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ABSTRACT 
 

INVESTIGATION OF THE PROPERTIES OF NICKEL TITANIUM SHAPE MEMORY ALLOYS FOR 
APPLICATIONS IN SELF-HEALING MATERIALS 

by 
 

Muhammad Istiaque Haider 
 

The University of Wisconsin-Milwaukee, 2023 
Under the Supervision of Professor Nathan P. Salowitz 

 
This research explores the design and properties of self-healing metal-metal 

composites, with a specific focus on incorporating shape memory alloys (SMAs) and 

investigating the characteristics of post-constrained recovery residual stresses (PCRRS). The 

objective is to enhance the functionality, durability, and longevity of mechanical structures 

through the realization and optimization of self-healing materials.  

The research delves into the experimental and analytical studies to gain a 

comprehensive understanding of the underlying mechanisms of PCRRS and SMA-reinforced 

self-healing metal matrix composites, specifically examining the interface strength between 

nickel-titanium (NiTi) wire and bismuth-tin (BiSn) solder.  NiTi SMAs manifest a distinctive 

property, termed as PCRRS, observed when they undergo a path of constrained recovery and 

are subsequently brought back to a low-temperature state while being constrained. This 

research pursued an array of mechanical experiments to delve deeper into the nature of the 

PCRRS state. Principal tasks encompassed evaluating the stability of PCRRS across various cycles 

involving different strain applications, discerning the impact of pre-working or training on 

PCRRS, studying the mechanical properties while loading from the PCRRS state, analyzing the 

material phase in the PCRRS state, and assessing the regeneration capabilities of the PCRRS in 

NiTi SMAs. This research showcases the stability and repeatability of PCRRS, thereby offering 



  

 iii 

invaluable insights into its prospective application in self-healing mechanisms, underscored by 

its ability to actuate without the continuous provision of energy. Moreover, this thesis 

elucidates the interfacial attributes between NiTi and BiSn, considering the complications posed 

by the development of an inert titanium dioxide (TiO2) layer on NiTi. As interfacial bonding is 

crucial for composite behavior, experimental and theoretical approaches were employed to 

understand the interfacial bonding, by studying the pull-out behavior of NiTi wires embedded in 

the BiSn matrix. In this investigation, two different states of NiTi wire were examined in a 

comparative study – one state maintained the presence of the TiO2 layer as a control, while the 

other state represented an experimental condition where the TiO2 layer was removed through 

a chemical etching procedure carried out in an inert environment. Subsequent to testing, the 

specimens undergo a microscopic assessment to identify the failure modes at the interface. The 

study reveals the influence of interfacial strength on the pull-out process and highlights the 

presence of an alternative failure mechanism involving mechanical interlocking. This study's 

results will quantify the enhanced NiTi and BiSn interfacial strength from the applied process, 

providing vital data for optimizing composite design and performance. 

 The findings of this research contribute to the understanding of self-healing materials 

and their potential in engineering applications. Characterization of PCRRS of NiTi SMAs and the 

interfacial characteristics of NiTi and BiSn, broadly metal-metal self-healing composite offer 

new possibilities for designing structures with enhanced durability, reduced maintenance 

requirements, and the ability to restore functionality after damage. These insights provide a 

foundation for further advancements in the field of self-healing materials and their practical 

implementation in real-world engineering scenarios.  



  

 iv 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright by Muhammad Istiaque Haider, 2023 
All Rights Reserved 

 
 
  



  

 v 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family 
 
  



  

 vi 

TABLE OF CONTENTS 

 

LIST OF FIGURES ............................................................................................................................ viii 

LIST OF TABLES ............................................................................................................................... xii 

ACKNOWLEDGEMENTS ................................................................................................................. xiii 

Introduction .................................................................................................................................... 1 

Motivation ................................................................................................................................................ 2 

Background ............................................................................................................................................... 5 
Overview of Self-Healing Materials ...................................................................................................................... 5 
Metallic Self-healing Materials ............................................................................................................................ 7 
SMA-Based Self-healing Metallic Materials ....................................................................................................... 10 
Limitations of SMA-Based Self-healing Metallic Materials ................................................................................ 14 

Research Objectives ............................................................................................................................... 16 

Key Research Activities and Thesis Outline ............................................................................................ 16 

Part I: Insights into the Nature and Characteristics of Post Constrained Recovery Residual Stress 
in Nickel-Titanium Shape Memory Alloys: A Comprehensive Investigation ................................ 18 

SMA properties and PCRRS ..................................................................................................................... 20 

Recent Studies on PCRRS ........................................................................................................................ 25 

