. 2009b), emphasizing the importance of the mitigation of vibration on the critical 

civil structures which includes bridges and buildings. 

The current goals of the mechanical and civil engineering industries required light 

weight and the least number of advanced composite materials with simple design, and 

to improve the efficiency as well as the performance level of structures by isolating the 

unwanted vibrations caused by wind and/or seismic loading. To meet these 

requirements, many new smart materials have been developed and embedded in the 

composites, which yields higher stiffness, greater flexibility (automatically adapt/adjust 

to the service conditions toward structural safety), economic considerations, and good 

serviceability of the structures. Moreover, this type of embedded structure offers 

significant vibration absorption and seismic isolation with the conjunction of various 
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active, semi-active, passive or hybrid control strategies (Alvandi and Ghassemieh 2014; 

Symans and Constantinou 1999). Therefore, these structures are popularly termed 

“smart structures” or “adaptive structures”. 

The most commonly adopted smart materials in vibration dampers and seismic 

isolators for the mitigation of unwanted vibrations of structural systems are 

piezoelectric materials, magnetostrictive (MS) materials, magnetorheological (MR) 

materials, and shape memory alloys (SMAs). The smart materials are highly responsive 

to changes in electric, magnetic field, thermal or mechanical load, leading to significant 

changes in shape, stiffness, natural frequency, damping, and other mechanical 

parameters. Piezoelectric materials have a unique reversible electro-mechanical 

coupling effect. Due to this effect, an electric charge (voltage) is generated when a 

mechanical load is applied, and conversely, an applied voltage (electric field) will be 

produced mechanical deformations viz. stress and/or strains. The piezoelectric materials 

are employed as actuators for active control (Chen et al. 2019; Fallah and Ebrahimnejad 

2013) and semi-active control (Lu et al. 2010; Ozbulut and Hurlebaus 2010) of the 

seismic responses of building structures. The magnetostrictive effect/response of 

materials is similar to piezoelectric materials. The MS effect is based on the coupling 

of magnetic field and dipoles, which makes them useful in the actuators and sensors for 

vibration damping and health monitoring of the bridge structures (Braghin et al. 2012; 

Clemente et al. 2016; Moon et al. 2007). MR fluids and MR elastomers are a class of 

MR materials, which exhibit field-dependent properties that are changed as a function 

of the magnetic field, and are termed as MR effect. These two MR materials are also 

used to develop semi-active control systems for the seismic isolation of both bridge and 

building structures (Gu et al. 2020; Li et al. 2013; Spencer and Nagarajaiah 2003). 

SMAs hold peculiar thermomechanical behaviors/properties such as shape memory 

effect (SME) and pseudoelasticity (PE) associated with thermal- or stress-induced 

reversible hysteretic austenite and martensite phase transformations. These two special 

properties have made them the most popular substances for vibration controllers and 

seismic isolators (Saadat et al. 2002; Song et al. 2006). Shape memory alloy undergoes 

relatively large deformations that include bending, twisting, stretching or compressing, 

and the deformed SMA returns to its original shape by heating (SME) and mechanical 
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unloading (PE). The shape memory effect property of SMAs is used for designing an 

actuator, which acts as a vibration suppression element with the conjunction of active 

or semi-active control strategies (Suzuki and Kagawa 2010; Tai and Ahn 2011; Vishal 

et al. 2018). The pseudoelastic behavior of SMAs makes them well-suited passive 

dampers for vibration control and seismic response isolation of several civil structures 

(Ozbulut et al. 2011). 

 SMART MATERIALS 

Smart composite/alloy materials are a new group of materials that possess 

adaptive capabilities in a specific manner for environmental/external stimuli. These 

smart materials change their properties based on the functions of external stimuli, such 

as thermal, electrical, magnetic, static/dynamic loads, pressure, nuclear radiation, 

chemicals, and environmental factors including humidity, moisture, heat and light. The 

changeable physical properties/parameters of these stimuli are associated with shape, 

stiffness, frequency, viscosity, buckling or damping. This kind of ‘smartness’ in the 

materials is achieved by altering its elemental composition, using special processing 

techniques, or microstructure modifications, which allows them to respond in a 

controlled manner to various levels of stimuli. Smart materials when interacting with 

structural systems should have the capability to sense, respond, measure, adapt, and 

detect the change of its selected variables. For that reason, the smart materials are also 

referred to as intelligent, adaptive or responsive materials, and these materials have 

great interest to use in aerospace, marine, space-craft automotive, robotics, biomedical, 

and structural industries (Bahl et al. 2020; Chopra and Sirohi 2013; Saadat et al. 2002; 

Yun et al. 2011) for reliable and improved performance of the systems. 

 Types of Smart Materials 

Smart materials are categorized on the basis of their types of coupling 

capabilities as well as their kind of energy transformation between the systems. 

Classification with a brief explanation of the different smart material families, as shown 

in Figures 1.1 and 1.2. 
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1. Types of coupling 

a. Direct coupling: occurs when one of the mechanical or non-mechanical field 

acts as the input and the other as the output. 

b. Indirect coupling: The mechanical behavior of the smart system is indirectly 

coupled with the electric/magnetic field. A change in electric or magnetic 

field causes a change in the viscosity of the fluid, which alters the 

mechanical behavior of the smart system. 

 

2. Type of energy transformation 

 

a. Photo-Mechanical: Fibre optics. 

 Photomechanical materials: undergo a shape change when exposed to 

light 

 

b. Magneto-Mechanical: Magnetorheological fluids and elastomers, 

Magnetostrictive materials. 

 Magnetorheological fluids (MRFs): are fluids whose physical state can be 

modified by altering the magnetic field. MRFs are composed of 

magnetizable particles (micro-size iron powder), carrier fluid (water, 

ethanol, silicone oil), and additives (silica, grease). 

 

 Magnetorheological elastomers (MREs): are a type of soft magneto-

active viscoelastic solid materials, whose mechanical properties are altered 

Smart  
Materials

Direct 
Coupling

Piezoelectric 
Materials

Magneto-
strictive 

Ceramics

Shape 
Memory 
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Figure 1.1 Tree of smart materials based on types of coupling. 
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by varying the magnetic field, e.g., polyurethane or silicone rubber 

containing carbonyl iron powder. 

 

 Magnetostrictive materials: are ferromagnetic materials that exhibit a 

change in shape under the stimulus of a magnetic field, e.g., Co-Ni, Fe-Co, 

Fe-Al, Fe-Ni, and ferrites. 

 

c. Electro-Mechanical: Piezoelectric materials, Electrorheological fluids and 

elastomers, and Electrostrictive materials.  

 Piezoelectric materials: The term ‘‘piezo” means ‘pressure’, and 

‘‘electricity”, denoting electrical charges. The piezoelectric effect generally 

takes place in all directions and is classified into two main groups: 1) direct 

and 2) inverse. Piezoelectrics are available in the form of ceramics and 

polymers that converts mechanical work (i.e., stress) into voltage/electric 

charge across the material and is called a direct piezoelectric effect, also 

known as generator/sensor effect. On the other hand, these materials exhibit 

a mechanical property change (i.e., strain) by varying the voltage/electric 

fields and are called the inverse piezoelectric effect (i.e., actuator effect). 

Piezoelectric materials, such as lead zirconate titanate, polyvinylidene 

fluoride, lithium niobate, quartz, etc., are also known as ferroelectric 

materials. 

 

 Electrorheological fluids (ERFs): change their properties like stress and 

viscosity when they are subjected to a change in the electric fields. ERFs are 

composed of carrier fluids (silicone oil, kerosene, paraffin, vegetable oil) 

and additive particles (cellulose, alumina, silicates, charcoal, zeolites, 

titania, starch). 

 

 Electrorheological elastomers (EREs): are electro-active polymers 

composed of dielectric materials that modifies the mechanical properties 

upon the application of the electric fields, e.g., styrene-acrylic-copolymer, 

styrene-butadiene, and silicone rubber containing barium titanate. 
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 Electrostrictive materials: are electroactive materials that undergo a shape 

change upon the stimulus of an electric field, e.g., lead magnesium niobate, 

lead magnesium niobate-lead titanate, lanthanum-doped lead magnesium 

niobate-lead titanate, and lead lanthanum zirconate titanate. 

 

d. Thermo-Mechanical: Shape memory alloys. 

 Shape memory alloys (SMAs): changes the shape under large deformation 

and recover to their original/predefined shape either by thermal load 

imposition (SME) or mechanical load-removal (PE). The popular types of 

SMAs are Ni-Ti, Ni-Ti-X (X = Cu, Cr, V, Zr, Co, Hf, Pd), Cu-Zn-Al, and 

Cu-Al-X (X = Ni, Mn, Be, Fe). 
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Figure 1.2 Types of smart materials based on energy transformation. 
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 SHAPE MEMORY ALLOYS 

Shape memory alloys (SMAs) are a family of metallic materials that possess 

unique thermo-mechanical properties. These distinct properties of SMAs unveil that 

mechanically deformed materials are possibly reverted back to their original/predefined 

shape either by thermal load imposition or simply removing the mechanical load 

(Perkins and Sponholz 1984; Tadaki 1998; Ziółkowski 2015). SMAs undergo a first-

order, solid-solid diffusionless shear transformation known as martensitic 

transformation and this martensitic transformation is crystallographically reversible 

(Montecinos et al. 2006; San Juan et al. 2012; Torra and Tachoire 1992). In SMAs, the 

martensitic transformation is thermoelastic, in which the phase interfaces possess good 

migration capability. 

 Crystallography of Phase Transformations in SMAs 

Shape memory alloys have shown two thermodynamically stable phases, namely, 

austenite and martensite. Austenite is a high-temperature phase, also called the parent 

phase that has a close-packed Face-Centred-Cubic (FCC) crystal structure. Martensite 

is a low-temperature phase with a crystal structure of Body-Centred Cubic (BCC) in 

Ni-Ti-based SMAs and “Orthorhombic or Monoclinic” in Cu-Al-based SMAs 

(Narasimha 2020). Figure 1.3 depicts a schematic of various crystal structures of shape 

memory alloys. Martensite consists of different orientation directions, called variants. 

These variants are usually arranged in two ways, i.e., twinned martensite (combination 

of self-accommodated variants with no observable macroscopic shape change) and 

detwinned martensite (single variant with large macroscopic shape change). The crystal 

structures of both martensitic and austenitic phases are temperature-dependent and 

therefore possess distinct properties for every phase. The martensitic phase is relatively 

soft and has a twinned molecular structure in the absence of applied load/deformation, 

which reorients into a detwinned structure when deformed or loaded. The austenitic 

phase is a stronger, harder and rigid phase of shape memory alloys. Transformation 

temperatures are those temperatures at which austenite and martensite of the alloy 

change from one state to another. The phase transformations start at one temperature 

and end at another because SMAs do not undergo their forward transformation (i.e., 
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from austenite to martensite) and reverse transformation (i.e., from martensite to 

austenite) at the same temperature. Therefore, the start and finish temperatures of 

austenite and martensite are different depending on whether the alloy is heating 

(endothermic reaction) or cooling (exothermic reaction), as confirmed from 

(Moghaddam et al. 2017; de Oliveira Ramos et al. 2018; Suresh and Ramamurty 2008; 

Treadway et al. 2015). In order of lowermost to uppermost transformation 

temperatures, are defined as follows: 

 Martensite finish temperature (𝑴𝒇): is the temperature at which the SMA is 

completely twinned martensite. 

 Martensite start temperature (𝑴𝒔): is the temperature at which austenite of 

SMA begins to change into martensite. 

 Austenite start temperature (𝑨𝒔): is the temperature at which martensite of 

SMA begins to change into austenite. 

 Austenite finish temperature (𝑨𝒇): is the temperature at which the SMA is 

complete austenite. 

 

 

 Phenomenology of Phase Transformation in SMAs 

Shape memory alloys are distinct from conventional metals and alloys because 

of their unique functional properties, namely the pseudoelasticity and shape memory 

effect, which are connected to reversible solid-state phase transformations. 

Figure 1.3 Phases and their crystal structures 

Martensite Austenite 

FCC BCC Orthorhombic Monoclinic 

(Narasimha 2020). 
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 Shape memory effect (SME) 

“Shape memory effect” describes the ability to recover the original shape of 

deformed materials through a heating process (Duerig et al. 1990; Lagoudas 2008; 

Tadaki 1998). If the shape memory alloy quenched from the high-temperature 

disordered austenitic 𝛽-phase to ambient temperature (T), i.e., below the martensite 

finish temperature (𝑀𝑓) forms the “martensite” phase in a self-accommodating twinned 

structure. In the low-temperature martensitic phase (i.e., T < 𝑀𝑓), SMA is easily 

deformed upon loading, causes a macroscopic shape change, and generates a large 

percent of inelastic strain due to the transformations from twinned martensite to 

detwinned martensite. In this phenomenon, the reoriented detwin configuration with a 

high residual strain is retained after unloading, and reverts back to its parent austenitic 

phase after being heated above the austenite finish temperature (𝐴𝑓) and the 

deformation is completely recovered without residual strain, as shown in Figure 1.4. 

Further cooling to a temperature below its 𝑀𝑓, leads to the formation of twinned 

martensite again with no associated shape change is observed. Further, cooling to a 

temperature below its 𝑀𝑓 results in the formation of twinned martensite again with no 

discernible shape change is observed (Hefzy et al. 2020; Lagoudas 2008). This feature 

provides good repeatability of SMAs to actuator applications. 

 

Figure 1.4 Shape Memory Effect behavior of SMAs 
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 Pseudoelasticity (PE) 

“Pseudoelasticity” refers to the ability to recover the original shape of deformed 

materials by simple unloading (Duerig et al. 1990; Lagoudas 2008; Ziółkowski 2015), 

and this phenomenon is also known as “Superelasticity (SE)”. If the shape memory 

alloys are in their high-temperature parent phase (i.e., T > 𝐴𝑓), cubic austenite phase 

turns into stress-induced martensite (SIM) when it is subjected to deforming/loading. 

This occurrence is called “Forward Martensite Transformation” which produces a 

shear-like deformation strain. The stress-induced martensitic phase possesses a 

detwinned structure, which becomes unstable upon unloading. Hence, removal of the 

applied load causes the SMA to returns back to its parent austenitic phase, called 

“Reverse Martensite Transformation”, and the original/undeformed shape is restored 

without residual strain, as shown in Figure 1.5. The prefix “pseudo” in the 

phenomenon's name emphasizes that the loading-unloading cycle of SMA exhibits non-

linear hysteresis loops, and this pseudoelastic hysteresis behavior differs from 

conventional non-linear elastic materials. 

 

Detwinned martensite 

Austenite 

(T > 𝐴𝑓) 

Figure 1.5 Pseudoelastic behavior of SMAs.  
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Pseudoelastic/Superelastic property of SMAs becomes a focus for energy 

absorption and dissipation due to their advantageous features that include high stiffness, 

passive vibration control strategy, and essential self-centering capability (Asgarian et 

al. 2016; Janke et al. 2005; Song et al. 2006; Zhu and Zhang 2007), makes them well 

suited as a damper in seismic applications. 

 CURRENT DEVELOPMENT AND APPLICATIONS OF 

SMART MATERIALS 

Many researchers investigated the implementation of smart materials using 

various active, semi-active or passive control systems, as well as their limitations for 

vibration control and seismic isolation. In active control systems, piezoelectric 

actuators require a huge external power source to generate desired control forces for the 

attenuation of undesirable vibrations. The control forces are developed based on active 

feedback signals from sensors that measure the vibration excitations and/or response of 

the structures and are sent to the control actuators (Liao et al. 2011; Pastia et al. 2005). 

Semi-active control systems are a family of active systems, that requires a small 

external power source to change the parameters/properties of the control system (Li and 

Huo 2010; Liao et al. 2014). However, active control systems have several 

disadvantages including high energy consumption and large activation force. Semi-

active control systems do not have the potential to destabilize the structures like active 

control systems (Spencer and Nagarajaiah 2003). In passive control systems, the use of 

smart materials attached or embedded in a structure improves the stiffness, structural 

damping, and controls the motion of the structure, thereby making it more stable to 

mitigate unwanted vibrations. These systems operate without external power sources, 

and they are economical and simple to use in vibration control applications to suppress 

seismic and wind-induced vibrations of the structures (Parulekar and Reddy 2009). 

A seismic isolator, as a passive vibration control system, is one of the most widely 

accepted ways of preventing earthquake- and wind-induced damage to structures. 

Pseudoelastic/Superelastic behavior of SMAs in the seismic-resistant structures 

recovers relatively large inelastic deformation without any residual or negligible 

unrecoverable permanent deformation. Besides, the limitations in the passive hysteretic 
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damper application of SMAs are martensite stabilization and/or defects like 

dislocations/slip lines generated by cyclic deformation, which causes deterioration of 

pseudoelastic shape recovery and an increase in residual strains with respect to an 

increased number of loading-unloading cycles. Comparing the advantages and 

disadvantages, shape memory alloys have numerous advantages such as simple, easy 

installation, flexible configuration, large strain cycles, high energy density, great 

durability, high damping capacity, excellent re-centering capability, superior safety 

levels, good control of large forces, high resistance to fatigue and corrosion, no 

degradation with ageing, solid-state passive damper, and ease of serviceability (Alvandi 

and Ghassemieh 2014; Ozbulut et al. 2011; Parulekar and Reddy 2009). Therefore, 

pseudoelastic shape memory alloys are considered as the right candidate in civil 

structures for shape restoration, energy dissipation, seismic mitigation, and vibration 

damping applications, utilizing reversible stress-induced phase transformation of the 

alloy at temperatures higher than austenite finish temperature (𝐴𝑓). 

Past two decades, the pseudoelastic nitinol (Ni-Ti) SMAs in various geometrical 

shapes viz. plates/strips, bars/billets, wires, and tubes, as shown in Figure 1.6, have been 

considered as dampers in the adaptive structures for passive vibration control 

applications. This prime importance owing to their superior properties, i.e., high 

inelastic strain recovery, excellent corrosion resistance, better mechanical properties, 

good biocompatibility, and no external power supply required for deformation 

recovery. Besides, the pseudoelastic property of SMA is related to reversible stress-

induced martensitic transformation, which occurs in the high-temperature phase 

(austenite). Both thermally- and stress-induced martensitic transformations in binary 

nitinol SMAs are influenced by the chemical composition of alloying elements. As the 

nickel content increases in binary Ni-Ti alloys, the transformation temperatures 

lowering and that requires higher critical stress to induce the martensitic transformation. 

The transformation temperatures of SMAs below ambient temperature resulted in stable 

pseudoelastic behavior. Ni-Ti SMAs possess transformation temperatures over the 

range of 15 °C ˂ 𝐴𝑓 ˂ 100 °C by changing chemical composition of alloying elements. 

If the ambient/operating temperature is less than 15 °C leads to degradation of 

pseudoelastic effect and is not feasible in real-time passive damping applications. 
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Further, ternary alloying elements, such as Cr, V and Cu have been investigated 

extensively to decrease the transformation temperatures though not feasible to use in 

practical applications owing to degradation of the pseudoelastic shape recovery with Cr 

and V (He et al. 2007). The addition of Cu to Ni-Ti alloy reduces the compositional 

sensitivity to the transformation temperatures (Gil et al. 2004). 

 

 

 LIMITATIONS OF STUDY 

Despite the advantages of Nitinol and Ni-Ti-based SMAs, still have some 

shortcomings, like their high cost and difficult manufacturability. The fabrication and 

processing of Nitinol implanted smart devices are complicated and thereby making 

them expensive. Due to the high reactivity of titanium element (Nakahata 2011; 

Ziółkowski 2015), melting and processing of SMAs must be carried out in vacuum 

controlled atmosphere to avoid contamination of the alloy (oxidation) that deteriorates 

the functional and mechanical characteristics as well as its performance. 

SMA 
product 

form

Bar/

Billet

Wire

Tube

Strip/

Plate

Figure 1.6 Product forms of shape memory alloy.  
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 MOTIVATION OF THE PRESENT WORK 

The existing literature unveils that the copper-based alloys, such as Cu-Zn and 

Cu-Al binary alloys, also have pseudoelasticity and shape memory effect capabilities. 