Challenges ............................................................................................................................................... 28 

Approach ................................................................................................................................................ 29 

Methods.................................................................................................................................................. 30 
Sample Preparation ............................................................................................................................................ 30 
Initial Cycle to Generate PCRRS ......................................................................................................................... 32 
Property Explorations from PCRRS .................................................................................................................... 38 
Further investigations on reduction of PCRRS exposed to different loading cycles .......................................... 47 
Strain in the austenite phase and PE ................................................................................................................. 53 

Discussions .............................................................................................................................................. 55 
Apparent materials state by comparing local modulus ..................................................................................... 55 
Analysis of the initial cycles and different loading ............................................................................................. 57 
Analysis on the PCRRS regeneration .................................................................................................................. 59 
Material phase in PCRRS state ........................................................................................................................... 61 

Summary ................................................................................................................................................. 65 

Part II: Detailed Analysis of Interface Strength and Etching Influences: Engineering Self-Healing 
Metal-Metal Composites from Nickel-Titanium and Bismuth-Tin ............................................... 68 

Literature Review on the Interfacial Debonding of Shape Memory Alloy ............................................. 70 

Challenges ............................................................................................................................................... 73 

Approach ................................................................................................................................................ 75 



  

 vii 

Major Tasks ............................................................................................................................................. 76 
Specimen Synthesis ............................................................................................................................................ 77 
Experimental Testing ......................................................................................................................................... 81 
Analytical Model to Quantify of interfacial strength ......................................................................................... 82 

Results and Discussion ............................................................................................................................ 85 
Analysis of Fiber Pull Test ................................................................................................................................... 86 
Microscopic investigation of Fiber Matrix Interaction ....................................................................................... 91 
Interfacial Debonding and Pullout Phenomena ................................................................................................. 95 

Summary ............................................................................................................................................... 100 

Conclusion ................................................................................................................................... 102 

References .................................................................................................................................. 105 

 
 
  



  

 viii 

LIST OF FIGURES 

Figure 1: Classification of the investigated metallic self-healing materials [8]. ............................. 8 

Figure 2: Self-healing process in NiTi reinforced metal-metal composite. a) Initial structure b) 

fracture c) geometric recovery d) soldering e) healed [9], [11]. .................................................. 11 

Figure 3: Various thermomechanical responses of a generic shape memory alloy. The two major 

attributes that the SMAs typically demonstrate as actuators are: shape memory effects (SME) 

and superelasticity (or pseudoelasticity). Underlying all these behaviors are complex 

microstructure changes involving reversible martensitic phase transformations and 

twinning/detwinning processes [51]. ........................................................................................... 21 

Figure 4: Stress-strain behavior upon thermomechanical loading on SMA: (a) shape memory 

effect (SME); (b) recovery stress. .................................................................................................. 22 

Figure 5: A representation of the corresponding stress-strain response upon thermomechanical 

loading to generate PCRRS. .......................................................................................................... 33 

Figure 6: (a) Experimentally measured Stress-Strain-Temperature relationships for NiTi initial 

cycles of PCRRS loading path for predetermined prestrain (point A) of 3.4%, 3.9%, 4.4% and 5% 

and resulting in PCRRS (point D) following the constrained recovery. For the ease of 

interpretation, paths and points are labeled for the 5% strain case (dashed line) and (b) Stress 

Temperature 2D plane showing the thermal loading path from the constrained state. ............. 35 

Figure 7: Magnitude of PCRRS generated as a function of maximum strain applied to the 

sample. .......................................................................................................................................... 36 

Figure 8: (a) Stress-Temperature-Strain relationship for NiTi for samples subjected to repetition 

of the maximum strain starting from the PCRRS state and (b) Stress- Temperature 2D plane 



  

 ix 

showing PCRRS regeneration upon the thermal loading and unloading while in constrained 

state. ............................................................................................................................................. 40 

Figure 9: PCRRS measured as initially generated (0) and after multiple cycle s of exposing 

specimens to maximum strain and a repeated thermal mechanical cycle to regenerate the 

PCRRS. ........................................................................................................................................... 41 

Figure 10: (a) Stress-Temperature-Strain relationship for NiTi for samples exposed to smaller 

strain from the PCRRS state and (b) Stress- Temperature 2D plot showing PCRRS regeneration 

upon small strain application from the constrained state. .......................................................... 42 

Figure 11: Residual stress measured after initial generation of PCRRS (0) and cycles of 

application and removal of 0.5% strain. ....................................................................................... 43 

Figure 12: Stress-Temperature-Strain relationship for NiTi for samples exposed to increasing 

strain from the PCRRS state. ......................................................................................................... 44 