As compared to the Ni-Ti-based SMAs, these SMAs are economical due to easy 

manufacturability and less expensive. Ternary element doped Cu-Al and Cu-Zn alloys 

i.e., Cu-Al-Be, Cu-Al-Mn, Cu-Al-Ni, and Cu-Zn-Al, SMAs have been developed 

(Higuchi et al. 1982; Lopez Del Castillo et al. 1986; Otsuka and Shimizu 1970; Pops 

and Ridley 1970), and their good strain recovery by PE and SME, superior damping 

and ease of modifying the phase transformation temperatures make them as a prime 

alternative to Ni-Ti-based SMAs. These advantageous features attracted and motivated 

to design an optimal elemental composition in order to develop a novel Cu-Al-based 

passive damper with the desired and improved properties for use as seismic protection 

material in smart structures. 

 ORGANIZATION OF THESIS 

The thesis of the present study is composed of five chapters to address the purpose 

and nature of the research work. In summary, the chapters of this research work are 

organized as follows: 

 

 Chapter 1 introduces the background, types, working phenomenology, current 

development, and limitations of the smart materials for vibration damping 

applications. Further, this chapter discusses the motivation of the present 

research work. 

 

 Chapter 2 presents the types of shape memory alloys and a comprehensive 

literature survey on numerous techniques for modifications/enhancements in the 

properties of SMAs, viz. grain-size refinement, phase transformation 

temperatures, mechanical properties, and pseudoelastic responses. Finally, 

based on the existing literature, the research gaps and objectives of the present 

investigation are presented. 
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 Chapter 3 discusses the details of materials, methods, apparatus, and 

methodology adopted in this investigation to fabricate and process the alloy 

plates/samples and their characterization. 

 

 Chapter 4 presents the investigation results, interpretation, and discussion of 

the evaluated SMAs. 

 

 Chapter 5 presents the key conclusions drawn from the investigation results 

and the recommendations for future research work. 
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CHAPTER 2 

2 LITERATURE SURVEY 

 INTRODUCTION 

This chapter provides a review of relevant literature that mainly focuses on the 

most significant and major contributions to the existing shape memory alloys (SMAs), 

such as thermal treatments, grain refiners-doping, and secondary processing methods. 

First, the literature on the historical developments in the research of SMAs is discussed. 

Further, the types of SMAs are reviewed. Second, the literature on numerous techniques 

for the enhancement in grain-size refinement, mechanical, and pseudoelastic response 

characteristics is presented. Third, dependent phase transformation temperatures and 

morphology on the alloying ternary- and quaternary-doped elements, their elemental 

compositions, and the different heat treatment processes are discussed. Finally, based 

on the existing literature, the identification of the problem, research gap, and objectives 

of the present investigation are presented. 

 SHAPE MEMORY ALLOYS 

The history of research investigation on shape memory alloys (SMAs) and their 

inspirable unique properties, namely shape memory effect (SME) and pseudoelasticity 

(PE) are mainly linked to the solid-state thermoelastic martensitic transformations 

(which is a diffusion-less shear martensitic transformations) and a number of physical 

phenomena viz. Twinning and Detwinning are responsible for thermal shape memory 

(SME) and elastic shape memory (PE) effects in metallic alloys (Chowdhury and 

Sehitoglu 2017; Delaey et al. 1974; Duerig et al. 1990; Stoeckel 1995). In the 19th-

century, the German physicist Adolf Martens recognized the first “low-temperature 

phase”, martensite microstructure using an optical microscope, and the first “high-

temperature phase”, austenite, was named from the research work of the English 

physicist Charles Austen. In the 1930s, the first shape memory phenomenon was 

discovered. The origin of rubber-like elastic behavior at room temperature was found 
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from the research work of Olander in 𝛽-phase Au-Cd alloys (Ölander 1932), and this is 

the first evidence of pseudoelastic behavior in metallic alloys. Later, in 1938, Greninger 

and Mooradian observed thermoelastic effects, i.e., the appearance and disappearance 

of a martensite structure in the 𝛽-phase Cu-based alloys by cooling and heating, 

respectively  (Greninger and Mooradian 1938). 

The terminology of “Martensite transformation” was first proposed from the 

studies of Greninger in rapidly quenched 𝛽-phase Cu90.7-Al9.3 (at.%) alloy (Greninger 

1939a). A detailed study of thermoelastic martensitic transformations in Cu-based 

alloys was reported by Kurdyumov and Khandros (1949). The research work of Chang 

and Read have stated the SME behavior in Au-Cd alloys (Chang and Read 1951) by 

thermoelastic responses of the martensite phase, i.e., the  transformations from austenite 

(𝛽1) to martensite  (𝛽1
′) on cooling below its martensite start temperature (𝑀𝑠) and vice-

versa on heating. The pseudoelastic behavior was originally reported from the studies 

of Reynolds and Bever in Cu-Zn alloys (Reynolds and Bever 1952) and subsequently, 

its appearance in In-Tl alloys (Burkart and Read 1953 and Basinski and Christian 1954) 

and Cu-Al-Ni alloys (Rachinger 1958). Buehler et al. (1961) discovered the first 

Nickel-Titanium (Ni-Ti) alloy at the Naval Ordnance Laboratory, United States 

Department of Defence. Since then, this alloy was commercialized under the standard 

trade name “Nitinol” simply derived from the combination of “chemical symbol of 

employed elements (NiTi) and in honor of Naval Ordnance Laboratory (NOL)”. The 

importance and the demand for shape memory alloys in most engineering and 

technological applications were not recognized, until the discovery of SME behavior in 

Nitinol SMA (Buehler et al. 1963; Buehler and Wang 1968). After this discovery, 

research interests became progressively more active in the development of a new family 

of shape memory alloys. 

 TYPES OF SHAPE MEMORY ALLOYS 

The elements present in the middle part of the periodic table whose binary alloy 

systems exhibit shape memory properties. They are gold-cadmium (Au-Cd), silver-

cadmium (Ag-Cd), indium-thallium (In-Tl), indium -cadmium (In-Cd), copper-zinc 

(Cu-Zn), copper-tin (Cu-Sn), copper-aluminium (Cu-Al), titanium-niobium (Ti-Nb), 
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titanium-gold (Ti-Au), titanium-palladium (Ti-Pd), titanium-platinum (Ti-Pt), nickel-

aluminium (Ni-Al), iron-nickel (Fe-Ni),  iron-palladium (Fe-Pd), iron-platinum (Fe-Pt), 

etc., including nickel-titanium (Ni-Ti). Amongst these SMAs, mainly three binary alloy 

systems, namely Ni-Ti, Cu- and Fe-based alloys are popularly known to exhibit the 

shape memory properties viz. SME and PE have been the focus of research in design, 

development and applications. Figure 2.1 presents the family tree of popular binary 

SMAs. 

 

 Ni-Ti SMAs 

Nitinol (Ni-Ti) SMAs exhibit excellent shape memory effect, thermal stability, 

good pseudoelastic strain recovery, and high corrosion resistance. These advantages of 

the nitinol shape memory alloys are used as actuators/sensors/dampers in numerous 

non-medical fields, such as aircraft (Hartl and Lagoudas 2007), robotics (Furuya and 

Shimada 1991; Wen et al. 1994), spacecraft (Garafolo and McHugh 2018; Wilke et al. 

2000), Micro-Electro-Mechanical Systems (MEMS) and mini-actuators (Fujita and 

Toshiyoshi 1998; Mehrpouya and Bidsorkhi 2017; Nespoli et al. 2010), civil structures 

(Auricchio et al. 2006; Dieng et al. 2013; Torra et al. 2013), and automotive 

applications (Bellini et al. 2009; Stoeckel 1990). In addition, the researchers (Duerig et 

al. 1999; El Feninat et al. 2002; Sabahi et al. 2020) have presented a review on 

biomedical applications of nitinol SMAs due to their excellent biocompatibility. 

However, the martensitic transformation temperatures were modified at a limited level 

SMA

Ni-Ti Cu-X

Cu-Zn Cu-Al

Fe-X

Fe-Pd Fe-Pt

Figure 2.1 Types of binary SMAs. 



 

 

19 

 

by varying binary Ni-Ti SMAs chemical composition (Frenzel et al. 2010; Tang et al. 

1999) and the different thermos-mechanical treatment processes and parameters (Kök 

et al. 2016; Razali and Mahmud 2015; Shahmir et al. 2011; Yeung et al. 2004; Yoon 

and Yeo 2004). Further, the addition of ternary alloying elements into Ni-Ti SMAs, 

such as Cr, V, Co, Al, Nb, Mo, Fe, and Cu have been investigated by the researchers 

(Frenzel et al. 2015; Fu et al. 2009; Liu et al. 2006; Tatar and Kurt 2020) to reduce the 

martensitic transformation temperatures. Such that good permanence of pseudoelastic 

and shape memory behaviors occurs at well below ambient temperature. Though the 

use of Ni-Ti-based SMAs is limited in applications because of their difficulties in 

manufacturing and expensive. An economical alternative to Ni-Ti-based SMAs, Cu-

based SMAs were developed since the 1960s by the addition of binary and ternary 

alloying elements.  

 TYPES OF COPPER-BASED SHAPE MEMORY ALLOYS 

Copper-based SMAs have shown potential to use in numerous applications due 

to their considerable good shape recovery behavior, small transformation hysteresis, 

high damping coefficient, ease of manufacturing, low cost, wide transformation 

temperatures range because of easy to reduce the martensitic transformation 

temperatures by selecting an appropriate alloy composition, which makes them an 

economical alternative to Ni-Ti-based SMAs (Aldas et al. 2014; Dasgupta et al. 2014; 

Niitsu et al. 2011; Nnamchi et al. 2019; Özkul et al. 2019). The most popular binary 

Cu-based shape memory alloys, namely Cu-Zn and Cu-Al SMAs are classified on the 

basis of alloying ternary-doped elements and are depicted in Figure 2.2. Additionally, 

they are briefly explored, including their advantages, limitations, and different 

strategies for overcoming the numerous challenges that come upon replacing the Ni-

Ti-based SMAs, and these are discussed in the proceeding sections. 
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 Cu-Zn SMAs 

Binary Cu-Zn alloys containing 38.40 - 41.97 wt.% of Zn were investigated by 

the researchers for shape memory effect and pseudoelastic behavior (Cornelis and 

Wayman 1974; Schroeder et al. 1976; Wayman and Shimizu 1972), and the 

investigated results reveal that Cu-Zn SMAs exhibit good strain recovery. However, 

the main difficulty in the thermoelastic behavior of martensite in binary Cu-Zn alloys 

owes to the very high sub-zero martensitic transformation temperatures of these alloys 

(Cornelis and Wayman 1974). It is noted that the martensitic transformation 

temperatures of Cu-Zn alloys can be increased by the additions of ternary alloying 

elements such as Si, Sn, Ga, Al, or Ni (Dutkiewicz et al. 1993; Dutkiewicz and Morgiel 

1989; Perkins 1974; Rapacioli and Ahlers 1979; Saburi and Nenno 1974; Sathish et al. 

2014). Further, investigated for shape memory effect and/or pseudoelastic behavior on 

a number of ternary-doped Cu-Zn-X alloys, namely Cu-Zn-Al (Humbeeck et al. 1978; 

Perkins 1974; Rogueda et al. 1991), Cu-Zn-Si (Wield and Gillam 1972), Cu-Zn-Sn 

(Dvorak and Hawbolt 1975; Miura 2002), Cu-Zn-Ga (Delaey and Warlimont 1966; 

Wayman 1983), Cu-Zn-Ni (Sathish et al. 2014), and Cu-Zn-Mn (Chandrasekaran and 

Miodownik 1979). Among them, Cu-Zn-Al SMAs have become more popular and 

studied extensively due to their good shape memory behavior, high processing 

performance, and being quite economical to use in the applications (Najah Saud Al-

Humairi 2020; Özkul et al. 2019). 

Cu-based 
SMAs

Cu-Zn

Si Sn Ga Al Ni Mn

Cu-Al

Ni Be Mn Zn Fe

Figure 2.2 Types of Cu-based SMAs. 
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 Cu-Zn-Al SMAs 

Cu-Zn-Al alloys were the first ternary Cu-based shape memory alloys 

developed as an economical alternative to Ni-Ti-based SMAs due to their low cost of 

the raw materials and ease of fabrication using conventional melting and processing 

apparatus. Pops and Ridley (1970) investigated the influence of Al-doping on the 

thermoelastic martensitic transformations of 𝛽-phase Cu-Zn alloys to validate the 

stress-induced martensitic transformations property, called pseudoelasticity (PE). 

Figure 2.3 shows a pseudo-binary phase diagram of Cu-Zn-Al6wt.%, which also 

presenting a plot and its functional relationship for the reverse martensitic 

transformation temperature (𝐴𝑠) and is depends on both Zn and Al contents. Rapacioli 

and Ahlers (1977) studied the 𝐷𝑂3-type ordering of parent austenitic phase and Singh et 

al. (1978) calculated the critical temperature for 𝐷𝑂3-type ordering formation in Cu-Zn-

Al SMAs. They discovered that the 𝐷𝑂3-type ordering temperature is highly depending 

on alloying compositions, i.e., reducing sharply with increasing both Zn and Al contents. 

Dutkiewlcz and Morgiel (1986) investigated the effect of 𝐷𝑂3-type ordering on the 

austenite (𝛽1) ⇄ martensite (𝛽1
′) transformations in Cu-Zn-Al SMAs and is responsible for 

the shape recovery behavior. 

 
Figure 2.3 Pseudo-binary Cu-Zn-Al6 phase diagram (Duerig et al. 1990). 
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Researchers (Guilemany and Gil 1990, 1992; Perkins 1974) have prepared and 

investigated the PE/SME characteristics of ternary Cu-Zn-Al SMAs by varying its 

elemental compositions, i.e., 62 - 76 wt.%  of Cu, 12 - 37 wt.% of Zn, and 1 - 16 wt.% 

of Al, which yields phase transformation temperatures in the range of -100 to 100 °C. 

It was also revealed that increasing the Zn and Al elements-doping lowers the 

transformation temperatures. The alloys containing around 70 - 75 wt.% of Cu, 15 - 25 

wt.% of Zn and 6 - 8 wt.% of Al have the phase transformation temperatures close to 

room temperature and possesses small thermal/stress hysteresis (Bundara et al. 2000; 

Guilemany and Gil 1990; Humbeeck et al. 1978), consequently exhibits good SME/PE. 

However, the use of SMAs in applications are restricted due to the prime limitations, 

such as coarse grain size leads to intergranular brittle failure (Melton and Mercier 1979) 

and rapid strain hardening causes some structural damages like retained/stabilized 

martensite plates/needles, slip defects, and plastic deformation by generated 

dislocations, which leads to high residual deformation in both martensitic- and 

austenitic-phase Cu-Zn-Al SMA samples (Janssen et al. 1979; Li and Ansell 1983; 

Perkins and Muesing 1983). This high residual deformation/strain retained with 

mechanical cycling limits repeatability of the phase transformations, i.e., 𝛽1 ↔ 𝛽1
′, 

indicating deterioration in the pseudoelasticity of Cu-Zn-Al SMAs. 

 Cu-Al SMAs 

Cu-Al alloys, like Cu-Zn alloys, undergo thermoelastic martensitic 

transformations and are noticed from the research work by Greinger (1939). Later, the 

scientists Nagasawa and Kawachi (1971) have found SME in the alloy Cu-Al25 (at.%). 

Figure 2.4 depicts the relevant part of the binary Cu-Al phase diagram, which also 

shows a plot for the martensite start temperature (𝑀𝑠) and is a dependent function of 

aluminium content. It is observed that binary Cu-Al alloys containing around 19 - 28 

at.% (i.e., 9.1 - 14.1 wt.%) of Al shows the martensitic transformations (Swann and 

Warlimont 1963). The high-temperature 𝛽-phase of Cu-Al alloys containing more than 

22.4 at.% of Al has BCC structure, which first undergoes the 𝐷𝑂3-type ordering to form 

𝛽1-phase and then completely transforms to martensite phase (i.e., 𝛽1
′, 𝛽1

′ + 𝛾′ or  𝛾′) by 

rapid quenching to room temperature. The crystal structure of 𝛽1, 𝛽1
′, and  𝛾′ were found 

from the X-ray Diffraction and Transmission Electron Microscopy analysis by 
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(Kwarciak et al. 1986; Nishiyama and Kajiwara 1963; Swann and Warlimont 1963). 

The 𝐷𝑂3-type ordered 𝛽1-phase possess FCC structure and has a composition of Cu3Al. 

The martensite 𝛽1
′-phase consist of an orthorhombic (18R) structure and 𝛾′-phase has a 

hexagonal close-packed (HCP) structure. Further, it is noticed that the martensitic Cu-

Al25 (at.%) alloy has shown nearly complete reverse martensitic transformation, 

𝛽1
′→𝛽1, at high 𝑀𝑠 temperatures, i.e., above 340 °C, and the formation of cubic 

structured 𝛾2-phase precipitate particles of composition Cu9Al4 causes brittleness in the 

alloy (Murray 1985). Hence, binary Cu-Al alloys are not practically applicable owed to 

no SME/PE near to room temperature and poor mechanical properties that restricts their 

commercial developments for applications. 

 

From the existing literature, as discussed in the preceding paragraph, it is 

discerned that 𝛽-phase structure of water quenched Cu-Al binary alloy may not be 

retained, since the alloy 𝛽-phase and its ordered 𝛽1-phase decomposes to the stable 

phases. Therefore, a ternary element, namely Zn, Ni, Mn, Be, etc., was doped in the 

Figure 2.4 Binary Cu-Al phase diagram 
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Cu-Al binary alloys to stabilize phases 𝛽 and 𝛽1, and improving the functional and 

mechanical properties. The literature review is presented in the proceeding sections. 

 Cu-Al-Ni SMAs 

The addition of ternary nickel (Ni) element to copper-aluminium (Cu-Al) alloy 

efficiently decelerates the diffusion of Al and Cu contents and overwhelms the 

formation of Cu9Al4 ( 𝛾2-phase) intermetallic precipitates (Duerig et al. 1990; Lojen et 

al. 2005; Tadaki 1998). In addition, the domain of 𝛽-phase shifts toward higher Al 

contents and is presented in the pseudo-binary phase diagram of 4 wt.% Ni-doped Cu-

Al alloys system, as depicted in Figure 2.5. The solid- and dotted-lines of Figure 2.5 

shows the equilibrium diagram of the phases and the phase transformation temperature 

(𝑀𝑆), respectively, for Cu-Al-Ni alloys. The Ni-doping into 𝛽-type Cu-Al alloy as a 

ternary element efficiently benefits to decrease the phase transformation temperatures. 

Consequently, detected the strain and/or thermal induced reversible martensitic 

transformations near to room temperature (Chen 1957; Kurdyumov and Khandros 

1949; Otsuka and Shimizu 1969). Later, the shape memory responses have been studied 

in Cu-Al-Ni ternary alloys, i.e., PE/SE at room temperature (Otsuka et al. 1974; 

Rachinger 1958; Yang et al. 1977) and SME near to room temperature (Otsuka and 

Shimizu 1970; Sarma et al. 1972). 
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Kurdyumov and Khandros (1949) have first investigated thermoelastic 

martensitic transformations in 𝛽-type Cu-Al14.5 (wt.%) alloys with 1.0 to 1.5 wt.% of 

Ni-doping, and detected nearly complete reversible transformations without hysteresis 

loop in the temperature range of 0 to 10 °C. This investigation results stimulated further 

new interest in the research in the area of Cu-Al-Ni ternary alloys. In Cu-Al14.5-Ni1.5 

(wt.%) alloy the martensite (𝛾′) phase was observed on cooling to the temperature of 

about -35 °C. Upon subsequent heating, the reverse transformation from 𝛾′-phase to 

parent austenite (𝛽1) phase started at -10 °C and finished at 35 °C (Chen 1957). In 

addition, a thermal hysteresis of 25 °C was detected during the reverse 𝛾′ → 𝛽1 

transformation, and hence exhibits nearly complete 𝛽1-phase recovery. Initially, 

Rachinger (1958) and Otsuka et al. (1970) observed PE/SE in Cu-Al14.5-Ni3 (wt.%) 

monocrystalline alloy and SME in Cu-Al14.2-Ni4.3 (wt.%) polycrystalline alloy, 

respectively. Further, the researchers (Friend 1989; Malimánek and Zárubová 1995; 

Otsuka et al. 1979; Recarte et al. 1999; Sakamoto et al. 1987; Shimizu et al. 1978) 

discovered the various types of martensite phases (structures), such as  𝛽1
′  (18R), 𝛾1

′  

(2H) and 𝛼1
′  (6R) and that can be transformed from the parent austenite phase, 𝛽1(DO3) 

Figure 2.5 Pseudo-binary Cu-Al-Ni4 phase diagram (Lexcellent 2013). 
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of Cu-Al-Ni alloys, and these are primarily depending on chemical composition, 

applied stress and temperature. 

A few researchers (e.g., Agafonov et al. 1988; Oishi and Brown 1971; Otsuka 

et al. 1976; Recarte et al. 2002, 2004) investigated PE/SE and SME in Cu-Al-Ni SMAs 

by varying alloy compositions ranging between 13 - 15 wt.% of Al, 2 - 5.5 wt.% of Ni 

and remaining weight percentage of copper. They have found that the addition of both 

aluminium and nickel contents let down the phase transformation temperatures and 

which yields the phase transformation temperatures ranging from -150 to 210 °C. 

Consequently, detected that Cu-Al-Ni SMAs containing 14.5 ± 1 wt.% of Al, 3.5 ± 1 

wt.%  of Ni, and balanced wt.% of Cu, exhibits phase transformation temperatures 

around the room temperature and unveils good PE/SME. Nonetheless, these SMAs are 

not widely employed in applications because higher concentrations of Al and Ni 

generates brittle 𝛾2-phase particles at grain boundaries, that embrittles the parent 

austenitic phase alloys and hampers martensitic transformations (Husain and Clapp 

1987a; Svirid et al. 2017; Tadaki 1998).  

Pérez-Landazábal et al. (2006), Kannarpady et al. (2009) and López-Ferreño et 

al. (2020) have developed the high-temperature Cu-Al-Ni SMAs by choosing lower 

weight percentage of Al and Ni contents. This alloy provides an improvement in the 

thermal stability, forward and reverse transformations to the martensite phase with a 

small hysteresis, and thus exhibits good strain recovery at higher operating 

temperatures, i.e., up to 200 °C. Hence, these high-temperature shape memory alloys 

(HTSMAs) possibly can be used as actuators, sensors or dampers to fulfill the 

requirements for higher operational temperature locations, particularly in many 

applications, such as thermal switching, control and protection devices, aerospace and 

automotive industries (Duerig et al. 1982; Jani et al. 2014). However, Cu-Al-Ni 

polycrystalline SMAs show poor ductility, unsatisfactory mechanical strength and 

intergranular fracture without the formation of brittle-type secondary phase 

precipitates. Due to their large grain-size microstructure coupled with high elastic 

anisotropy under loading, which causes high stress-concentration at the grain 

boundaries (Miyazaki et al. 1981; Sarı and Kırındı 2008; Svirid et al. 2017). These 

shortcomings of Cu-Al-Ni shape memory alloys limit the applications. 
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 Cu-Al-Mn SMAs 

Manganese (Mn) as a ternary-doped element into Cu-Al alloys, improves their 

ductility and lowers the phase transformation temperatures (Kainuma et al. 1995; 

Matsushita et al. 1985). Added Mn operated as a stabilizing constituent for the phases 

𝛽 and 𝛽1 of Cu-Al alloy. It is also widen the domain of 𝛽-phase to either side of Al 

contents, as shown in Figure 2.6. It is seen that the critical transition temperatures allied 

with two types of order-disorder phase transitions, i.e., 𝛽(A2) → 𝛽2(B2) and 𝛽2(B2) → 

𝛽1(L21), decreases with reducing Al content (denoted by red color dotted-line). 

Alloying Mn into Cu-Al alloys system drops down the eutectoid decomposition 

temperature to 410 °C (Bublei and Titov 1990; Köster and Gödecke 1966), implying 

that the 𝛽-phase in Cu-Al-Mn SMAs possess more resistance to diffusional 

decomposition compared to other Cu-based alloys. Consequently, it creates a great 

interest in the development and investigation of Cu-Al-Mn alloys. 

 

Figure 2.6 Pseudo-binary Cu-Al-Mn10 phase diagram (Sutou et al. 1999). 
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West and Thomas (1956) have first studied the martensitic phase transformation 

behavior on Cu-Al-Mn ternary SMAs, and further investigation was carried out by the 

German scientists Köster and Gödecke (1966). Later in the 20th Century, the researchers 

(Agapitova et al. 1996; Blazquez et al. 1989; Bublei and Titov 1990; Dutkiewicz et al. 

1991; Lopez Del Castillo et al. 1986; López Del Castillo et al. 1987; Mallik and 

Sampath 2008; Zak et al. 1996) studied the influence of 8 – 15 wt.% of Al, 1 – 12 wt.% 

of Mn, and remaining copper contents-doping on thermoelastic martensite phase 

transformation characteristics of ternary Cu-Al-Mn SMAs. The results of the 

experiments unveiled that the phase transformation temperatures of ternary Cu-Al-Mn 

SMAs are becoming lower than those of binary Cu-Al alloys. The higher additions of 

aluminium and manganese contents decreased the transformation temperatures and 

yield in the range of -200 to + 250 °C by varying the chemical composition of the alloys. 

Figure 2.6 presents two types of martensitic transformations for shape recovery 

behavior in Cu–Al–Mn SMAs based on their aluminium concentration, i.e., (i) in the 

high aluminium concentration range above 16 at.% Al, the ordering transformation 

takes place from the parent 𝛽1 (L21) to 6M monoclinic 𝛽1
′  (18R) martensite, and (ii) in 

the low aluminium concentration range below 16 at.% Al, the ordering, A2 → L21 can 

be suppressed by rapid quenching and the martensitic transformation takes place from 

disordered BCC structure of 𝛽 (A2) to 2M disordered FCC structure of 𝛼′ (3R). 

A study by Matsushita et al. (1985) noted that alloying 1.0 wt.% of Mn to Cu-

Al system lowers the martensitic temperature (𝑀𝑠) by approximately 30 °C and also 

preventing the supercooled 𝛽-phase from precipitation to stable phases. Further, López 

Del Castillo et al. (1987) observed an increase in 1 wt.% Mn and Al into Cu-Al-Al 

alloys system gives rise to a reduction in 𝑀𝑠 of around 42-51 °C and 126 °C, 

respectively. It was also found that a simple linear relationship between 𝑀𝑠 and alloys 

composition over a relatively narrow composition range of Al (Sutou et al. 1999) and 

Mn (Zheng et al. 2007). Kainuma et al. (1995) initially discovered that Cu–Al–Mn 

alloys with a higher manganese content (Mn > 8 at.%) and a lower aluminium content 

(Al < 18 at.%) possess low degrees of order in the parent 𝛽1 (L21) phase, and thus shows 

good ductility, SME, and PE responses. However, the PE strain recovery in these alloys 

is still limited to the range below 2% and is not suitable for practical use in many 
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applications. Further, the investigators (Dasgupta et al. 2018; Jain et al. 2016; Kainuma 

et al. 1996; Sutou et al. 2002) discovered that Cu-Al-Mn polycrystalline shape memory 

alloys with higher  Al concentrations and ordered (𝛽2 or  𝛽1) structure are remain brittle 

and have extremely low fatigue strengths. Brittleness in these polycrystalline alloys 

arises from coarse grain-size microstructure, high elastic anisotropy during loading, 

high degree-of-order in the parent phase with a B2, DO3, or L21 structure, and the grain 

boundary segregation of secondary phase precipitates/impurities. Besides,  Kainuma et 

al. (1996) and Sutou et al. (2008) reported that ductility of Cu-Al-Mn can be improved 

with low weight percent of Al-doping (i.e., 16 - 17 at.%) by minimizing the degrees of 

order in the BCC structure of 𝛽-phase. Although these alloys possess higher 

transformation temperatures and shape recovery decreases with the presence of 

disordered parent  𝛽(A2) phase comparative to ordered parent 𝛽1(L21) phase.  

 Cu-Al-Be SMAs 

The ternary alloying element beryllium (Be) in a small weight percentage alters 

the equilibrium phase diagram of the Cu-Al alloys system. Figure 2.7 presents that the 

eutectoid plateau temperature is lowered, and all the transition temperatures curve of 

the quasi-binary phase diagram of 0.47 wt.% Be-doped Cu-Al alloys system is brought 

down. The addition of beryllium, unlike nickel, has no impact on the chemical 

composition of the alloy or temperature of the T-T-T (time-temperature-

transformation) diagram at low concentrations (Lexcellent 2013). Nickel (1957) 

initially showed that Be-doping as a ternary element in the Cu-Al binary alloy extended 

the domain of 𝛽-phase towards the lower aluminium side. Prawdzik et al. (1966) 

detected that ternary beryllium element doping to binary Cu-Al system drastically 

reduces the phase transformation temperatures to ambient temperature or below. This 

feature enables the prior alloy to be used in intermediate and low-temperature vibration 

damping applications. Higuchi et al. (1982, 1986) and Belkahla et al. (1991, 1993) have 

investigated the relationship between martensitic transformation temperature (𝑀𝑠) and 

composition in the ranges, 9 – 11.5 wt.% of Al and 0.59 - 0.86 wt.% of Be, and 10 - 

12.5 wt.% of Al and 0.3 - 0.65 wt.% of Be, respectively. From the investigations, the 

results revealed that the martensitic transformation temperatures of Cu-Al-Be ternary 

alloy lowers by approximately 900 °C per 1 wt.% Be-doping. In addition, it was found 
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that the weight concentration of beryllium affects 12 times greater than the weight 

concentration of aluminium. When a small weight percentage of beryllium is added to 

the eutectoid Cu-Al alloy composition close to Cu3Al causes a sharp reduction in the 

martensitic transition temperatures, with no changes in chemical composition. 

 

Zúñiga et al. (1991, 1995) reported that homogenized and water-quenched Cu-

Al11.9-Be0.5 (wt.%) alloys are in the single austenitic 𝛽-phase region. This 𝛽-phase 

exhibits good resistance to high temperature ageing, i.e., more than 100 h at 350°C. 

Jurado et al. (1995, 1997, 1998) noticed a unique type of disorder-order phase transition 

in Cu-Al-Be alloys on cooling, i.e., from a disordered 𝛽(A2) to an ordered 𝛽1(DO3) 

structure starts at about 530 °C. Upon further cooling, 𝛽1(DO3) structure of austenite 

phase transforms martensitically at a lower temperature, and these are strongly depends 

on alloy composition. A high temperature parent 𝛽1-phase of DO3 structure was 

observed in Cu-Al12.3-Be0.52 (wt.%) alloy system from the studies by Moreau et al. 

(1995). In addition, it is observed that thermoelastic martensite transformation starts by 

cooling or deformation, which produce a 𝛽1
′(18R) martensite phase and is reversible. 

Figure 2.7 Quasi-binary Cu-Al-Be0.47 phase diagram (Belkahla et al. 1993). 
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This martensitic transformation (DO3 ↔ 18R) is responsible for the shape memory 

characteristics exhibited by Cu-Al-Be alloy system. 

Researchers (Balo and Ceylan 2002; Belkahla et al. 1993; Ergen et al. 2013; 

Flores Zúñiga et al. 1991, 1996; Montecinos et al. 2006; Rios-Jara et al. 1991a; b) 

detected the changes in transformation temperatures, phase structures, shape memory 

effect or pseudoelasticity on Cu-Al-Be ternary SMAs by varying Al from 11.4 to 12.0 

wt.% and 0.31 to 0.86 wt.% of Be, yielding transformation temperatures ranging from 

-250 to +200 °C and as the temperature change does not modify the nature of 

thermoelastic martensitic transformations (𝐷𝑂3↔18𝑅) during strain recovery 

responses, and exhibits good PE/SME. Though ternary Cu-Al-Be SMAs exhibits good 

PE/SME behavior, the primary limitations of these SMAs are coarse grain-size 

microstructure  (Hsu et al. 2009; Montecinos et al. 2006, 2015) leads to intergranular 

failure, poor ductility, unsatisfactory mechanical strength, and susceptible to martensite 

hyperstabilization, which increases thermal/stress-induced transformation hysteresis 

and that resulting to a lower strain recovery (Kustov et al. 2004b; a; Montecinos and 

Cuniberti 2008; Torra et al. 2015). As a result, restricts their commercial usage in the 

applications. 

As a whole, the existing literature reveals that the ternary Cu-Zn-Al and Cu-Al-

X (where, X=Ni, Mn, Be) SMAs possess coarse grain-size microstructure and that 

causes a rapid-brittle-failure in applications. Consequently, the poor mechanical 

properties and brittle fracture of these SMAs limit their commercial usage without 

material/process modifications. To overcome these limitations, the scientists have 

investigated various techniques/approaches to improve the grain refinement, strength, 

ductility and shape recovery properties of the alloys, as discussed in the proceeding 

sections. 

 GRAIN REFINEMENT 

As literature discussed in the preceding sections present the applications of Cu-

based SMAs as well as their limitations primarily including the intergranular brittle 

failure and is owing to coarse grain-size microstructure. Further, it is evident from the 

literature discussed in the proceeding sections that the grain refining process increases 
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grain boundary area, which suppresses brittle failures and enhances the strength as well 

as ductility of the alloys. Therefore, the grain-size refinement was shown to be a critical 

factor in achieving improved functional and mechanical properties of Cu-based SMAs 

comparable to that of Nitinol-based SMAs (Ziółkowski 2015). Many efforts are being 

undertaken by numerous researchers to investigate the various techniques for grain-size 

refinements, such as heat treatments that includes annealing/ageing at various 

temperatures range and time-periods, quenching media and processes, quaternary 

alloying/inoculation of less-soluble elements called grain refiners, and the advanced 

secondary processing methods viz. severe plastic deformation (SPD) and melt spinning. 

 Heat Treatments 

Betatization is another heat treatment method employed to modify the grain size 

and vacancy concentration, which in turn affects the resistance of shape memory alloy 

to intergranular fracture (Lu et al. 1996). The following literature by several researchers 

has described the properties of shape memory alloys connected with grain size: Gann 

(1982) detected an increase in grain size with increasing solution treatment temperature. 

Besides, an increase in the grain size with increasing temperature and time of solution 

treatment has been reported in the Cu-based SMAs without and with grain refiners 

doping (Adnyana 1986; Lee and Wayman 1986a; b; Sure and Brown 1984). Gil et al. 

(1991, 1993) discovered the grain growth relationships for different heat treatment 

temperatures (750 – 900 °C) and times (3 – 60 minutes) and observed an exponential-

type increase in the grain size with increasing temperatures and times.  Lai et al. (1996) 

achieved fine grain size microstructure with lower vacancy concentrations to create 

defects for a shorter betatizing time of 10 minutes. 

Asanovic et al. (2002) investigated the effect of solution treatment temperatures 

(400, 450, 500 and 550 °C), times (1, 2, 4, 8, 16, 32, 64 and 128 minutes), and followed 

by room temperature water quenching on Cu-Zn18.05-Al5.35 (mass%) alloy grain-sizes 

that was initially solution treated at 850 °C for 10 minutes and iced-water quenching. 

They found an increase in the grain size with increasing both temperatures and times 

of the solution treatment. Sarı and Kırındı (2008) observed a slow increase in the grain 

size of Cu-Al11.92-Ni3.78 (wt.%) SMAs with increasing temperatures and times of the 
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betatization/annealing treatments, followed by iced-water quenching. In addition, 

forms the precipitates during low-temperature annealing at 650 °C for 40 minutes. 

Montecinos et al. (2008) evaluated the influence of annealing heat-treatment time on 

Cu-Al11.4-Be0.5 (wt.%) alloy grain sizes of cylindrical, tensile, and flat-type samples at 

various time-periods, i.e., 0 – 15min at 800 °C. They found that the grain size increased 

with increasing time and cylindrical-type samples have shown good grain size 

refinement compared to all other types. Zhang et al. (2009) investigated the effect of 

heat treatment on Equal Channel Angular Pressing (ECAP) Cu-Al11.42-Be0.35-B0.18 

(wt.%) alloy by selecting two sets of specimens: (i) the specimens reheated for 10 

minutes at various temperatures ranging from 350 to 700 °C, (ii) the specimens reheated 

at 600 °C for different times ranging from 10 to 70 minutes and followed by oil-

quenching. It was shown that the alloy microstructure did not modify substantially after 

quenching at a temperature below 600 °C, whereas the average grain sizes remained 

smaller than 50 microns after quenching at a temperature of 600 °C, and further 

individual grain coarsening ensued at a temperature above 650 °C. With a holding time 

of more than 30 minutes, grains grow larger and become more inhomogeneous. As a 

result, the appropriate optimal procedure was chosen for reheating at 600 °C for 10 – 

30 minutes holding time, and followed by oil cooling. Montecinos et al. (2009) 

observed 𝛾2 and 𝛼′ precipitates and that formed from the decomposition of 𝛽-phase of 

the Cu-Al-Be polycrystalline alloys under slow cooling rates, i.e., slower than 100 

°C/min, and thus no solid-state transformation occurs during phase transformations. 

Jiao et al. ( 2010) investigated the solution treatment of Cu-Al7.66-Mn9.52 alloys 

for 15 minutes at different temperatures ranging from 700 to 900 °C, followed by water 

quenching, and found no significant changes in the grain size. Though there are 𝛼-phase 

particles and no martensite phase in the alloy specimen solution treated at 750 °C when 

the solution treatment temperature was raised to 800 °C, the 𝛼-phase particles 

disappeared and the spear-like martensite appears. Further, higher solution treatment 

temperatures (T ≥ 825 °C) resulted in thicker martensite plates. Montecinos et al. (2010) 

investigation results revealed that the 𝛽-phase of Cu-Al22.60-Be3.26 (at.%) 

polycrystalline alloy rapidly decomposes into 𝛾2-phase precipitates during an 

isothermal treatment at temperature around 550 °C, and rises with increasing time. 
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While, the formation of 𝛼′-phase precipitates followed by the eutectoid (𝛼′ + 𝛾2) 

decomposition is seen at temperatures ranging from 400 to 500 °C. In addition, the 𝛽-

phase of alloys remained in the betatized samples for 5 minutes heating at 800 °C and 

followed by rapid water quenching at room temperature. The investigation results of 

Montecinos et al. (2012) revealed an increase in the grain size with increasing 

betatization times of 𝛽-type Cu-Al11.41-Be0.50 (wt.%) alloy samples at 800 °C and 

followed by rapid water quenching at room temperature. Canbay and Karagoz (2013) 

investigated the influence of annealing temperatures ranging from 700 to 850 °C for 1 

hour and detected an increase in the average grain sizes as temperatures raised. Haidar 

et al. (2018) examined quaternary Cu-Al-Ni-Co SMAs at two different annealing 

temperatures (400 and 500 °C) and times (1 and 3 hours) and discerned that the addition 

of cobalt element forms a new Co-rich 𝛾2-phase precipitates, which have a composition 

of Al5Co22Ni3, and the formation of precipitates rises with increasing time. Payandeh 

et al. (2021) studied the effect of solution treatment and ageing temperatures ranging 

between 200 and 900 °C for 8 – 180 minutes on Cu-Al13-Ni4 (wt%) polycrystalline 

SMAs. It was shown that the existence of 𝛾2-phase precipitates with a composition of 

Cu9Al4 up to 800 °C, while martensite is detected at 900 °C. The crystallization of 

martensitic phase without precipitates occurs following solution treatment for 20 

minutes at 900 °C, and subsequent ageing at 350 °C, increases the volume fraction of 

𝛽′-type martensites. 

 Grain Refiners 

 Boron 

Boron element attracts wide interest in alloying both Ni-Ti-based and Cu-based 

SMAs for substantial grain refinement, beneficial in improving strength and ductility 

(Han and Kim 1987; Suzuki et al. 1998; Yang and Mikkola 1993). Boron-dope acts as 

an effective grain refiner and the smaller grain sizes for Al (Antonio and Lfo 1971; 

Mohanty et al. 1995; Wang et al. 2011), Ti-Ni-Pd (Yang and Mikkola 1993),  Ti-Td-Ni 

(Suzuki et al. 1998), Cu (Lozovoi and Paxton 2008; Balart et al. 2015), Mg (Suresh et 

al. 2009), Ti-Al (Cheng 2000; Li et al. 2017), and Cu-Al (Davis and Committee 2001; 

Birol 2012) alloy systems. The extensive grain refinement with boron-dope owing to 
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higher heterogeneous nucleation sites in the cast alloys. The addition of boron (B) 

enhances the heterogeneous nucleation rate by providing additional driving force and/or 

dominant free-growth barrier due to large constitutional-supercooling/undercooling 

during solidification (Greer et al. 2000, 2003; Tamirisakandala et al. 2005). 