Figure 13: Plot of regression analysis of Post Constrained Recovery Residual Stress, PCRRS (σCS) 

with respect to repeated application and removal of incrementally increasing strain cycle from 

0.1% to 0.5%. ................................................................................................................................ 45 

Figure 14: Stress-Temperature-Strain relationship for NiTi for samples exposed to residual load 

reduction cycle after initial cycle from the PCRRS state............................................................... 46 

Figure 15: Plot of regression analysis of Post Constrained Recovery Residual Stress, PCRRS (σCS) 

corresponding to repeated relaxation and restoration of -0.1 strain cycles applied from the 

PCRRS state. .................................................................................................................................. 47 

Figure 16: Plot for Cyclic loading at 300 MPa for training of sample NiTi samples. ..................... 49 



  

 x 

Figure 17: Comparison of the trend of PCRRS formed in the low temperature state across cycles 

of small strain application and removal for both trained and untrained NiTi samples. .............. 51 

Figure 18: Regeneration of residual stress magnitudes after reapplication of thermal cycles after 

each sequence. Sequences are the cycles of small strain applications from the PCRRS state. ... 52 

Figure 19: Stress-Strain response of for NiTi for samples in austenite phase strained equivalent 

to recoverable/constrained stresses listed in Table 1 and subsequent unloading and finally 

strained to fracture. ...................................................................................................................... 54 

Figure 20: Thermo-mechanical load profile to generate and analyze PCRRS. ............................. 56 

Figure 21: Trend of the PCRRS magnitudes over each Cycles of 0.5% small strain application for 

every sequence of loading to reproduce PCRRS. .......................................................................... 60 

Figure 22: (a) Stress-strain response measured for NiTi wires in tension to fracture at 20°C, and 

(b) Stress-Strain loading path of PCRRS generation and schematic illustration of the phase 

transformation of NiTi wires undergoing thermomechanical loading to generate PCRRS for 3.4% 

maximum strain (phases volume shown are not exact rather conceptual and the horizontal light 

arrows represent the phase volume flow direction). ................................................................... 63 

Figure 23: NiTi curing procedures adapted from Coughlin et al. ................................................. 78 

Figure 24: Depiction of pull test specimen and initial fabricated sample. ................................... 80 

Figure 25: Test setup for single fiber pull test. ............................................................................. 81 

Figure 26: Load vs extension plot from pull test of the composites fabricated by etched NiTi wire 

and BiSn alloy. ............................................................................................................................... 88 

Figure 27: Load vs extension plot from pull test of the composites fabricated by etched NiTi wire 

and BiSn alloy. ............................................................................................................................... 89 



  

 xi 

Figure 28: Comparison of load vs extension data obtained from pull test of the single fiber 

composites fabricated by both unetched and etched NiTi wire and BiSn alloy. .......................... 90 

Figure 29: Microscopic images (using confocal microscope) to show the BiSn surface condition 

after the pull test. (a) and (b) for unetched sample and (c) and (d) are for etched samples. ..... 91 

Figure 30: Optical Microscopic images (using optical microscope) to show the NiTi surface 

condition after the pull test. (a) for unetched sample and (b) for etched samples. .................... 93 

Figure 31: Scanning electron microscopy-energy dispersive spectrum (SEM-EDS) analysis of the 

surfaces of (a & b) unetched and (c & d) etched NiTi wires after pull out. .................................. 94 

Figure 32: A representation of surface condition of NiTi with matrix fragment adhered and 

surface condition of BiSn with irregular gouging and pitting. ...................................................... 97 

Figure 33: Detailed force-extension pull test curve with schematic representation of entire pull-

out phenomena. ........................................................................................................................... 98 

 

 
  



  

 xii 

LIST OF TABLES 

Table 1: SMA materials tested and their phase transformation temperatures ........................... 31 

Table 2: Recoverable Strain and PCRRS values corresponding to different maximum strain 

applied to NiTi SMA ...................................................................................................................... 36 

Table 3: PCRRS values corresponding to repeated maximum strain cycles applied from the 

PCRRS state ................................................................................................................................... 40 

Table 4: Stress-Temperature-Strain relationship for NiTi for samples exposed to repeated 0.5% 

strain cycles from the PCRRS state ............................................................................................... 43 

Table 5: PCRRS values corresponding to consecutive increasing strain cycles applied from the 

PCRRS state ................................................................................................................................... 45 

Table 6: PCRRS values corresponding to repeated relaxation and restoration of -0.1 strain cycles 

applied from the PCRRS state ....................................................................................................... 47 