Improvements in the mechanical properties with B-doping attributes to its advantages 

like (i) small atomic radius (Lozovoi and Paxton 2008), which acts as an interstitial 

and/or substitutional solid solution element, and (ii) de-embrittling element (Balart et 

al. 2016; Laporte and Mortensen 2009), which enhances the cohesive strength of grain 

boundaries. Boron chemically combines with other metals and generates metal borides, 

namely AlB2, TiB2, and ZrB2 (Birol 2012; Jones and Pearson 1976), which origins 

heterogeneous nucleation sites to a greater extent and thus enhancing grain refinement 

in B-doped alloys. 

Lee and Wayman (1986b) revealed that the average grain size of 920 μm in a 

B-free Cu˗Zn25.7˗Al3.58 alloy and that was refined to 250 μm by the addition of 0.051 

wt.%B. Morawiec et al. (1990) added Ti and B together as grain-refiners in Cu–Zn–Al 

alloys and observed the grain size to 100 μm. Morris (1991, 1992) investigated Cu-

Al12-Ni4-Mn3 alloy with various addition of boron, i.e., 0.04 – 0.4 wt.% of B for grain 

refinement and achieved grain-size refinement of around ranging from 100 to 140 μm. 

Sampath (2006) observed the formation of bulky precipitates in Cu-Zn30.36-Al2.19 alloy 

with 0.2 wt.% of B-doping and that inhibits the martensitic transformations. Further, 

Sampath and Mallik (2009, 2015) unveiled grain-size refinement of Cu-Al-Mn alloy 

with 0.05-0.2 wt.% of B-doping, i.e., the grain-size reduction around ranging 340-100 

μm. Besides, they reported a decrease in strain recovery by SE and SME with adding 

boron elements to Cu-Al-Mn SMAs and is owing to precipitates pinning effect, which 

restricts the movement of austenite as well as martensite during phase transformations. 

Zhang et al. (2009, 2010, 2011) studied the effect of 0.18 wt.%B-doping in grain 

refinement of Cu˗Al11.42˗Be0.35 SMA under the equal channel angular pressing (ECAP) 

process and discerned a significant reduction in grain sizes of two microns with uniform 

dispersal precipitates after 8 passes, which had an adverse effect on the mechanical and 

shape recovery properties of SMAs due to precipitation formation. Aydogdu et al. 

(2016) investigated Cu-Al24-Mn6-BX (X = 0, 1, 2, 3, 4) and observed the precipitates 
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formation, loss of ductility, and a decrease in strain recovery by SME and SE with 

increasing B-doping. Zhang et al. (2019) observed that adding boron elements ranging 

0.25 – 2.0 wt.%B to Cu˗Al13˗Ni4 SMA results in good grain refinement and also 

enhances the mechanical properties. Hussain et al. (2019) observed that Cu-Al12-Ni4 

alloys with the additions of 0.1 and 0.3 wt.% of boron exhibit substantial enhancements 

in ductility and shape recovery properties. 

 Chromium 

Miki et al. (1989) studied the influence of various quaternary alloying elements 

to Cu-Al14-Ni3 SMA and chromium-dope shown reduced 𝛽 grain-sizes with fine 

precipitates. Besides, it is noticed that good ductility with Cr-dope compared to other 

dopants. Sutou et al. (2001) observed the reduction in parent 𝛽-phase grain sizes of Cu-

Al17-Mn10 (at.%) SMA with increasing chromium additions, i.e., from 0.5 to 2 at.% of 

Cr. The quaternary alloying of chromium element, i.e., 0.9 – 3.0 wt.% of Cr into Cu-

Al-Mn SMA by (Mallik and Sampath 2009) unveiled grain-size refinement with fine-

size secondary phase precipitates in the alloys 𝛽-phase owing to the limited solubility 

of chromium in the alloy matrix. In addition, it was shown that the shape recovery by 

superelasticity (SE) decreases because of solid solution or precipitation hardening in 

the parent 𝛽-phase. Cu-Al11.8-Be0.6 SMA with smaller concentrations up to 0.5 wt.% of 

Cr addition exhibits significant grain refinement. A maximum refinement size of 100 

µm was achieved with the addition of 0.5 wt.%Cr and is approximately 20 times smaller 

than the Cr-free alloy (Candido et al. 2012). Teixeira et al. (2015) noticed a reduction 

in grain size of Cu-Al-Ni alloys with an increase of chromium-doping, i.e., 0.74 – 2.26 

wt.% of Cr. Dasgupta et al. (2015) obtained a complete martensite microstructure 

without precipitation by adding 0.185 wt.% of Cr to Cu-Al12.12-Mn4.22 alloy. Yang et.al 

(2017) investigated the effect of Cr concentrations on the characteristics of Cu-Al-Mn 

SMA and detected grain size reduction with a small density of dispersive precipitates. 

The volume fraction of precipitates increases as Cr content rises, which improves the 

compressive strength while deteriorating superelastic properties. 
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 Nickel-Niobium 

A few researchers (e.g., Melo et al. 2009; Albuquerque et al. 2010a; b) have 

studied the addition of Niobium (Nb) - Nickel (Ni), and detected a reduction in the 

average grain size of Cu-Al-Be SMAs, i.e., from 1950 to 100.77 μm. Besides, an 

enhancement in strength from 350 to 750 MPa and ductility from 6.9 to 8.2%. This 

strengthening attributes to the existence of Nb-rich precipitates, which hinders the grain 

growth by pinning effect. Santiago et al. (2019) examined the addition of Ni-Nb master 

alloy to Cu-Al11.8-Be0.58 (wt.%) alloy and discerned that increasing weight percentage 

of the refiner improved the grain-size refinement with enhanced tensile strength. 

 Zirconium 

Lee and Wayman (1986a; b) investigated Zr-doped Cu-Zn-Al and Cu-Al-Ni 

SMAs and the results revealed that grain growth rates were suppressed effectively in 

Zr-doped alloys compared to other refiners. It was also discovered that a very low grain 

growth exponent of Zr, inhibits grain growth effectively. Further, revealed a fracture 

mode transition from intergranular to transgranular with Zr-doping. Chung et al. (1998) 

observed that grain size reduction in the Cu-Zn21-Al6 (wt.%) SMA by four times with 

0.5 wt.% of Zr-doping. Kim et.al. (1990, 1991) have reported that the fine grain-size 

microstructure of Zr-doped hot rolled Cu-Al-Ni SMA exhibits a significant increase in 

tensile properties with a complete ductile fracture mode. Bhattacharya et al. (1993) 

investigated Cu-Al13.3-Ni4.3 alloy and observed a significant grain-size refinement with 

0.3 wt.% of Zr-doping. Hsu and Wang (1996) have studied the superplastic forming 

behavior on Zr-doped Cu-Zn-Al alloy and detected that the grain size decreases as the 

solution treatment temperature lowers over five minutes of annealing time. Gil et al. 

(1999) had noticed a very slow grain growth rate for the 𝛽-type Zr-doped Cu-Zn-Al 

alloys in comparison with Si, Co and Mn-doped alloys subjected to different heat 

treatment schedules. Sampath et al. (2005, 2006, 2009) studied the influence of Zr-

dopant on microstructure, mechanical and shape recovery properties of Cu-Al-based 

SMAs and the outcomes revealed an effective grain refinement by the addition of Zr 

content. They revealed that the grain size reduction ratio of 60% in Cu-Al-Ni, 85% in 

Cu-Zn-Al, and 25% in Cu-Al-Mn alloys with 0.2 wt.% of Zr-doping. They also noticed 

a significant enhancement in mechanical and shape recovery properties with increase 
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in the weight percentage of Zirconium element, excluding Cu-Al-Mn alloys. The 

adverse effect in Cu-Al-Mn alloys owed to pinning effect caused by precipitate 

particles. 

Since the last decade, a few researchers have demonstrated a method of grain 

refinement by different inoculant-doping, viz. Cu51Zr14 and CuZr in Cu-Al-X (X = Mn, 

Ni) SMAs. In addition to grain refinement, many properties such as damping capacity, 

shape memory effect, hardness, tensile, and fracture mode can be changed. Yang et al. 

(2016) studied the influence of Cu51Zr14 inoculant doping on tensile and low-frequency 

damping properties of Cu-Al11.9-Mn2.5 SMAs, and the results reveal that refined grain 

size with a significant improvement in damping, ultimate tensile strength and ductility 

properties.  They also noticed a higher density of deeper dimples with an increase in 

the weight percent of inoculants up to 0.9%, which indicates ductile fracture. Jiao et al. 

(2018) have observed refined grain size in the CuZr inoculant-doped Cu-Al11.85-Mn2.47 

SMAs with controlled precipitation, in turn, significant improvement in hardness and 

damping. Besides, they reported that the shape recovery decreases with increasing 

precipitates. Ding et al. (2019) investigated the addition of Cu51Zr14 inoculant and 

discerned a substantial refinement in the grains as well as the improved damping 

properties of Cu-Al13.2-Ni4 SMAs.  

 Rare earth elements 

 The following literature presents that minor additions of Rare Earth Elements 

(REE), such as Cerium (Ce), Gadolinium (Gd), and Yttrium (Y) acts as effective grain 

refiners and thus show good grain-size refinement in the Cu-based SMAs. Bhattacharya 

et al. (1993) observed an excellent grain-size refinement of Cu-Al-Ni alloy with the 

addition of rare-earth metals, Yttrium and Mischmetal. The China scientist Xu (2008) 

investigated Cu-Zn26-Al4 alloy doped with 0 – 0.2 wt% of Gd and observed a significant 

reduction of the grain sizes. Yang et al. (2009) added 0.1 – 0.43 mass percentage of 

Mischmetal into Cu-Zn26-Al4 alloy and observed a substantial grain-size refinement, 

i.e., from the coarse grain-size of 1000 µm to the finer grain-size of 30 µm with alloying 

0.43 mass% of Mischmetal. Besides, they detected that the fracture strength and 

ductility enhances significantly with increasing the mass percentage of Mischmetal. 

Fracture morphology revealed that the addition of Mischmetal to Cu-Zn-Al alloy 



 

 

39 

 

effectively transforms intergranular cleavage to transgranular dimple fracture and is 

attributed to smaller grain sizes. Lu et al. (2009) investigated the effect of cerium -dope 

on Cu-Al12-Mn5 SMA and found that Ce-doping refines the grain sizes and thus 

enhances the damping capacity, tensile strength and ductility of SMAs. Zhang et al. 

(2016) investigated Cu-Al13-Ni4 alloy doped with 0 – 6 wt.% of Gd contents and 

observed that Gd-doping refines the grains and improves the mechanical as well as 

shape recovery properties of SMAs. 

 Severe Plastic Deformation 

Severe plastic deformation techniques, such as Equal Channel Angular Pressing 

(ECAP), Equal Channel Angular Rolling (ECAR), and Accumulative Roll Bonding 

(ARB) are the advanced secondary processing methods for grain-size refinement to 

improve mechanical properties, as described in the following literature: 

Zhang et al. (2009, 2010, 2011) investigated the effect of ECAP and post-

deformation annealing heat treatment on Cu˗Al11.42˗Be0.35-B0.18 SMA and the results 

unveiled that grain size refined effectively from 300 to 2 μm with diminutions in 

ultimate strength from 460 to 312 MPa, and ductility from 2.7 to 0.4% after eight 

passes. The ECAP processed fine-grained SMA had a lower shape recovery ratio than 

that of the as-cast Cu–Al–Be–B alloy. Further, ECAP processed Cu–Al–Be–B alloy re-

heated at 600 °C for 10 minutes and followed by room temperature oil-quenching, 

which coarsen the grains of around 50 μm with ultimate strength and ductility 

enhancements of 703 MPa and 3.2%, respectively. However, the adverse effect on 

shape memory properties was observed due to precipitation formation. Moghaddam et 

al. (2014, 2017) examined the effects of ARB, ECAR, and post-deformation annealing 

heat treatment on two groups of Cu-Al-Mn SMAs. It is discerned that 5-pass ARBed 

specimens after successive annealing at 700°C for 150 seconds and followed by water-

quenching, forms zig-zag morphology of martensitic phase for the grain size of 

approximately 20 – 40 μm with a tensile strength of 430 MPa and ductility of 8.5% is 

observed. Further, extended annealing at 700 °C for 5 minutes possesses grain 

coarsening of sizes ranging about 100 – 200 μm with improved tensile strength of 780 

MPa and ductility of 11%, and the fracture surface showing deep dimples. Whereas, 
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the shape recovery characteristics deteriorate because of the larger density of 

dislocations accumulated by phase transformations cycling. For the 5-pass ECARed 

specimens, controlling the annealing time of 105 seconds at 890 °C, resulted in more 

uniformity and smaller grain sizes with the coexistence of martensitic and bainitic 

phases with superior mechanical properties. Finally, Severe Plastic Deformation (SPD) 

techniques are impractical for bulk shape memory alloys (Zhang et al. 2009a). 

 Melt Spinning 

Matsuoka et al. (1983) investigated on grain size and mechanical properties of 

the Cu-Al-Ni ribbons prepared using the melt-spun (rapid solidification) technique and 

found that this technique is highly favorable for reducing the grain sizes. However, the 

Cu-Al-Ni SMA ribbons with fine grain structures remain brittle. Eucken et al. (1988) 

achieved various grain-size microstructures of Cu-Al-Ni SMA ribbons by varying the 

wheel speed, ejection pressure, and angle between the nozzle and the wheel of melt 

spinning. Lara-rodriguez et al. (2006) studied the influence of melt spinning unit wheel 

speed on grain sizes and transformation temperatures in the rapidly solidified Cu-

Al11.83-Be0.48 (wt.%) alloy ribbons. They discovered that the wheel speeds ranging from 

24 to 36 m/s effectively refine the grain sizes. The transformation temperatures 

(𝑀𝑓 , 𝑀𝑠 , 𝐴𝑠, 𝐴𝑓) decreases with increasing wheel speed and is owed to grain-size 

refinement. Ergen et al. (2013) observed that a rise in beryllium content with a constant 

wheel speed of melt spun unit reduces the grain sizes and also lowers the transformation 

temperatures of Cu-Al-Be SMAs. On the other hand, the rapid solidification processing 

(melt spinning) has the disadvantage of introducing internal stresses into the alloy, 

which can inhibit the growth of the martensitic plates. This effect implies deterioration 

in the shape memory characteristics of the alloy processed by melt spinning. Moreover, 

the melt spun processing is not a commercially attractive technique for bulk production 

of alloys (Agrawal and Dube 2018). 

  PHASE TRANSFORMATION TEMPERATURES 

The phase transformation temperatures are essential constraints in the selection 

of shape memory alloys for use in applications at the requisite operating zone. The 
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existing literature indicates that alloying quaternary elements improve the mechanical 

properties, despite the changes in the phase transformation temperatures. Further, 

varying the heat treatment procedures can increases/decreases the phase transformation 

temperatures, and the pertinent literature is as presented below: 

 Quaternary Alloying Elements 

Sutou et al. (2001) investigated Cu-Al-Mn alloys with quaternary dope 

elements, viz. 0.1 – 1.0 wt.% of vanadium (V) and 0.5 – 2.0 wt.% of chromium (Cr). 

They observed a reduction in the phase transformation temperatures with increasing the 

weight percent of V and Cr contents owing to fine grain sizes. Sampath and Mallik 

(2009a; b) studied the effect of quaternary alloying elements (B, Cr, Fe, Mg, Ni, Pb, Si, 

Ti, Zn and Zr) on Cu-Al-Mn SMAs, and noticed the lowering of phase transformation 

temperatures with raising the addition of Cr, Fe, Mg, Si and Ti, whereas B, Ni, Zn and 

Zr shifts the phase transformation temperatures toward a higher temperatures side. Lu 

et al. (2009) examined the addition of 0.05 – 0.15 wt.% Ce (REE) to Cu-Al12-Mn5 SMA 

and discerned a reduction in the phase transformation temperatures initially up to 0.10 

wt.% of Ce, and a further increase in the weight percent of Ce-doping rises the phase 

transformation temperatures. Melo et al. (2009) and Albuquerque et al. (2010a) 

detected that Nb- and Ni-doping forms Nb-rich precipitates into the matrix of the Cu-

Al-Be polycrystalline alloy, which increases the phase transformation temperatures. 

Candido et al. (2012) observed Cr-rich precipitates, which causes the depletion 

of beryllium (Be) content from Cu-Al-Be alloy matrix with 0.1 – 0.5 wt.% of Cr-doping 

and thus rises the phase transformation temperatures. Canbay et al. (2014) have 

measured the variations in transformation temperatures on Cu–Al–Mn SMA doped 

with quaternary elements, viz. 0.45 – 0.73 wt.% of vanadium (V), and 0.60 – 0.43 wt.% 

of cadmium (Cd) and observed that V- and Cd-doping lowers the transformation 

temperatures. Further, it was discovered that Cd-doping is more efficient in lowering 

the phase transformation temperatures than that of V-doping. Saud et al. (2014, 2015b; 

a) investigated the effects of quaternary elements, such as Co, Mn and Ti on martensitic 

transformation temperatures of Cu–Al–Ni SMA and detected that the addition of Co, 

Mn and Ti rises the martensitic transformation temperatures. Besides, it was noted that 
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Co-doping is more efficient in rising the transformation temperatures compared to 

others, and is due to the existence of Co-rich precipitates. Aydogdu et al. (2016) 

examined the changes of transformation temperatures on Cu-Al-Mn SMA by the 

addition of 1 – 4 at.% of boron (B) and discerned that an increase in the B-doping 

effectively rises the phase transformation temperatures. Zhang et al. (2016) discerned a 

reduction in the phase transformation temperatures of Cu-Al13.0-Ni4.0 alloys with 

increasing the addition of rare earth element gadolinium (Gd) up to 0.9 wt.%, and 

further higher additions of Gd slightly increases the phase transformation temperatures. 

Stipcich and Romero (2017) have observed higher phase transformation temperatures 

of Cu-Zn-Al SMA doped with 0.65 at.% Zr and is owed to the existence of precipitates. 

Yang et al. (2017a; b) studied the influence of Cr- and V-doping on transformation 

temperatures of Cu-Al-Mn SMAs. From the investigation results, it was shown that an 

increase in the additions of Cr and V to Cu-Al-Mn SMAs decreases and increases the 

transformation temperatures, respectively. 

Ding et al. (2019) studied the influence of combined additions of grain-refiners, 

viz. Cu51Zr14 inoculant and Ti element on the reversible characteristic transformation 

temperatures of Cu-Al-Ni SMA and noticed a reduction in the reversible characteristic 

transformation temperatures with a rise in refiners-doping due to smaller average grain 

size. Santiago et al. (2019) investigated the addition of Nb-Ni master alloy on phase 

transformation temperatures of Cu-Al11.80-Be0.58 alloy. They observed that an increase 

in the phase transformation temperatures with increasing refiners-doping i.e., up to 

0.65Nb-0.35Ni (wt.%) master alloy and further higher addition of master alloy lowers 

the phase transformation temperatures. Zhang et al. (2019) studied the influence of 

boron-doping on transformation temperatures of Cu-Al13.0-Ni4.0 alloy and discerned a 

reduction in the phase transformation temperatures with the cumulative addition of 

boron contents.  

 Effect of Thermal Treatments 

The phase transformation temperatures of SMAs can be modified by varying 

the thermal treatment parameters, i.e., time-periods and temperatures of annealing 
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(betatization/solution treatment), as well as cooling rate and quenching media have 

been studied by numerous researchers and the literature is as follows: 

The researchers (Adnyana 1986; Han and Kim 1987; Jiao et al. 2010; 

Montecinos and Cuniberti 2012) observed a rise in the phase transformation 

temperatures with increasing betatization/solution treatment temperatures and time-

periods of Cu-based SMAs without or with refiners-doping and is attributed to larger 

grain size. Dong et al. (1994) and Chung et al. (1998) investigated low temperatures 

ageing effects on the phase transformation temperatures of Cu-Al-Be-X (X = B, Cr, Ti, 

Zn) and Cu-Zn-Al-X (Mn, Zr) SMAs, respectively. Their investigation results show 

that the phase transformation temperatures slightly decrease with an increase in the 

ageing temperatures below 200 °C, and is owed to reduced vacancy concentrations and 

changes in the chemical composition of the parent phase. Further, higher ageing 

temperatures (≥200 °C) and times (>10 minutes) lead to the formation of secondary 

phase precipitates, which restricts the twin boundary movements and thus increases the 

phase transformation temperatures (Kozlova and Titenko 2006; Payandeh et al. 2021; 

Saud et al. 2015b; Suresh and Ramamurty 2008). Cuniberti et al. (2009) observed that 

a slow cooling rate forms 𝛾2-phase precipitates, and consequently raises the phase 

transformation temperatures. The scientists (Leu and Hu 1991; Shafeeq et al. 2016) 

have studied the effects of different quenching media and observed the lowering of the 

phase transformation temperatures with direct quenching (DQ) to water at room 

temperature due to the existence of pure austenitic/martensitic phase without 

precipitates. 

 PSEUDOELASTIC BEHAVIOR 

Heller et al. (2009) suggest a pseudoelastic/superelastic SMA as one of the 

simplest representations of the damper for vibration damping applications. The 

researchers (DesRoches and Delemont 2002; Hartl and Lagoudas 2007; Montecinos et 

al. 2008, 2011; Qian et al. 2016; Sharabash and Andrawes 2009; Song et al. 2006; Sutou 

et al. 2005, 2013; Wang et al. 2017; Zhang et al. 2008) have investigated the selection 

of pseudoelastic shape memory alloys for vibration damper and isolator applications 

based on their performance parameters such as critical stress to start the stress-induced 
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martensite transformation from the parent austenitic phase, work hardening rate after 

yielding, transformation hysteresis loop, reversible strain, residual strain, stiffness, 

loading-unloading speed, and energy dissipation capability. They reported that the 

effectiveness of pseudoelastic SMA dampers on vibration mitigation has the 

characteristics of good energy dissipation capability, high stiffness for small 

displacements, excellent self-centering capability, great versatility, long-term 

reliability, high reversible strain without significant deterioration in the pseudoelasticity 

or permanent plastic deformation, lesser residual strain, and high strength and ductility 

to prevent catastrophic brittle failure of the structures subjected to large deformations. 

The main characteristic features of pseudoelastic behavior, as discussed in the 

preceding paragraph, are primarily dependent on the morphology and microstructural 

properties of SMAs, such as crystalline type, grain size, texture, structure change of 

phase transformations mechanism, precipitates, etc. From the existing literature 

(Kaouache et al. 2004; Kato et al. 1999; Sade et al. 2015; Siredey-Schwaller et al. 2009; 

Suresh and Ramamurty 2007; Yawny et al. 2000), it is observed that monocrystalline 

ternary Cu-based SMAs have shown superior pseudoelastic strain recovery compared 

to Ni-Ti-based SMAs (Ammar et al. 2017; Xiao et al. 2016). On the other hand, the 

preparation of single-crystal particularly for large-size production of bulk alloys is 

difficult (Xie et al. 2015). Consequently, the focus was concentrated on polycrystalline 

ternary Cu-based SMAs because polycrystalline technology is usually simpler and less 

costly than that of monocrystals. However, the utilization of pseudoelastic Cu-based 

polycrystalline alloys is limited in many potential applications, such as efficient energy 

dissipation and recentering dampers due to their shortcomings, viz. low pseudoelastic 

strain recovery, high brittleness, unsatisfactory mechanical strength, short life cycle, 

poor cold-workability, and easy intercrystalline crack initiation and propagation. These 

shortcomings of polycrystalline Cu-based SMAs are attributed to their high elastic 

anisotropy in the parent phase and coarse grain-size microstructure (Fu et al. 2016; 

Kaouache et al. 2006; Miyazaki et al. 1982; Montecinos et al. 2006; Sedlák et al. 2005; 

Sutou et al. 2009; Tadaki 1998; Xu et al. 2011; Zhu et al. 2009). Consequently, the poor 

functional and mechanical properties of these SMAs limit their commercial usage 

without material/process modifications. 
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Montecinos et al. (2008, 2011) observed that the martensitic transformation 

temperatures diminished and forward transformation (𝐴 → 𝑀) stresses increased with 

a decrease in grain size of the heat-treated Cu-Al11.4-Be0.5 alloys. Sade et al. (2014) 

presented that as grain size decreases, the pseudoelastic properties of Cu-Al-Be 

polycrystalline SMAs enhances. (Sutou et al. 2002, 2004, 2005, 2013) investigated the 

grain size and texture dependency of pseudoelastic behavior on Cu-Al-Mn-based 

SMAs. From the investigation results, it is apparent that the critical stress for stress-

induced martensitic (SIM) transformation and work-hardening rate (𝑑𝜎𝑃𝐸 𝑑𝜀⁄ ) after 

yielding enhances with reduction of grain size. A maximum pseudoelastic strain 

recovery is obtained in the {112}〈110〉 textured direction of sheet specimen with a large 

relative grain size. Dutkiewicz (1999) observed good superelasticity with 𝛽1(𝐷𝑂3) ↔ 

𝛽1
′(18𝑅) transformations and a deterioration of the superelasticity caused by the 

formation of 𝛾1
′(2𝐻) martensite rather than 𝛽1

′(18𝑅) martensite. Cuniberti et al. (2009) 

observed the formation 𝛾2-phase precipitates on Cu-Al22.66-Be2.98 (at%) polycrystalline 

SMA by slow cooling from 800 °C to the temperature (𝑇𝑄) ranging from 580 to 530 °C, 

and followed immediately by rapid water quenching at room temperature. The volume 

fraction 𝛾2-phase precipitates increases as 𝑇𝑄 lowers, which causing deterioration in the 

pseudoelastic strain recovery. The scientists (Kozlova and Titenko 2006; Sutou et al. 

2009) have studied low-temperature ageing on Cu-Al-Mn-based SMAs and detected 

that deterioration in the pseudoelasticity with increasing ageing time owed to the 

existence of precipitates. Yang et al. (2019) observed an excellent superelasticity on 

Cu-Al13.96-Mn9.84 SMA with the addition of 0.51 wt.% of tungsten (W). The researchers 

(Sampath and Mallik 2009; Yang et al. 2017a; b) investigated the influence of minor 

additions of grain refiners on Cu-based SMAs and observed excellent grain-size 

refinement with improved PE shape recovery properties. Besides, it was shown that 

higher addition of grain refiners i.e., solid solubility limit forms secondary phase 

precipitates, does have an adverse effect on grain-size refinement as well as PE shape 

recovery properties (Ding et al. 2019; Jones and Pearson 1976; Yang et al. 2017a). 
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 IDENTIFICATION OF THE PROBLEM 

The efficient energy dissipation and recentering characteristics of dampers are 

much necessary for vibration damping/isolation applications of structures that require 

higher PE strain recovery and longer functional life without significant degradation or 

permanent plastic deformation, along with high stiffness, strength, and ductility. All of 

these properties required for the utilization of SMA dampers in civil and structural 

applications are primarily dependent on the elemental composition and heat treatments 

employed in the preparation and processing of alloys. 

Ni-Ti-based shape memory alloys are used in many applications and already had 

a commercial presence due to their superior advantages, such as high strain recovery 

and long functional life. Nevertheless, these are restricted to their vast usage due to 

shortcomings like processing difficulties and high cost. Cu-Al-based SMAs are selected 

as a prime alternative to Ni-Ti-based SMAs owing to their ease of manufacture and 

economical. All ternary Cu-based polycrystalline SMAs have shown poor mechanical 

properties and rapid brittle failure in the application, owing to the coarse grains. The 

addition of different grain refiners (i.e., B, Cr, Ti, V, Zr, and REE, etc.) and thermal 

treatments (betatization) modifies the grain sizes, grain boundaries, phase 

transformation temperatures, and the phases as well as their structures of the ternary 

base alloys. It is observed that the identical refiner behaves differently in two distinct 

ternary alloys depending on metal characteristics and treatments. 

Among the family of Cu-based polycrystalline SMAs, these alloy dampers and 

isolators are limited their usage in practical applications because; (i) Cu-Zn-Al SMAs 

undergoes rapid strain hardening by stabilized martensites at room temperature, (ii) Cu-

Al-Ni SMAs hinders martensitic transformations and fails brittle owing to the existence 

of secondary phase precipitates along the grain boundaries, and also possess high 

transformation temperatures, (iii) Cu-Al-Mn SMAs with higher wt.% of Al remains 

brittle and have extremely low fatigue strength, whereas lower weight percentage of 

aluminium does have high transformation temperatures, preventing pseudoelasticity at 

room temperature, and, and (iv) Cu-Al-Be SMAs with lower wt.% of Al has a wide 

range of transformation temperatures, i.e., from -200 to +200 °C and also shown good 
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pseudoelasticity at room temperature. However, the parent austenitic phase of Cu-Al-

Be SMAs possesses a coarse-grained microstructure that is inherently brittle. 

 RESEARCH GAPS 

From the literature survey, it is observed that beryllium (Be) as a ternary element 

is now often added into Cu-Al alloys to develop pseudoelastic SMAs at room 

temperature, as very small changes in weight percentage of the beryllium can cause 

drastic differences in phase transformation temperatures. In general, the addition of 0.1 

wt.%Be to the Cu-Al alloy reduces phase transformation temperatures by 

approximately 90 °C. The unique characteristics of polycrystalline Cu-Al-Be SMAs, 

such as pseudoelasticity (PE), shape memory effect (SME), and damping effect are 

enhanced by refining the grain size. However, grain refinement can be restricted to a 

minimal extent by various methods of thermal treatment. The addition of 

solutes/inoculants is a simple and efficient technique of grain refinement in bulk alloys 

and is also beneficial in improving strength and ductility. However, the influence of 

grain refiner elements boron and zirconium has not been reported on the pseudoelastic 

behavior of Cu-Al-Be SMAs. This has motivated us to investigate the influence of 

quaternary elements, boron- and zirconium-doping into Cu-Al-Be polycrystalline 

SMAs to improve the strength, ductility, and pseudoelastic strain recovery without 

significant martensite stabilization or permanent plastic deformation at ambient work 

temperature. On the basis of the preceding discussion, the present research objectives 

were designed and presented in the proceeding section. 
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 OBJECTIVES 

The objectives of the present research work drawn from the study are as follows: 

 To investigate the role of alloying additions on phase transformations, 

mechanical and pseudoelastic properties of Cu-Al-Be SMAs. 

 

 To investigate the influence of grain refiner elements boron and zirconium on 

morphology, microstructure, mechanical properties and pseudoelastic behavior 

of parent austenitic phase Cu-Al-Be SMAs. 

 

 To examine the effect of extended pseudoelastic cyclic loading and unloading 

on the change of transformation mechanism including SMA response 

stabilization, and suitability for use as vibration damping material. 

 

 To examine the microstructural modifications and characterize the defects 

generated by pseudoelastically deformed SMAs. 

 

 CLOSURE 

This chapter presented a detailed overview of the comprehensive literature on 

shape memory alloys and their types. Besides, the literature connected to the numerous 

techniques and investigations to the enhancement of grain-size refinement, variations 

in phase transformation temperatures, mechanical and pseudoelastic shape recovery 

characteristics was provided. Based on the existing literature, the problem and research 

gaps were identified, and further objectives were defined. The next chapter discusses 

the complete details of metals and their elemental compositions used in the present 

investigation. Besides, the methodology for producing shape memory alloys as well as 

the standards used for alloy characterization are presented. 



 

 

49 

 

CHAPTER 3 

3 MATERIALS AND METHODS 

 INTRODUCTION 

 This chapter presents a detailed discussion of metals and variations in their 

elemental composition range used in the investigation of SMAs and the methodology 

for preparing and processing the alloys/specimens in three sections. The first section 

discusses the metals, master alloys, and their purity. The second section discusses the 

methodology used for the preparation of SMAs and the specimens/samples for 

characterization studies. The third section discusses the procedures and ASTM 

standards used for X-ray diffraction, microstructure, grain size, morphology, 

transformation temperatures, uniaxial tensile test for mechanical properties, and cyclic 

tensile test for pseudoelastic response studies. 

 ELEMENTAL COMPOSITIONS 

In the present study, Cu-Al-Be ternary SMAs were selected as the base/nominal 

alloys. Four different combinations of nominal alloys investigation are carried out 

between hypoeutectoid and hypereutectoid compositions. Further, boron and zirconium 

are selected as grain refiners to improve the grain refinement of SMAs. Table 3.1 

presents the elemental composition range of the elements considered for the preparation 

of the shape memory alloys. 

Table 3.1 Elements and their weight percentages. 

Sl. No. Metal Range (wt.%) 

1.  Copper (Cu) Remaining 

2.  Aluminium (Al) 11.00 - 11.80 

3.  Beryllium (Be) 0.50 - 0.60 

4.  Boron (B) 0.05 - 0.20 

5.  Zirconium (Zr) 0.05 - 0.30 
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 METALS AND PURITY 

The raw materials used in this investigation are high purity copper, aluminium 

and the different master alloys including CuBe4, CuB2, and Cu51Zr14 are as presented 

in Figures 3.1 – 3.5. Aluminium is used in the form of small buttons. Copper and all 

master alloys were sliced into small pieces from the respective ingots using a shear 

cutting machine. The purity of raw materials is given in Table 3.2. 

Table 3.2 Type of metals and their purity. 

Sl. No Metals Purity (%) 

1.  Copper 99.95% 

2.  Aluminium 99.90% 

3.  Copper Beryllium - CuBe4 99.99% 

4.  Copper Boron - CuB2 99.99% 

5.  Copper Zirconium - Cu51Zr14 99.99% 

 

 

 

Figure 3.1 Copper. 

 

Figure 3.2 Aluminium buttons. 
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 METHODOLOGY 

The experimental methodology as shown in Figure 3.6 was carried out in the 

present investigation. This includes experimental procedures carried out for preparing 

alloys for the investigation of phases/precipitates, morphology, microstructure, 

transformation temperatures, tensile properties, fractography, pseudoelastic hysteresis 

behaviors and microstructural modifications. 

Figure 3.3 CuBe4 master alloy. 

Figure 3.4 (a) Photograph of CuB2 inoculant and (b) EDS of CuB2 inoculant. 

(a)  

(b)  

Figure 3.5 (a) Photograph of Cu51Zr14 inoculant and (b) EDS of Cu51Zr14 inoculant. 

(a)  

(b)  
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Figure 3.6 Flow chart of methodology. 
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 Alloy Preparation 

In the following subsequent sections, the details of experimental procedures 

carried out for preparing alloys and samples have been discussed. 

 Melting and casting 

Initially, small pieces of raw materials were weighed accurately as per the 

nominal compositions of the alloy elements in terms of weight percentage (wt.%) using 

a four-decimal digit display weighing machine. The mixture of 250 grams of raw 

materials was melted in an isostatic graphite crucible sited in an induction furnace 

heating-coil chamber under an argon protective atmosphere (99.999% Ar purity) and is 

shown in Figure 3.7(a). Melt was thoroughly stirred and then poured into the preheated 

die steel molds with a cavity size of 100×100×2.5 mm, and allowed to solidify. Further, 

the cast alloys were remelted twice to ensure better homogeneity and cast was made in 

the form of a plate, as shown in Figure 3.8(a). 

 Homogenization 

The solidified cast plates were homogenized at 850 °C for four hours in a muffle 

furnace (Figure 3.7b) under an argon protective atmosphere to ensure homogeneous 

distribution of alloying elements in the matrix, and then air-cooled to ambient 

temperature to prevent cracking (Davis and Committee 2001).  

 Sample preparation 

The alloy specimens for the investigations were extracted from homogenized 

cast plates using a wire electrical discharge machine (WEDM) for microstructural, 

tensile, and pseudoelastic response studies and a low-speed diamond cutting machine 

for differential scanning calorimetry (DSC) test to measure the phase transformation 

temperatures of the alloys. 

 Betatization 

   The alloy specimens extracted from WEDM were betatized/annealed at 850 °C 

for 10 minutes under an argon protective atmosphere to avoid oxide formation and then 

rapidly quenched into water at room temperature. 
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Several stages involved in the fabrication and processing of Cu-Al-Be-based 

SMA specimens are illustrated schematically in Figure 3.9. 
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Figure 3.7 Photographs of (a) Induction melting furnace with argon gas setup and 

(b) Muffle furnace with argon gas setup. 
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Figure 3.8 Photographs of (a) Alloy plate and (b) Tensile specimen. 
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Figure 3.9 Stages of the preparation and processing of Cu-Al-Be-based SMAs. 
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 Characterization 

Betatized and quenched alloy specimens were investigated for phase identification, 

morphology, microstructure, phase transformation temperatures, mechanical properties, 

fractography, pseudoelastic hysteresis responses using various apparatuses, and procedures 

for average grain size and main characteristic features of pseudoelastic hysteresis plot. 

These are discussed in detail in the proceeding sections. 

 Elemental composition 

The actual/elemental composition of SMAs was determined using AMETEK make 

spark discharge-based optical emission spectrometer (Model: MAXxLMF04). The spark 

was ignited at three distinct spots on the homogenized SMA plate. Therefore, each outcome 

is the average of three measurement readings. Agilent make inductively coupled plasma 

optical emission spectrometer (ICP-OES, Model: Agilent-5100) was employed to measure 

the actual composition of boron elements. Alloy samples for the ICP-OES test were 

digested in 10 ml reverse aqua regia solution (i.e., 8 ml HCl+2 ml HNO3) and then diluted 

in distilled water (dilution factor: 0.1). These diluted samples were tested at wavelengths 

of 249.677, 313.107, 396.153 and 327.393 nm for boron, beryllium, aluminium and copper, 

respectively. 

 X-ray diffraction - Phase identification 

Phases exist in the betatized and quenched SMAs, and their crystal structures were 

analyzed using Rigaku make X-ray Diffractometer (XRD, Model: Miniflex 600). The alloy 

specimen was placed in a rectangular-shaped aluminium holder with an adhesive tape 

backing and then laid on the sample stage. The copper anode was then rotated from 

2θ=20°–90° at a scan speed of 2°/min under monochromatic CuKα1 radiation of 

wavelength, 𝜆 = 1.54056 Å at 40 kV and 15 mA. 
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 Specimen preparation – Morphology and microstructure 

To investigate the microstructure and surface morphology of SMAs, the betatized 

and quenched specimens were initially polished by mechanical grinding with a typical 

sequence of coarse- to ultrafine-grit abrasive papers (i.e., 80, 120, 400, 800, 1000, 1500, 

2000 and 2500 grit), and then final polishing was carried out using velvet cloth with 

alumina slurry (1 µm size Al2O3 powder and distilled water). After ensuring a scratch-free 

surface by final polish, etched with a solution of 2 g of FeCl3 + 2 ml of HCl + 95 ml of 

methanol. The etched surface is thoroughly cleaned with distilled water and dried out to 

assess the morphology and microstructure. 

 Morphology 

The surface morphology, secondary phase precipitates, and its elemental 

composition were studied using Zeiss make field emission scanning electron 

microscope (FESEM, Model: Gemini-300) equipped with energy dispersive 

spectroscopy (EDS, Model: EDAX - AMETEK). 

 

 Microstructure 

The microstructural changes of SMAs were captured using Zeiss make optical 

microscope (OM, Model: Axiocam-105 color). 

 Grain size measurement 

The average grain size of the SMAs was measured from the optical micrographs by 

adopting the linear intercept method as per ASTM E1382 standard - automatic and 

semiautomatic image analysis tools. 

 Phase transformation temperatures  

The phase transformation temperatures were obtained using a differential scanning 

calorimeter (DSC, Model: Perkin, Elmer-6000) equipped with a liquid nitrogen 

environment. SMA specimens with a weight between 35 to 45 milligrams were extracted 

from the alloys using a low-speed diamond cutter and sealed in a DSC pan with a covering 
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lid. The sealed DSC pan was inserted into the chamber and heated at a scan rate of 10 

°C/min from -50 to 100 °C, then cooled to -50 °C. DSC testing consists of three cycles: 

heating, cooling, and heating. DSC curves/thermograms were recorded from the first 

cooling and second heating cycle. Phase transformation temperatures of the martensite 

(𝑀𝑠, 𝑀𝑓) and austenite (𝐴𝑠, 𝐴𝑓) were determined from DSC thermograms by adopting the 

baseline tangent method, and enthalpy change (ΔH) was measured from the area under the 

phase transformation cycles of the DSC curve, as shown in Figure 3.10. Enthalpy is the 

chemical energy required for phase transformations, and the enthalpy change in SMAs 

comprises of two reactions: endothermic and exothermic. As the name implies, “∆𝐻𝑀→𝐴” 

occurs when the heat energy is added for martensite to austenite transformation and is 

preceded with a positive sign, i.e., an endothermic reaction, while “∆𝐻𝐴→𝑀” takes place 

when the heat energy is removed from austenite to martensite transformation and is 

preceded with a negative sign, i.e., an exothermic reaction. 