Table 7: Local modulus for different state of the thermomechanical loading response ............. 56 

Table 8: Materials’ properties utilized for the analytical model .................................................. 84 

 

 
  



  

 xiii 

ACKNOWLEDGEMENTS  
 

Foremost, I would like to express my deepest appreciation and heartfelt gratitude to my 

esteemed supervisor, Professor Nathan Salowitz, whose unwavering support, guidance, and 

inspiration have been instrumental in the completion of my PhD research. Over the past several 

years, his encouragement has been invaluable, and his mentorship has taught me to approach 

problems from the perspective of a researcher rather than a student. I am immensely grateful 

for his patience and understanding throughout this challenging journey. 

I would also like to extend my profound gratitude to Professor Benjamin Church, who 

has been an indispensable source of guidance and support in every aspect of this research. His 

enthusiasm, keen insights, and steadfast encouragement have truly inspired me. Additionally, I 

would like to express my appreciation to my committee members, Dr. Rahman, Dr. Avdeev, and 

Dr. Yahiaoui, for their insightful evaluations and constructive feedback on my work. 

I am particularly grateful to my colleagues at the Advanced Structures Lab, especially 

Maysam Rezaee, whose invaluable suggestions and camaraderie have greatly enriched my 

experience. I would also like to express my gratitude to John Condon from the CEAS Machine 

Shop for his indispensable assistance in the fabrication of experimental setups and specimens. 

Furthermore, I am indebted to Dr. Steven E Hardcastle from the Advanced Analysis Facility of 

UWM for his expert instruction and support in operating various sophisticated instruments such 

as the Dynamic Mechanical Analyzer (DMA), Differential Scanning Calorimeters (DSC), X-ray 

Diffractometers (XRD), and Confocal Microscope. 

 



  

 xiv 

My utmost appreciation is reserved for my loving parents and my wonderful wife, 

Mahmuda, whose unwavering love, support, and encouragement have been the bedrock of my 

achievements. This dissertation would have been impossible without their incredible patience, 

sacrifices, and continuous support. Finally, I would like to dedicate my heartfelt love to my 

precious son, Taseen, whose presence and affection have provided me with the strength and 

motivation to persevere each day. 

 
 
 
 
 
  



 

 1 

Introduction 

Functionality, durability, and longevity are crucial factors in the design of mechanical 

structures. Conventional engineering practices involve selecting materials for the structure that 

minimize the risk of critical damage throughout its service lifetime. Recently, there has been a 

surge of interest in self-healing materials, as these materials possess the potential to extend a 

material's lifespan, reduce replacement costs, and enhance product safety and reliability [1]. 

The design philosophy underlying self-healing materials focuses on enabling them to not only 

tolerate damage but also possess an inherent capacity to repair (heal) the damage and restore 

the product's functionality to acceptable levels (above 70% of the initial functionality) [2], [3]. 

Self-healing materials often feature a sophisticated internal structure comprising 

constituent materials with distinct functionalities. One of the primary strategies for reinforcing 

self-healing materials involves incorporating shape memory alloys (SMAs) that can be activated 

to restore geometry and close a fracture. This study provides an in-depth analysis of material 

properties and interfacial interactions within metal-metal composites, paving the way for the 

design and development of optimized SMA-reinforced self-healing metal composites that 

balance both strength and self-repairing capacity. This is achieved by conducting experimental 

explorations of post-constrained recovery residual stresses (PCRRS), a recently discovered 

property observed in NiTi SMAs that may be harnessed to develop a novel self-healing 

mechanism and characterizing the interface strength between nickel-titanium (NiTi) wire and 

bismuth-tin (BiSn) solder to ensure proper stress transfer capabilities. 

Recent experimental findings reveal that NiTi SMAs can generate residual stresses 

following constrained recovery and returning to a low-temperature, martensitic state while 
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remaining constrained. This capability has the potential to be advantageous in applications such 

as self-healing materials where loads are desirable without the continuous application of heat 

or energy. This research represents experimental and analytical studies aimed at understanding 

the underlying mechanisms of PCRRS and discussing its potential application scope and benefits 

in the design of self-healing materials. 

Furthermore, this research presents a comprehensive experimental analysis of the 

interface strength and microscopic evaluation of the failure mechanism at the interface 

between nickel-titanium (NiTi) wire and bismuth-tin (BiSn) solder. The insights gained from the 

PCRRS studies and the interface evaluation will be applied to optimize the self-healing metal-

metal composite using established composite theories and will contribute to the development 

of a novel self-healing mechanism. 