 

 

Ms 
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Figure 3.10 Schematic of the measurement for phase 

transformation temperatures from DSC curves. 
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 Mechanical properties – Uniaxial tensile test 

Uniaxial tensile tests were performed on the SMA samples using a universal testing 

machine (Make: Shimadzu, and Model: AG-X Plus, 100 kN) to assess the mechanical 

properties, such as ultimate stress and ultimate strain. Figure 3.8(b) depicts the 

photographic image of betatized and quenched tensile specimen. Flat dog-bone-shaped 

specimens were prepared as per ASTM E8/E8M standard for 25 mm gauge length, and 

tests were carried out with a loading rate of 1 mm/min at room temperature (i.e., parent 

austenite state). 

 Fractography 

Tensile fracture modes were analyzed using a field emission scanning electron 

microscope (FESEM, Make: Zeiss, Model: Gemini-300). 

 Pseudoelastic behavior – Cyclic tensile test 

The pseudoelastic behavior of SMAs was studied by performing a cyclic tensile 

test consisting of mechanical loading in the first half-cycle up to the selected deformation 

strain, and then unloading in the next half-cycle, as schematically illustrated in Figure 3.11.  

All the cyclic tests were set to a constant cross-head speed of 0.1 mm/min to record 

hysteresis of stress-induced shape recovery at an ambient temperature, i.e., above the 

austenite finish temperature (𝐴𝑓). For all the hysteresis tests, a flat dog-bone-shaped 

specimen was subjected to a single cycle or extended cycles of loading and unloading. 

Hysteresis plot features denote the main characteristics of pseudoelastic behavior 

(Montecinos et al. 2008; Sade et al. 2014; Sutou et al. 2013), namely critical stress (𝜎𝑐𝑠) 

for the transformation of parent austenite (𝐷𝑂3) to stress-induced martensite (18𝑅), 

pseudoelastic transition slope (𝑑𝜎𝑃𝐸 𝑑𝜀⁄ ), stress hysteresis (∆𝜎), and residual strain (𝜀𝑟). 

The procedure to assess plot features is as follows, the first linear segment of the 

pseudoelastic loading curve indicates the elastic regime of the austenite phase, whereas the 

linearity deviation is related to the start of austenite to martensite transformation. 

Consequently, the stress at the end of the first linear segment is denoted as 𝜎𝑐𝑠. The 
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progression of martensite transformation exhibit nearly constant stress (𝜎) – strain (𝜀) path, 

and the work-hardening rate defined by the slope, i.e., 𝑑𝜎𝑃𝐸 𝑑𝜀⁄  after yielding and is called 

pseudoelastic transition slope. On releasing the applied load, martensite retransformation 

into austenite forms a hysteresis loop, and show nearly constant 𝜎–𝜀 path at relatively lower 

stress levels than that of martensite transformation path; thus, “∆𝜎”  is a measure of stress 

difference between the martensite transformation and retransformation paths,  i.e., ∆𝜎 =

 (𝜎𝑃𝐸)𝐿oading − (𝜎𝑃𝐸)Unloading, and this was determined at median of the selected 

deformation strains (𝜀𝑑). Residual strain, 𝜀𝑟  is defined as the irreversible strain that 

remains permanently in the alloy after complete unloading. Finally, the microstructural 

modifications and defects generated after the pseudoelasticity tests were examined using 

both optical microscopy and XRD studies. 
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Figure 3.11 Schematic of the pseudoelasticity (PE) test. 
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  CLOSURE  

 This chapter presented a detailed description of the metals used in the investigation, 

including their purity and the range of elemental compositions. In addition, the 

methodologies for the preparation and processing of alloys as well as specimens for the 

present characterization studies, namely, X-ray diffraction, morphology, microstructure, 

grain size, DSC test, and uniaxial and cyclic tensile tests have been reported. The 

proceeding chapter presents experimental investigation results and discussion on the 

influence of ternary- and quaternary-doped elements on the properties of SMAs and their 

mechanisms. 
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CHAPTER 4 

4 RESULTS & DISCUSSION 

 INTRODUCTION  

This chapter presents the details of the elemental compositions of Cu-Al-Be-X (X=B, 

Zr) shape memory alloys used in the present investigation. The role of ternary and 

quaternary elements on metallurgical, mechanical, and pseudoelastic behavior of the SMAs 

has been examined. The mechanisms of phase modifications, grain-size refinement, 

precipitate formations, variations in phase transformation temperatures, changes in tensile 

properties, and the pseudoelastic shape recovery response of the evaluated alloys have been 

discussed. Section 4.2 shows the results of ternary Cu-Al-Be polycrystalline shape memory 

alloys. Sections 4.3 and 4.4 presents the results of quaternary added elements, i.e., boron- 

and zirconium-doped SMAs, respectively. The closure of this chapter provides suitable 

alloying elements and their optimal compositions for developing a damper for vibration 

damping applications. 

 TERNARY Cu-Al-Be SMAs 

In the present investigation, four sets of ternary Cu-Al-Be polycrystalline SMAs 

were prepared by varying the weight percentage of aluminium, 11.0 ≤ Al ≤ 11.8 wt.%, and 

beryllium, 0.5 ≤ Be ≤ 0.6 wt.%. The actual (as-cast) elemental composition of Cu-Al-Be 

SMAs are tabulated in Table 4.1 and denoted as A1-4, where, A denotes the alloy and the 

number placed in subscript indicates the alloy type. 
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Table 4.1 Elemental compositions of Cu-Al-Be SMAs. 

Sl. No. Alloy 
Actual composition (wt.%) 

Cu Al Be 

1. A1 87.6 11.08 0.458 

2. A2 87.2 11.53 0.497 

3. A3 86.7 11.98 0.55 

4. A4 86.3 12.23 0.57 

 X-ray Diffraction (XRD) – Phases Identification 

The prepared ternary Cu-Al-Be SMA samples were betatized and then rapidly 

quenched into water at room temperature, as discussed in Section 3.4.1.4. The phases that 

exist in the evaluated alloys are analyzed by XRD and X'Pert HighScore software and are 

presented in Figure 4.1. 

 
Figure 4.1 Normalized X-ray diffractograms of Cu-Al-Be SMAs. 

(● – 𝛽1),   (♦ – 𝛽1
′),   (◊ – 𝛾1

′) 
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X-ray diffractograms of Cu-Al-Be SMAs shown in Figure 4.1, confirms the phases 

and structures of the alloys by varying wt.% of aluminium and beryllium. Diffractogram 

of the alloy A1 reveals the presence of complete martensite phase of orthorhombic (𝛽1
′ −

18𝑅) and monoclinic (𝛾1
′ − 2𝐻) structures are denoted with the symbol (♦) and (◊), 

respectively. The higher additions of Al and Be to A2 exhibit a mixture of both austenite 

(●) and martensite phases. Furthermore, the increase of Al and Be into A3 and A4 process 

a pure austenite phase of cubic (𝛽1 − 𝐷𝑂3) structure. 

 Microstructure – Grain Size 

The optical micrographs were captured from Cu-Al-Be SMA samples and the 

microstructures are presented in Figure 4.2. From this Figure, it is observed that all the 

ternary Cu-Al-Be alloys consist of equiaxed and coarse grains in both longitudinal and 

transverse directions. The measured average grain size of the SMAs is 1134 ± 29 µm. 

 

c 

𝜷𝟏 

d 

𝜷𝟏 

Figure 4.2 Microstructures of Cu-Al-Be SMAs: (a) A1, (b) A2, (c) A3 and (d) A4. 

𝜷𝟏
′  
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The prime phase of A1 alloy as depicted in Figure 4.2(a), consists of fine and sharp 

needles of 𝛽1
′-type and coarse plates of 𝛾1

′-type martensites. It is also confirmed with an X-

ray diffractogram and from Sarı et al. (2006, 2008). A2 alloy micrograph is shown in Figure 

4.2(b) unveiled the coexistence of austenite and martensite phases, i.e., 𝛽1 + 𝛽1
′ + 𝛾1

′ . 

Figures 4.2(c and d) depicted that SMAs A3 and A4 possess complete austenite (𝛽1) phase. 

 Phase Transformation Temperatures 

The phase transformation temperatures, enthalpies, and thermal hysteresis of Cu-

Al-Be SMAs are determined using heating and cooling cycles of DSC curves. The 

transformation temperatures (Mf, Ms, As, Af) were measured by adopting the baseline-

tangent method and enthalpy (ΔH) from the area under the DSC curve. The results are 

presented in Figure 4.3 and Table 4.2.  

 

Af As 

Ms 

Mf 

ΔHM→A 

ΔHA→M 

Figure 4.3 DSC curves of Cu-Al-Be SMAs. 
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Table 4.2 Phase transformation temperatures (°C), enthalpies (J/g), and thermal hysteresis 

(°C) of Cu-Al-Be SMAs. 

Alloy Mf Ms ΔHA→M As Af ΔHM→A (Af - Ms) 

A2 -3.86 20.28 -11.71 14.42 37.14 6.97 16.86 

A3 -27.96 -25.13 -1.45 -18.95 -10.40 6.01 14.73 

A4 -34.08 -30.12 -4.71 -22.71 -15.12 8.23 15.00 

 

From the results, it is worth to be noted that an increase in the weight percentage of 

both aluminium and beryllium decreases the transformation temperatures. Besides, the 

effect of beryllium-doping on the transformation temperature of Cu-Al-Be ternary alloy is 

much stronger than that of aluminium (Belkahla et al. 1993; Mañosa et al. 1998). From 

Figure 4.3, it is also observed that the alloy A2 exhibit a much broader peak, indicating 

higher thermal energy needed for transformation, whereas A3 and A4 SMAs show a sharp 

peak, which indicates the rapid transformations of the phases austenite and martensite due 

to the elemental composition of Al near to the eutectoid (Belkahla et al. 1993). 

 Mechanical Properties and Fracture Morphology 

At room temperature, uniaxial tensile tests were carried out on the mechanical 

properties of ternary Cu-Al-Be SMAs, such as tensile strength, ductility, and fractography 

analysis, as discussed in Sections 3.4.2.6 and 3.4.2.7. The measured engineering stress-

strain plot is the average of three test data as depicted in Figure 4.4(a), and the results of 

ultimate tensile stress (𝜎𝑚𝑎𝑥) and ultimate tensile strain (𝜀𝑚𝑎𝑥) are presented in Figure 

4.4(b). The tensile strength, 𝜎𝑚𝑎𝑥  and ductility, 𝜀𝑚𝑎𝑥 of the alloy A2 are 194.68 ± 16.79 

MPa, and 10.67 ± 0.32%, respectively. Furthermore, increased wt.% of both Al and Be into 

A3 and A4 resulted in the enhancements of tensile strength, 216.39 ± 30.17 and 220.48 ± 

11.81 MPa, owing to the presence of austenite phase (Figueroa et al. 2020; Prashantha et 

al. 2014). However, the coarse austenite grains cause a loss of ductility, 9.24 ± 0.66 and 

8.34 ± 0.35%, with increasing strength because the austenitic phase of SMAs is harder and 

more rigid than the martensitic phase (Fernandes et al. 2011; Shimoga et al. 2021).  
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(b) 

Figure 4.4 Tensile properties of Cu-Al-Be SMAs: (a) engineering stress-strain plots 

and (b) ultimate tensile stress (𝜎𝑚𝑎𝑥) and ultimate tensile strain (𝜀𝑚𝑎𝑥). 

(a) 
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The fracture morphology as shown in Figures 4.5(a-c) indicates that all SMAs fail 

in an intergranular brittle fracture mode, i.e., separation of coarse grains occurs along 

crystallographic planes, due to low cohesive strength, and high-stress concentration at the 

grain boundaries (Husain and Clapp 1987b). 

 

 Pseudoelasticity and Microstructural Modifications 

The pseudoelasticity tests were performed on A3 SMA using cyclic tensile tests 

because that exhibits a complete austenitic phase at room temperature, smaller energy 

differences (ΔH) between austenite and martensite, and good mechanical properties at 

room temperature. The results are presented and discussed in Section 4.3.5. 

 

a b 

c 

Figure 4.5 FESEM images of the fracture surface of Cu-Al-Be SMAs: (a) A2, (b) A3 

and (c) A4. 
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 QUATERNARY Cu-Al-Be-B SMAs 

Based on the literature survey, the minimal addition of boron, i.e., 0.02 - 0.19 wt.%, 

as a quaternary-doped element exhibits a good grain refinement with improved mechanical 

properties (Han and Kim 1987; Morris 1991; Sampath and Mallik 2009; Zhang et al. 2010). 

This section presents the influence of B-doping, i.e., 0.05 - 0.2 wt.% to Cu-Al11.5-Be0.57 

SMA, and its impact on phases, morphology, microstructure, phase transformation 

temperatures, mechanical properties, and pseudoelastic behavior. The actual elemental 

composition of (Cu-Al11.5-Be0.57)–Bx (x = 0.05, 0.1, 0.15, 0.2) alloys are tabulated in Table 

4.3, Bi denotes the boron-doped alloy where, subscript, i = 1, 2, 3 and 4 for 0.05, 0.1, 0.15 

and 0.2 wt.% of B, respectively. 

Table 4.3 Elemental compositions of Cu-Al-Be-B SMAs. 

Sl. No. Alloy 
Actual composition (wt.%) 

Cu Al Be B 

1. B1 86.7 11.94 0.54 0.047 

2. B2 86.7 11.87 0.55 0.092 

3. B3 86.5 11.89 0.55 0.145 

4. B4 86.6 11.85 0.53 0.186 

 Phases and Morphology 

The phase identification of Cu-Al-Be-B SMAs has been made through the XRD 

and X'Pert HighScore software. X-ray diffraction (XRD) profiles of the betatized and 

quenched SMA samples as shown in Figure 4.6, confirms the phases and crystal structures 

of the matrix parent phase, 𝛽1 and secondary phase precipitates, AlB2, Al1.35Cu1.17B52.5, and 

Al8.67B176Be13.48. 

The XRD profiles of the B-doped alloys, viz. B1, B2 and B3 reveals that the existence 

of a predominant 𝛽1-phase peaks along with AlB2 phase peak. The presence of a parent 𝛽1-

phase (Cu3Al) denoted with a symbol (●), i.e., the austenite phase with ordered DO3 
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structure (Chentouf et al. 2010). The structure of the AlB2 phase (*) is a hexagonal crystal 

symmetry (space group: P6/mmm). The alloy B4 exhibits two additional phase peaks, i.e., 

precipitates of Al1.35Cu1.17B52.5 (♠) and Al8.67B176Be13.48 (♣), in addition to 𝛽1 and AlB2 

phases. The phases, Al1.35Cu1.17B52.5 and Al8.67B176Be13.48 are associated with 

rhombohedral (space group: R-3m) and tetragonal (space group: P43212) crystal structures, 

respectively. 

 

FESEM-EDS studies were performed on the alloy B4 and are, as presented in Figure 

4.7. FESEM image, as shown in Figure 4.7(a) depicts the morphology of B4 SMA and EDS 

spectrums of the alloy of B4 provides the elemental composition of coarse secondary phase 

precipitates (Figures 4.7b and c) and the matrix (Figure 4.7d). From Figure 4.7(a), it is 

● − 𝜷𝟏: 1(1 1 1),  2(0 0 2), 3(0 2 2), 4(1 1 3), 5(2 2 2), 6(0 0 4), 7(1 1 3), 

8(0 2 4), 9(2 2 4), 10(1 1 5); ∗ − AlB2: 11(0 1 1); ♠ − Al1.35Cu1.17B52.5: 

12(2 2 6), 13(2 0 14); ♣ − Al8.67B176Be13.48: 14(1 0 4), 15(3 1 2), 16(3 3 2). 

Figure 4.6 Normalized XRD profiles of the betatized and quenched Cu-Al-Be-B SMAs. 
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observed that the presence of white and black spots, viz. Al1.35Cu1.17B52.5 and 

Al8.67B176Be13.48 phases, respectively, containing B-rich precipitates (Figures 4.7b and c) 

with very little quantity of aluminium and copper. 

 

 Microstructure – Grain Size 

The microstructure of the betatized and quenched alloys with boron-doping is 

shown in Figure 4.8. It is evident from the micrographs that B-doping strongly alters the 

𝛽1-grains of polycrystalline Cu87.93-Al11.5-Be0.57 shape memory alloys. Figure 4.8 shows 

that B-doping crystallized the microstructure of alloys and refined the average grain size 

by 119 ± 7, 76 ± 3, 50 ± 2, and 87 ± 8µm for 0.05, 0.1, 0.15 and 0.2 wt.%, respectively. 

The newly originated microstructure of Cu-Al-Be-B SMAs, as depicted in Figure 4.8, 

display serrated grains (i.e., uneven size with irregular/wavy-shaped grain boundaries). 

These serrated grains are formed due to grain boundary segregation of AlB2 fine-size 

precipitates (Wang et al. 2011). From Figure 4.8(a), it is observed that the addition of 0.05 

Figure 4.7 (a) FESEM image of alloy B4 and (b)-(d) EDS spectrums of alloy B4. 
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wt.%B reduces the average grain size to 89.51%, owing to the combined effect of 

heterogeneous nucleation and high growth restriction factor (Balart et al. 2016; Birol 2012; 

Bolzoni et al. 2015; Chen et al. 2016). A further increase in B-doping up to 0.15 wt.%, 

shows higher grain-size refinement attributed to enhanced heterogeneous nucleation and 

restricted grain-growth (Greer et al. 2000; Wang et al. 2011; Yang et al. 2013). The addition 

of 0.2 wt.%B to the base alloy (i.e., B4) forms coarse precipitates/clusters in the matrix as 

well as the interface (Figure 4.8d), owing to the limited solubility of boron (Jones and 

Pearson 1976; Lozovoi and Paxton 2008), and consequently, the grain size increased to 87 

± 8 µm. The existence of B-rich secondary phase coarse precipitates confirmed from 

FESEM-EDS studies, which contain a higher amount of boron due to larger inoculant-

doping (Xu et al. 2021). These coarse precipitates of various sizes (Figures 4.7a and 4.8d) 

were formed by agglomeration and that had a negative impact on grain refinement 

(Limmaneevichitr and Eidhed 2003; Xu et al. 2021), and hence a larger grain size is seen 

in the alloy B4. 
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 Phase Transformation Temperatures 

The phase transformation temperatures of all the betatized and quenched Cu-Al-

Be-B alloys were obtained using the DSC tests and recorded thermograms were plotted 

based on heat flow versus temperature as shown in Figure 4.9. The measured phase 

transformation temperatures, enthalpies, and thermal hysteresis (Af - Ms) of all the SMAs 

are tabulated in Table 4.4. 

The variations in phase transformation temperatures are interpreted in terms of the 

dependent functions of alloy systems, viz. elemental composition, grain size, intermetallics, 

and secondary phase precipitates (Horiuchi et al. 2007; Jiao et al. 2018; Liu et al. 2014; 

Montecinos and Cuniberti 2012; Nishiyama 1978). From the thermograms of Cu-Al-Be-B 

SMAs, it is observed that both endothermic and exothermic peaks shifted towards a lower 

temperature with B-doping, indicating a slight decrease in transformation temperatures up 

a b 

c d 

Figure 4.8 Microstructures of Cu-Al-Be-B SMAs: (a) B1, (b) B2, (c) B3 and (d) B4. 
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to 0.15 wt.%. This reduction is caused by the stability of austenite owing to chemical 

stability i.e., due to a change in chemical composition (Horiuchi et al. 2007; Nishiyama 

1978) and grain size refinement (Montecinos et al. 2011; Montecinos and Cuniberti 2012). 

It is also noted that the segregation effect of AlB2 fine intermetallic particles, alters the 

composition of the matrix as shown in Table 4.3. In addition, the actual composition of the 

alloys also varies due to burning losses, and only the grain-refining particles change the 

grain sizes. Figure 4.8 shows that an increased concentration of B-doping reduces austenite 

grain size, implying that a larger grain boundary area leads to a decrease in martensitic 

transformation temperatures (Montecinos and Cuniberti 2012; Nishiyama 1978; Roca et 

al. 2017). Further, it is observed that transformation temperatures increased with 0.2 wt.% 

of B-doping due to increased grain size and the existence of insoluble B-rich coarse 

precipitates confirmed from FESEM-EDS results. From Table 4.3, it is observed that the 

concentration of alloy elements depletes from the B4 matrix and thereby agglomerates in 

the coarse precipitates, as shown in Figure 4.7. 
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Table 4.4 Transformation temperatures (°C), enthalpies (J/g) and thermal hysteresis (°C) 

of Cu-Al-Be-B SMAs. 

Alloy Mf Ms ΔHA→M As Af ΔHM→A  (Af - Ms) 

B1 -42.66 -39.24 -3.10 -30.44 -18.29 5.17 20.95 

B2 --- -47.34 --- -34.04 -24.18 2.91 23.16 

B3 -49.65 -41.58 --- -31.28 -18.33 3.58 23.25 

B4 -29.27 -23.89 -3.74 -11.40 1.48 7.02 25.37 

 

ΔHM→A 

ΔHA→M 

As 
Af 

Mf 
Ms 

As Af 

Mf 
Ms 

As Af 

Mf 

Ms 
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Af 
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Figure 4.9 DSC curves of Cu-Al-Be-B SMAs. 
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 Mechanical Properties and Fracture Morphology 

The influence of boron doping on mechanical properties of the Cu-Al-Be SMAs, 

i.e., tensile strength and ductility have been investigated by performing the uniaxial tensile 

test using the ASTM E8/E8M standard. All the tests were conducted at a loading rate of 1 

mm/min to record engineering stress-strain data, and each plot is the average of three test 

results, as presented in Figure 4.10(a). 

Figure 4.10(b) depicts the UTS properties of the boron-doped Cu-Al-Be SMAs, viz. 

ultimate tensile strength (𝜎𝑚𝑎𝑥) and ultimate tensile strain (𝜀𝑚𝑎𝑥).The tensile strength (i.e., 

𝜎𝑚𝑎𝑥) and ductility (i.e., 𝜀𝑚𝑎𝑥) of the 0.05 wt.%B-doped alloy B1 is 456.31 ± 9.66 MPa 

and 14.55 ± 0.26, respectively. An increase in B to B2 and B3 exhibits substantial 

improvement in tensile strengths, 644.07 ± 23.25 and 744.65 ± 29.34 MPa, with enhanced 

ductility of 20.00 ± 0.87, and 21.93 ± 0.56%, respectively. This improvement in tensile 

strength and ductility for the B-containing Cu-Al-Be alloys are connected to grain-

boundary strengthening coupled with grain-size refinement (Han and Kim 1987). The 

grain-boundary strengthening is caused by the segregation effect of B and AlB2 fine-size 

particles/precipitates strengthening, which enhances cohesive strength at the grain 

boundaries (Deppisch et al. 1997; Hosseini et al. 2018; Lozovoi and Paxton 2008; Spear 

1976). The fractured surface of the alloy B1, as shown in Figure 4.11(a), unveils highly 

elongated strip-like dimples. As boron-doping increases up to 0.15 wt.% (i.e., B2 and B3), 

the elongated dimples become more refined and form fine dimples (Figures 4.11b and c), 

implying a greater ductility. However, the tensile strength and ductility of B4 decreases to 

537.82 ± 30.33 MPa and 16.53 ± 1.48%, respectively owing to B-rich coarse precipitates 

and the larger grain size (Hosseini et al. 2018; Lozovoi and Paxton 2008; Zhang et al. 

2011). The morphology of the fracture surface (Figure 4.11d) reveals the existence of both 

small and large size dimples caused by the presence of both fine and coarse precipitates, 

and the grain size (Lozovoi and Paxton 2008; Zhang et al. 2011). 
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Figure 4.10 Tensile properties of Cu-Al-Be-B SMAs: (a) engineering stress-strain plots 

and (b) ultimate tensile stress (𝜎𝑚𝑎𝑥) and ultimate tensile strain (𝜀𝑚𝑎𝑥). 

(b) 

(a) 
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 Pseudoelasticity and Microstructural Modifications 

The cyclic hysteresis test was performed on SMAs to estimate their pseudoelastic 

behavior. All SMA specimens were subjected to a single cycle of loading and unloading 

for the selected maximum deformation strains (𝜀𝑑) of 3, 4, and 5% at room temperature, 

and their associated hysteresis plots are shown in Figures 4.12(a), 4.13, and 4.14, 

respectively. The austenite finish temperature (𝐴𝑓) of all SMA samples presented here is 

less than the room temperature, satisfying the condition to conduct pseudoelasticity tests 

at room temperature (Sampath and Mallik 2009). The main plot features of pseudoelastic 

behavior are indicated in the hysteresis plot, as depicted in Figure 4.14. In polycrystalline 

SMAs, plot features such as critical stress (𝜎𝑐𝑠) for the transformation of austenite (𝛽1 − 

a b 

c d 

Figure 4.11 FESEM images of the fracture surface of Cu-Al-Be-B SMAs: (a) B1, 

(b) B2, (c) B3 and (d) B4. 
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DO3) to stress-induced martensite (𝛽1
′ −18R), pseudoelastic transition slope, stress 

hysteresis and residual strain (𝜀𝑟) characterize the pseudoelastic cycle (Sade et al. 2014). 

From the hysteresis plots, it is noticed that B-free alloy A3 has low critical stress of 

48.43 MPa due to coarse grains, as confirmed from the existing literature (Montecinos et 

al. 2008; Sade et al. 2014). The increased B-doping into B1, B2, B3 and B4 alloys enhanced 

the critical stress, 𝜎𝑐𝑠 to 62.85, 81.25, 91.64 and 87.55 MPa, respectively. The 

improvement in the critical stress is due to decreased phase transformation temperatures 

(Horiuchi et al. 2007), smaller grain size (Sade et al. 2014; Sutou et al. 2005), and increased 

grain boundary area (Kim et al. 2019). Due to these combined effects, the alloys require an 

additional driving force for 𝛽1 (DO3) → 𝛽1
′  (18R) transformation. Moreover, the 

pseudoelastic transition slope (i.e., almost constant stress-strain slope corresponding to the 

progress of the stress-induced martensitic transformation) increases and the hysteresis loop 

enlarges in all the quaternary Cu-Al-Be-B SMAs relative to the ternary Cu-Al-Be SMA. 

Figure 4.16 depicts the residual strains obtained from pseudoelastic plots for the 

maximum deformation strains of 3, 4, and 5%. The pseudoelastic hysteresis plots of the B-

free alloy A3 (Figures 4.12a and 4.13) exhibit nearly complete strain recovery for the 

applied deformation strain up to 4% owing to a pure 𝛽1-phase with regular grain boundary 

morphology, as seen in Figure 4.2(c). An increased amount of residual strain is observed 

in the alloy B1 on unloading, owing to more uneven grain size and highly irregular/wavy 

grain boundary morphology, namely, serrated grains (Figure 4.8a). The highly irregular 

grain boundary induces irreversible plastic deformation of austenite and restricts complete 

reversible martensitic transformation on unloading (Kim et al. 2019), thereby causing a 

high residual strain. The alloys B2 and B3 (Figures 4.8b and c) discerned the presence of 

serrated grains with diminished irregular grain boundaries. In addition, decreased grain size 

dissimilarities lead to lesser residual strains. The fine-grained alloy B3 with serrated grain 

boundaries has less irregularities and showed maximum pseudoelasticity up to 4% and 

transformation strain recovery with negligible residual strain. A pseudoelastic cycle of the 

alloy B4 for the maximum deformation strain of 3% ensured an open hysteresis loop (Figure 

4.12a) with a large irreversible strain. The presence of B-rich coarse precipitates inside the 



 

 

81 

 

parent 𝛽1-phase confirmed with SEM-EDS, which act as a strong barrier (pinning) for the 

mobility of austenite/stress-induced martensite, i.e., 𝛽1 ↔ 𝛽1
′ . It is also worth noting that 

the B-rich coarse precipitates surrounding matrix are still in 𝛽1-phase and little stress-

induced martensite plates/needles are retained, as presented in Figure 4.12(b). This is 

related to the blocking/pinning effect of stress-induced martensitic growth restricted due to 

the dislocations generated during the plastic deformation of the austenite/martensite phase, 

confirmed with the existing literature (Cuniberti et al. 2009; Rodriguez et al. 1996; 

Sampath and Mallik 2009; Yi et al. 2019). Therefore, this mechanism causes incomplete 

reverse-transformation to the parent 𝛽1-phase, and showed no full strain recovery. Further 

investigation was carried out on the pseudoelastic behavior of SMAs, i.e., A3, B1, B2 and 

B3 with a deformation strain of 5% as seen in Figure 4.14. From the plot results, it is 

observed that the residual strains have progressively remained permanently in the SMAs 

on complete unloading and that can be attributed to the existence of retained stress-induced 

martensite (Figures 4.15a – d), plastic deformation, and/or slip defects (Montecinos et al. 

2008; Montecinos and Cuniberti 2008). Hence, higher residual strains of the alloys, 

indicating deterioration in the pseudoelasticity of SMAs. 

In view of the variations in residual strain for 𝜀𝑑 = 5% (Figure 4.14), it is noticed 

that larger residual/irreversible strain retained in the alloy A3 is mainly due to irreversible 

plastic deformation by dislocations, leading to a hyperstabilization effect (Montecinos and 

Cuniberti 2008). As shown in the optical micrographs, the average grain size of Cu-Al-Be 

SMAs decreases with increased B-doping up to 0.15wt.%. The refined grain size enhances 

the stability of austenite by enabling larger stored elastic strain due to limited space to 

accommodate martensite variants, and internal friction resistance owing to the increased 

grain boundary area. Besides, the stored elastic strain is released on unloading, provides a 

reversible path for the martensitic transformation (Sade et al. 2014). However, the internal 

friction resistance barrier increases due to morphological irregularity of the grain 

boundaries. This leads to irreversible plastic deformation of austenite along with reversible 

martensite transformation (Kim et al. 2019), resulting in low pseudoelastic recovery strain. 

Therefore, smaller residual strains are retained in B-containing alloys than the B-free alloy. 
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Figure 4.12 (a) Stress-strain hysteresis responses of Cu-Al-Be-B SMAs for the deformation strain, 𝜀𝑑 = 3% and 

(b) Optical micrograph of the pseudoelastically deformed alloy B4. 
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Figure 4.13 Stress-strain hysteresis responses of Cu-Al-Be-B SMAs for 

the deformation strain, 𝜀𝑑 = 4%. 
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Figure 4.14 Stress-strain hysteresis responses of Cu-

Al-Be-B SMAs for the deformation strain, 𝜀𝑑 = 5%. 

𝜎𝑐𝑠 

𝜀𝑟 

Figure 4.15 Retained martensite in SMAs: (a) A3, (b) B1, (c) B2, 

and (d) B3. 
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After pseudoelastic cycling (i.e., 𝜀𝑑 = 5% for A3 and B1 to B3, and 3% for 4), 

the assessment of the retained stress-induced martensite was carried out using XRD at 

room temperature, and the diffraction patterns are presented in Figure 4.17. Indexing 

the diffraction patterns revealed that all pseudoelastically deformed SMAs exhibit an 

additional martensite phase of 𝛽1
′  (♦) comparative to betatized and quenched SMAs. 

The retained stress-induced martensite after complete pseudoelastic cycling consists of 

an orthorhombic martensite phase, 𝛽1
′  (Cu3Al) with 18R structure, also confirmed from 

the literature (Sade et al. 2014). The alloy A3 showing the minor intensity of the 

martensitic peak (0 0 22) confirms that some martensite needles/plates remain 

permanently within the 𝛽1-phase (Figure 4.15a), whereas a large amount of residual 

strain is mainly due to slip dislocations, as discussed in the preceding paragraph. The 

alloys B1 and B2 exhibited different intensity peaks associated with different 

orientations of the irreversible plastic deformed austenite phase. Moreover, B1 shows 

high intensities of martensite phase reflections, viz., (0 0 22) and (0 3 17) relative to B2, 

this indicates an increase in the retained 𝛽1
′-phase (Carl et al. 2016). The alloy B3 show 

Figure 4.16 Variations in the residual strain (𝜀𝑟) for different 

deformation strains, 𝜀𝑑. 
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no 𝛽1-phase peak for the (004) reflection present in the betatized and quenched alloy 

B3, and small 𝛽1
′- phase peaks noticed from the (0 0 22) and (2 0 12) reflections. The 

alloy B4 has two martensitic reflections, viz. (0 0 22) and (2 0 12) with minor peak 

intensities, which confirms the existence of small amounts of retained martensite in 𝛽1-

phase, as shown in Figure 4.12(b). 

 

 

 

 

● − 𝜷𝟏: 1(1 1 1),  2(0 0 2), 3(0 2 2), 4(1 1 3), 5(2 2 2), 6(0 0 4), 7(0 2 4), 8(2 2 4); 

♦ − 𝜷
𝟏

′
: 9(0 0 22), 10(2 0 12), 11(0 3 17); ∗ − AlB2: 12(0 1 1); ♠ −

 Al1.35Cu1.17B52.5: 13(2 2 6); ♣ − Al8.67B176Be13.48: 14(1 0 4), 15(3 1 2), 16(3 3 2). 

Figure 4.17 Normalized XRD profiles of the pseudoelastically deformed Cu-Al-Be-B 

SMAs. 
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 QUATERNARY Cu-Al-Be-Zr SMAs 

Based on the literature survey, the addition of zirconium acts as a very good grain 

refiner, and correspondingly the grain growth rates are suppressed effectively owed to 

the lowest grain growth exponent (Gil et al. 1999; Kim et al. 1990). This section 

presents the influence of alloying zirconium, i.e., 0.05 - 0.3 wt.% of Zr-dope into Cu-

Al11.5-Be0.57 SMAs and its significant effect on phases, morphology, microstructure, 

phase transformation temperatures, mechanical and pseudoelastic shape recovery 

properties. The results are investigated and presented with detailed mechanisms. The 

actual elemental composition of (Cu-Al11.5-Be0.57)-Zrx (x = 0.05, 0.1, 0.15, 0.2, 0.3) 

alloys are tabulated in Table 4.5 and denoted as “Zri”, where, “Zr” represents the 

zirconium-doped alloy, and subscript, i = 1, 2, 3, 4 and 5 for 0.05, 0.1, 0.15, 0.2 and 0.3 

wt.% of Zr, respectively. 

Table 4.5 Elemental compositions of Cu-Al-Be-Zr SMAs. 

Sl. No. Alloy 
Actual composition in wt.% 

Cu Al Be Zr 

1. Zr1 86.8 11.87 0.53 0.026 

2. Zr2 86.9 11.75 0.54 0.056 

3. Zr3 86.8 11.77 0.55 0.079 

4. Zr4 87.2 11.50 0.54 0.113 

5. Zr5 87.1 11.56 0.54 0.171 

 Phases and Morphology 

X-ray diffraction (XRD) was employed to assess the phases that exist in the 

zirconium-doped Cu-Al11.5-Be0.57 SMAs, and the normalized X-ray diffractograms are 

presented in Figure 4.18. Black, red, blue, magenta and green colored lines represent 

zirconium addition of 0.05, 0.1, 0.15, 0.2 and 0.3 wt.%, respectively. The X-ray 

diffractograms were normalized at the highest intensity peak of (0 2 2) lattice diffraction 

(De Assis et al. 2018; Chaisan et al. 2019). In addition, all the lattice diffraction 

intensities were normalized to 100% at the peak value for the (0 2 2) lattice diffraction 

(Liang et al. 2006). Figure 4.19 depicts the FESEM-EDS results of the betatized and 
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quenched Cu-Al-Be-Zr SMAs. FESEM images, as shown in Figures 4.19(a-e) depicts 

the morphology of Zr-doped SMAs that reveals the size, shape, and volume fraction of 

the secondary phase precipitates. The energy dispersive spectrums (EDS) of the alloy 

Zr5 provided the elemental composition of the matrix (Figure 4.19f) and the second-

phase precipitates (Figures 4.19g and h). 

 

 

 

 

 

 

 

 

 

 

● − 𝜷𝟏: 1(1 1 1), 2(0 0 2), 3(0 2 2), 4(1 1 3), 5(2 2 2), 6(0 0 4), 7 (1 3 3), 

8 (2 2 4), 9(1 1 5); # − Al3Zr: 10(0 1 3). 

Figure 4.18 Normalized X-ray diffractograms of Cu-Al-Be-Zr SMAs. 



 

 

89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cu L 

Al K 
Zr L 

Cu K 

Matrix 

Cu Al Zr 

86.85 12.91 0.24 

 

(f) 

Cu L 

Al K 

Zr L 
Cu K 

Al3Zr precipitates at 

grain surfaces 

Cu Al Zr 

85.22 13.69 1.08 

 

(g) 

𝜷𝟏 

a b 

c 

Agglomeration 

d 

Al3Zr 

Agglomeration 

e 

Cu L 

Al K 

Zr L 
Cu K 

Al3Zr precipitates at 

grain boundaries 

Cu Al Zr 

85.81 13.08 1.10 
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Figure 4.19 FESEM images of Cu-Al-Be-Zr SMAs: (a) Zr1, (b) Zr2, (c) Zr3, (d) Zr4 

and (e) Zr5, and (f-h) EDS of Zr5. 
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From the diffractograms (Figure 4.18), it is observed that 0.05 wt.% of Zr-doped 

alloy possess pure austenite (𝛽1 - DO3) phase peaks of cubic structure, denoted with a 

symbol (). The crystal structures and associated peaks of the 𝛽1 (Cu3Al) confirmed the 

existence of an austenite 𝛽1-phase (Figure 4.19a), and thereby no secondary phase peak 

was noticed for the alloy Zr1. The alloys Zr2 to Zr5 are of complete austenite along with 

the secondary phase peak of Al3Zr (#). From Figures 4.19(b-e), it is observed that 

spherical-shaped precipitates correspond to the secondary phase, viz. Al3Zr and the 

same were also confirmed by (Pilz et al. 2020). This precipitate formation is attributed 

to a strong affinity of aluminium to zirconium (Bhattacharya et al. 1993). As Zr-doping 

increases, the size as well as the volume fraction of precipitates increases. The surface 

morphology of the alloys Zr4 and Zr5 shown in Figures 4.19(d and e), respectively, 

depicted that the spherical Al3Zr precipitates combine and are concentrated at both 

grain boundaries as well as inside the grains, attributed to precipitates agglomeration 

(Hosseini et al. 2018; Li et al. 2011). The EDS results of Figures 4.19(g and h) showed 

a nearly equal elemental composition that reveals the existence of Al3Zr precipitates at 

both grain surfaces and grain boundaries, respectively. 

 Microstructure – Grain Size 

The microstructure of the betatized and quenched alloys shown in Figure 4.20 

reveals that alloying Zr promotes changes in the grain size of 𝛽1-type Cu-Al-Be 

polycrystalline SMAs. The average grain sizes of SMAs are 244 ± 18, 126 ± 9, 65 ± 7, 

85 ± 12 and 109 ± 13 µm for Zr1, Zr2, Zr3, Zr4 and Zr5, respectively. The micrograph is 

shown in Figure 4.20(a) reveals that 0.05 wt.% of Zr-doping exhibits bimodal grains 

due to minimal addition. Moreover, the presence of regular grain boundaries (flat facets 

and straight edges) of pure austenite 𝛽1-phase was confirmed from Zr1 alloy X-ray 

diffractogram (Figure 4.18). An increase in Zr-doping to 0.1 and 0.15 wt.% displays 

good grain refinement (Figures 4.20b and c) and a maximum refinement is attained 

with the addition of 0.15 wt.% of Zr. The grain refinement in zirconium-doped alloys 

are attributed to the following mechanisms: (i) very small grain growth exponent of Zr, 

leads to grain refining efficiency (Gil et al. 1999; Wang et al. 2015), (ii) increased 

heterogeneous nucleation sites caused by insoluble Zr dispersoid particles, acts as 
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nucleant to form a large number of smaller grains (Gil et al. 1999; Yang et al. 2016), 

and, (iii)very slow grain growth rate by precipitates pinning effect at the grain 

boundaries (Lee and Wayman 1986a; Sampath 2005). Figures 4.20(d and e) showed an 

increase in the average grain size of the SMAs with 0.2 and 0.3 wt.% of Zr-doping, i.e., 

the alloys Zr4 and Zr5, respectively, and is owed to precipitates agglomeration (Yang et 

al. 2016), which depletes the grain refining nucleant in the matrix (Jones and Pearson 

1976). 

 

a b 

c d 

e 

Figure 4.20 Microstructures of Cu-Al-Be-Zr SMAs: (a) Zr1, (b) Zr2, (c) Zr3, (d) Zr4 

and (e) Zr5. 
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 Phase Transformation Temperatures 

The transformation temperatures of Zr-doped Cu-Al11.5-Be0.57 SMAs were 

determined using heating and cooling cycles of DSC thermograms, as presented in 

Figure 4.21. The measured transformation temperatures (As, Af, Ms, Mf), enthalpies 

(ΔHA↔M), and thermal hysteresis (Af -Ms) of the Cu-Al-Be-Zr SMAs are tabulated in 

Table 4.6. 

Figure 4.21 and Table 4.6 depicted that the forward and reverse martensitic 

transformations shift towards lower temperatures up to 0.1 wt.% of Zr-doping, owed to 

grain refinement and reduced valence electron to atom ratio denoted by e/a (where e is 

the number of valence electrons and a is the number of atoms) (Ding et al. 2019; Dogan 

et al. 2012). Further, the higher addition of Zr increases the transformation temperatures 

and is mainly due to the larger size and volume fraction of the second-phase 

precipitates. It modifies chemical, electronic, and structural factors, such as elemental 

composition (Table 4.5), e/a ratio (Table 4.6), and the average grain size (Figures 4.20c-

e), respectively, also confirmed with the existing literature (Sampath 2005; Sampath 

and Mallik 2009). A higher addition of zirconium, i.e., more than 0.1 wt.%, leads to the 

formation of larger size and high volume fraction of Al3Zr precipitates as discussed in 

Section 4.4.1, which contain a higher amount of aluminium wt.%, as confirmed from 

EDS data. As a result, the concentration of aluminium in the matrix decreases and thus 

resulting in high transformation temperatures (Sampath and Mallik 2009). A higher e/a 

ratio and larger grain size also rise the transformation temperatures (Aydogdu et al. 

2016; Montecinos and Cuniberti 2012). In addition, the actual composition of the alloys 

varies due to the burning losses, and thus modifies the transformation temperatures of 

shape memory alloys. 
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Figure 4.21 DSC thermograms of Cu-Al-Be-Zr SMAs. 
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Table 4.6 Transformation temperatures (°C), enthalpies (J/g), e/a ratio and thermal 

hysteresis (°C) of Cu-Al-Be-Zr SMAs. 

Alloy Mf Ms ΔHA→M As Af ΔHM→A e/a  (Af - Ms) 

Zr1 -28.30 -25.88 -5.46 -17.84 -09.78 8.47 1.5038 16.10 

Zr2 -39.09 -33.83 -3.15 -29.90 -16.92 9.37 1.5005 16.91 

Zr3 -30.86 -25.76 -3.59 -13.37 -03.80 5.28 1.5022 21.96 

Zr4 -24.97 -17.70 -6.72 -02.09 05.24 8.50 1.4926 22.94 

Zr5 -15.47 -03.09 -9.42 03.33 13.02 8.84 1.4957 16.11 

 Mechanical Properties and Fracture Morphology 

Uniaxial tensile tests were performed on Zr-doped Cu-Al11.5-Be0.57 SMAs at 

room temperature using UTM operated at a loading rate of 1 mm/min to assess the 

changes in tensile strength and ductility. Figure 4.22(a) depicts the engineering stress-

strain plots, and each plot is the mean of three test results. The tensile strength (𝜎𝑚𝑎𝑥) 

and ductility (𝜀𝑚𝑎𝑥) plot is shown in Figure 4.22(b). The engineering 𝜎 − 𝜀 plot of the 

alloy Zr1 reveal that minimal addition of Zr, i.e., 0.05 wt.% exhibited the tensile strength 

of 316.28 ± 19.13 MPa and the ductility of 12.37 ± 0.66%. Further, it is observed that 

both tensile strength and ductility of Zr-doped Cu-Al-Be SMAs improved with 

increased weight percent of Zr additions and reached a maximum with 0.15 wt.%. An 

increased Zr-doping in the alloys Zr2 and Zr3 yields substantial improvement in tensile 

strengths, 503.57 ± 4.27 and 690.12 ± 28.01 MPa, with enhanced ductility of 17.09 ± 

0.22 and 21.01 ± 0.68%, respectively. The improvement in the mechanical properties 

attributes to (i) grain refinement, increases the total area of grain boundaries, and (ii) 

fine-size precipitates strengthening. Thus, it provides an effective barrier to the 

dislocation’s mobility and a high degree of plastic deformation, implying better strength 

and ductility before the fracture of SMAs (Hosseini et al. 2018; Roh et al. 1991; Yang 

et al. 2016). Furthermore, additions of Zr to Zr4 and Zr5, i.e., the alloys with 0.2 and 0.3 

wt.% of Zr-doping decreases the tensile strengths to 602.93 ± 18.13 and 542.14 ± 18.14 

MPa with diminished ductility of 15.50 ± 0.55 and 10.37 ± 0.52%, respectively, and is 

due to precipitates agglomeration and increase in the grain-size (Jones and Pearson 

1976). 
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Figure 4.22 Tensile properties of Cu-Al-Be-Zr SMAs: (a) engineering stress-strain 

plots and (b) ultimate tensile stress (𝜎𝑚𝑎𝑥) and ultimate tensile strain (𝜀𝑚𝑎𝑥). 

(a) 

(b) 
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Figure 4.23 presents the FESEM images of the tensile fractured surfaces of Zr-

doped Cu-Al11.5-Be0.57 SMAs. Fracture morphology of the alloy Zr1 (Figure 4.23a) 

indicates mixed-mode fracture consists of both dimples and cleavage planes due to the 

presence of bimodal grains, confirmed with the alloy Zr1 micrograph shown in Figure 

4.20(a). Increase of Zr-doping in the alloy Zr2 completely transformed to ductile 

fracture mode with surface areas containing dimples, as shown in Figure 4.23(b), owing 

to the spherical fine-size precipitates and the reduced grain-size confirmed with Figures 

4.19(b) and 4.20(b), respectively. Besides, a more significant number of smaller 

dimples are observed in Zr3 (Figure 4.23c), attributes to a more volume fraction of 

precipitates within the matrix and finer grain size. However, the alloys Zr4 and Zr5 fail 

at lower stresses, and correspondingly the density of dimples decreased as shown in 

Figures 4.23(d and e). This is owed to increased average grain size and agglomeration 

of precipitates (Yang et al. 2016), which leads to a high-stress concentration at the grain 

boundaries (Candido et al. 2012; Zhang et al. 2011). An increased size and volume 

fraction of Al3Zr precipitates by agglomeration generate secondary micro-cracks on the 

bottom of the dimples encircled in Figures 4.23(d and e). While, the micro-cracks 

initiated from the precipitates at the grain boundaries extend quickly to relieve the stress 

concentration (Zhang et al. 2011); hence tensile strength and ductility loss are exhibited 

in Zr4 and Zr5 SMAs. 
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 Pseudoelasticity and Microstructural Modifications 

Pseudoelastic behavior of Zr-doped Cu-Al11.5-Be0.57 SMAs was studied to 

evaluate the influence of grain size and second-phase precipitates on stress-induced 

martensitic (SIM) transformations. The pseudoelastic cycling was carried out using 

cyclic tensile tests with a loading rate of 0.1 mm/min at room temperature because all 

the evaluated SMA samples presented here have an austenite finish temperature (𝐴𝑓) 

a b 

c d 

e 

Figure 4.23 FESEM images of the fracture surface of Cu-Al-Be-Zr SMAs: (a) Zr1, 

(b) Zr2, (c) Zr3 and (d) Zr4 and (e) Zr5. 
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lower than room temperature. Cyclic tensile tests were performed on the betatized and 

quenched flat dog-bone-shaped SMA specimens subjected to extended cycles of 

loading and unloading for the selected deformation strains (𝜀𝑑) ranging between 2 - 6%, 

with an increased step of 0.5% 𝜀𝑑 for each extended cycling. The plots of 𝜎 − 𝜀 

hysteresis are presented in Figures 4.24(a) - 4.27(a). 

From the Figure 4.24(a), it is observed that the addition of 0.05 wt.% of Zr 

exhibited the critical stress, 𝜎𝑐𝑠 for SIM (𝛽1  →  𝛽1
′) transformations of 82.48 MPa and 

pseudoelastic transition slope (𝑑𝜎𝑃𝐸 𝑑𝜀⁄ ) of 1.18 GPa. Further, higher additions of Zr 

into Zr2, Zr3 and Zr4 alloys enhance the critical stress to 148.42, 207.47 and 247.50 

MPa, and pseudoelastic transition slope, 1.77, 2.76 and 2.96 GPa, respectively. This 

improvement attributes to (i) decreased grain size (Celada-Casero et al. 2019; Ergen et 

al. 2013; Sade et al. 2014), increases the austenite phase resistance exerted by the 

limited space for the accommodation of stress-induced martensite, and (ii) increased 

size and volume fraction of the second-phase precipitates (Cuniberti et al. 2009; 

Sampath and Mallik 2009), acts as a barrier for the formation of stress-induced 

martensite, and thus require an additional driving force for SIM transformations. 

The microstructural modifications accompanying after pseudoelastic cycling 

are shown in Figures 4.24(b) and 4.25(b) for 𝜀𝑑=6% – loaded and unloaded, and Figures 

4.26(b) and 4.27(b) for 𝜀𝑑=4% – loaded and unloaded. Moreover, XRD analysis was 

carried out on pseudoelastically deformed Cu-Al-Be-Zr SMAs to assess the 

transformed phases and their crystal structure, and the diffractograms are presented in 

Figure 4.30. Indexing of the diffractograms reveals that pseudoelastically deformed 

alloys Zr1, Zr2 and Zr3 exhibited an additional orthorhombic, 18𝑅 − 𝛽1
′ , martensite 

phase (♦) along with cubic, 𝐷𝑂3 − 𝛽1, austenite (●) and Al3Zr precipitate (#) phases. 

Whereas, no martensitic peak was observed in the alloy Zr4. 

The results of residual strain (𝜀𝑟) and stress hysteresis (𝛥𝜎) measured from 

stress (𝜎) – strain (𝜀) hysteresis plots for each extended cycling of Zr-doped Cu-Al11.5-

Be0.57 SMAs, and are presented in Figures 4.28 and 4.29, respectively. This indicates 

that extended cycling led to an increased amount of irreversible/residual strain (𝜀𝑟), and 

enlarged stress hysteresis (𝛥𝜎). The pseudoelastic hysteresis plot of the alloy Zr1 
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(Figure 4.24a) exhibits nearly complete strain recovery up to 5% deformation strain due 

to pure austenite phase confirmed with XRD and FESEM results of Figures 4.18 and 

4.19(a), respectively. From Figure 4.24(a), it is also observed that the irreversible strain 

(𝜀𝑟) increases, but very small in magnitude for each cycling, cumulative with extended 

cycling (Figure 4.28) owing to the introduced slip defects (Montecinos et al. 2008). 

Furthermore, extended cycling, i.e., greater than 5% deformation strain, a larger 𝜀𝑟 is 

progressively retained due to the stabilized martensite (𝛽1
′) and surface distortions 

around the grain boundaries, enclosed by a blue dotted line indicated in Figure 4.24(b). 

These resulted from the slip defects and plastic deformation induced by applying a large 

deformation strain (Montecinos et al. 2008; Montecinos and Cuniberti 2008; Sutou et 

al. 2013). Hence, it effectively reduces the reversible strain and correspondingly 

ensured an open hysteresis loop, as shown in Figure 4.24(a). Martensite phase (♦) peaks 

of Zr1 diffractogram, as depicted in Figure 4.30, consists of several intersecting 

variants, viz., (2 0 2), (0 0 22), (2 0 12) and (2 4 8) reflections associated with different 

orientations of the stabilized 𝛽1
′-phase, caused by mutual interactions of the martensite 

plates (Dvorak and Hawbolt 1975). Besides, high intensities of the reflections indicated 

a more significant number of stabilized martensite plates remain permanently within 

the parent 𝛽1-phase (Carl et al. 2016). 

The plots shown in Figures 4.25(a) – 4.27(a), unveil that deterioration in the 

strain recovery with further additions of Zr-inoculants. This detrimental effect is due to 

the blocking/pinning effect exerted by the precipitates (Sampath and Mallik 2009; Sun 

et al. 2019), which provides obstacles to the formation of stress-induced martensite, and 

also hampers the easy movements of austenite/martensite interfaces, i.e., 𝛽1  ↔  𝛽1
′ . 

Consequently, the dislocations generated during plastic deformation, which hinders the 

reverse-transformations to the parent phase, and thereby showed no full strain recovery. 

From the Figure 4.28, it is observed that the residual strain is progressively retained 

with increased wt.% of Zr-doping, owed to increase in the size and volume fraction of 

the second-phase precipitates confirmed with FESEM images. The fine-size 

precipitates morphology of the alloys Zr2 and Zr3 (Figures 4.19b and c) exhibited a 

lesser amount of martensite plates on the pseudoelastically unloaded SMA sample 

micrographs, as encircled in Figures 4.25(b) and 4.26(b), respectively, owed to partial 



 

 

100 

 

SIM transformations (Yi et al. 2019). A minor intensity of the 𝛽1
′-phase peak (0 0 22) 

reflection in Zr2 and Zr3 diffractograms also confirms that fewer martensite plates 

remain permanently within the parent 𝛽1-phase. Therefore, the larger residual strain 

leftovers on unloading are caused by the dislocation defects and little amount of 

retained martensite (𝛽1
′). Nevertheless, the recoverable pseudoelastic strain is lower in 

the alloy Zr4 (Figure 4.27a) compared with all other Zr-doped Cu-Al11.5-Be0.57 SMAs 

considered here. The alloy Zr4 morphology (Figure 4.19d) consists of very large density 

of precipitates within the grains as well as at the grain boundaries, which inhibits the 

SIM transformations completely due to strong pinning effect. Hence, no martensite 

plates are detected in the alloy Zr4 micrograph as shown in Figure 4.27(b) and higher 

residual strains are retained (Figure 4.27a) due to plastic deformation. Moreover, Figure 

4.30 indicates that no martensitic peak in Zr4 diffractogram confirmed the absence of 

𝛽1
′-phase. 
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Figure 4.24 (a) Stress-strain hysteresis of the alloy Zr1 and (b) optical micrograph of the pseudoelastically 

deformed alloy Zr1. 
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Figure 4.25 (a) Stress-strain hysteresis of the alloy Zr2 and (b) optical micrograph of the pseudoelastically 

deformed alloy Zr2. 
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Figure 4.26 (a) Stress-strain hysteresis of the alloy Zr3 and (b) optical micrograph of the pseudoelastically 

deformed alloy Zr3. 
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Figure 4.27 (a) Stress-strain hysteresis of the alloy Zr4 and (b) optical micrograph of the pseudoelastically 

deformed alloy Zr4. 

(a) 

b 



 

 

105 

 

 

 

 

Figure 4.28 Residual strain of Cu-Al-Be-Zr SMAs: Zr1 (♦), Zr2 (●), 

Zr3 (▲) and Zr4 (▼) for different deformation strains. 

 

Figure 4.29 Stress hysteresis of Cu-Al-Be-Zr SMAs: Zr1 (♦), Zr2 (●), 

Zr3 (▲) and Zr4 (▼) for different deformation strains. 
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 CLOSURE  

This chapter presented the results and detailed discussion of the influence of 

ternary- and quaternary-doped elements on phases, grain size, phase transformation 

temperatures, mechanical, and pseudoelastic properties of the shape memory alloys. 

Ternary 𝛽1-phase Cu-Al-Be SMAs exhibit coarse grains, poor ductility, and fails brittle 

at relatively low tensile stress. Further, it is observed that boron- and zirconium-doped 

SMAs exhibit good grain refinement with a substantial improvement in the tensile 

strength and ductility, transforming brittle to ductile dimple fracture, and possess 

improved pseudoelastic shape recovery. As a whole, the minimal addition of boron-, 

and zirconium-doping are imperative as a segregate and not as an agglomerate in  𝛽1-

type SMAs for vibration damping applications. The next chapter presents the key 

conclusions and future scope of the present study. 

●- 𝜷𝟏: 1(1 1 1), 2(0 0 2), 3(0 2 2), 4(1 1 3), 5(2 2 2), 6(0 0 4), 7 (1 3 3), 8 (2 2 4); 

# - Al3Zr: 10(0 1 3); ♦ − 𝜷𝟏
′ : 11(2 0 2), 12(0 0 22), 13(2 0 12), 14(2 4 8). 

Figure 4.30 Normalized X-ray diffractograms of the pseudoelastically deformed 

Cu-Al-Be-Zr SMAs. 
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CHAPTER 5 

5 CONCLUSIONS & FUTURE SCOPE 

 CONCLUSIONS 

In the present study, investigated the influence of alloying additions containing 

ternary- and quaternary-doped elements, as well as altering their elemental 

compositions, on microstructural, mechanical and functional characteristics of shape 

memory alloys. The main conclusions drawn from the investigation are as follows: 

 

 Addition of aluminium ≥ 11.5 wt.% and beryllium ≥ 0.57 wt.% forms complete 

austenite (𝛽1) phase. An increase in both aluminum and beryllium between the 

range of 11.0-11.8 wt.% and 0.5-0.6 wt.%, respectively, decreases the 

transformation temperatures. Alloying aluminum and beryllium did not exhibit 

significant improvement in mechanical properties due to the existence of coarse 

grains. Ternary base alloy Cu-Al11.5-Be0.57 exhibits coarse grains of average 

size, 1134 ± 29 µm, tensile strength, 216.39 ± 30.17 MPa, ductility, 9.24 ± 

0.66% with intergranular brittle failure, and possesses smaller energy 

differences, ΔH between austenite and martensite. 

 

 Minimal addition of boron elements effectively refines the grain size and 

exhibits improved mechanical properties up to 0.15 wt.%. In addition, fracture 

morphology revealed that the addition of boron to the ternary SMAs transforms 

intergranular cleavage to transgranular dimple fracture. The maximum grain 

refinement size of 50 ±2 µm with serrated grain boundaries exhibited the 

maximum enhancement in ultimate tensile strength, 744.65 ± 29.34 MPa, 

ductility, 21.93 ± 0.56%, and a maximum pseudoelasticity of 4% was achieved 

with alloying Cu-Al11.5-Be0.57-B0.15 (wt.%). The presence of B-rich coarse 

precipitates with 0.2 wt.%B, leads to a negative impact on the grain refinement 

efficiency, mechanical properties, and pseudoelastic behavior of SMAs. 
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 Alloying zirconium exhibits an excellent grain refinement up to 0.15 wt.%, and 

a further increase in Zr ≥ 0.2 wt.% lowers the grain refinement efficiency due 

to precipitates agglomeration. The maximum refinement with an average grain 

size of 65 ± 7 µm is observed in the alloy Zr3 containing Cu87.93-Al11.5-Be0.57-

Zr0.15 (wt.%). A high volume fraction of Al3Zr precipitates led to higher 

transformation temperatures. 

 

 Tensile properties are improved by increasing Zr-doping, and the alloy Zr3 

exhibits the maximum enhancement in the tensile strength, 690.12 ± 28.01 MPa 

and ductility, 21.01 ± 0.68%. A good pseudoelastic strain recovery is achieved 

in the alloy Zr1, i.e., up to 5% deformation strain. SMAs with Zr-doping exhibit 

improved mechanical properties up to 0.15 wt.%, however, the residual strains 

are progressively retained with the addition of zirconium ≥ 0.1 wt.% owing to 

increased precipitates pinning. 

 

 A maximum pseudoelasticity of 5% was achieved in the alloy Zr1 containing 

the elemental composition of Cu87.93-Al11.5-Be0.57-Zr0.05, which is suitable for 

vibration damping applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

109 

 

 SCOPE FOR FURTHER RESEARCH 

The influence of alloying additions of ternary- and quaternary-doped elements as 

well as changing their elemental composition on the properties, such as metallurgical, 

mechanical, and functional responses have been explored in the present study. Based 

on the practice and comprehension of the investigation results, the following scope of 

this work is recommended for future research. 

 

  Investigation on the effect of secondary processes for further grain refinement 

and properties improvisation. 

 

 Investigation on the properties of quaternary base alloy doping with quinary 

elements for further improvisation. 

 

 Investigation on drawing of the pseudoelastic SMA wires for damper 

applications in cable-stayed bridges from the optimal combination of SMAs. 

 

 Investigation on vibration damping and isolation characteristics of the SMA 

embedded hybrid composite structures. 
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