Motivation 

 Inspired by biological systems, self-healing materials strive to emulate a unique 

characteristic - the autonomous restoration of function, harnessing the resources intrinsically 

within their reach for self-repair. [4]. This remarkable characteristic offers the potential to 

alleviate the necessity for frequent inspections in damage monitoring, decrease the expenses 

associated with product maintenance and replacement, and reduce the likelihood of service 

interruptions due to product failure [5]. The innate ability of self-healing materials to repair 

damage and restore structural strength paves the way for a paradigm shift in the design and 

analysis of structures, redefining the concept of 'failure' and resulting in lighter, more efficient, 

and longer-lasting structures. Given the broad applicability of self-healing materials in 

spacecraft and aerospace structures, automotive structures, and defense industries [6], the 
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development of these materials has garnered significant attention, with researchers dedicating 

several decades to the topic.  

Although replicating the biological process of healing in inorganic systems poses a 

considerable challenge, the majority of research efforts have been focused on non-metallic 

materials, owing to their ease of implementation. Metallic self-healing composites are of 

considerable practical interest due to their structural properties, which are superior to those of 

polymer and ceramic-based self-healing materials [7]. This advantage can be attributed to the 

prevalent practice of encapsulating liquid resin or adhesives within polymer and ceramic self-

healing materials. Upon sustaining damage, the encapsulated liquid is released, flowing into the 

affected area and re-adhering the structure. However, this approach presents several 

challenges, including the added weight of the encapsulated liquid, which does not contribute to 

the structure's strength until released, and the formation of voids upon release. Moreover, 

polymers and liquid adhesives are generally ill-suited for the wide range of extreme 

temperatures encountered during space flight. In contrast, metal-metal self-healing composites 

exhibit greater temperature tolerance and the advantage of being entirely solid, thus providing 

load-bearing capabilities. 

The study of PCRRS) in NiTi SMAs offers significant potential for innovation and 

advancement within the realm of smart materials and self-healing metallic structures. This 

research is spurred by the novel phenomenon of PCRRS, which introduces a pioneering 

approach for employing NiTi as an actuator. This approach could revolutionize existing 

applications such as self-healing materials, and stimulate novel applications, like using a 

dispersion of NiTi particles to prevent fatigue cracking in material structures. The motivation for 
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investigating PCRRS stems from its inherent ability to generate residual crack-closing loads, 

which are essential for maintaining structural integrity under fatigue loads. Importantly, these 

loads can be generated without the continuous application of energy. Hence, this property 

potentially heralds a paradigm shift in the design of self-healing materials, enabling structures 

that can endure external forces without constant energy input. Furthermore, the exploration of 

PCRRS in the development of self-healing metallic materials, particularly for generating 

consistent crack-closing loads, has profound implications for the future of material 

development. The research into PCRRS, therefore, represents an exciting frontier in the quest 

to develop more efficient, resilient, and intelligent materials and structures. 

The motivation behind the research of interfacial bonding lies in the transformative 

potential of self-healing materials - especially metal-metal composites - and the specific 

challenges that have arisen in harnessing this potential. Such materials, with their inherent 

ability to recover from damage, could fundamentally redefine structural integrity and design 

paradigms, resulting in lighter, more resilient structures that require significantly less 

maintenance. However, a major stumbling block to the effective realization and widespread 

adoption of these materials, particularly the NiTi and BiSn composite, is the problematic 

interface bonding. This is primarily due to the formation of an inert titanium dioxide (TiO2) layer 

on the surface of NiTi, which significantly weakens the interface strength between the NiTi 

fibers and BiSn matrix. Inspired to address this crucial barrier, the central aim of this research 

has been to delve into the properties and failure mechanisms of the NiTi-BiSn interface. By 

developing a comprehensive understanding of the interfacial behavior, especially in the 

presence and absence of the TiO2 layer, the research has sought to offer quantitative insights 
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into the enhancements possible through specific chemical etching processes. This in-depth 

analysis provides critical data that could inform the design of optimized composites, influencing 

decisions around fiber sizing and potentially paving the way for the development of better-

performing self-healing composites. This research contributes to the broader field of materials 

engineering, bringing us closer to a future where structures can autonomously recover and 

maintain their functionality. This significant stride towards self-healing structures holds 

immense potential benefits, from economic savings through reduced maintenance to improved 

sustainability through extended material lifespan. As such, the motivation behind this research 

extends far beyond the realms of academic curiosity, potentially offering tangible solutions to 

some of the most pressing challenges in contemporary materials engineering. 

Background 

 Self-healing materials aim to decrease structural weight, downtime, maintenance 

expenses, and failure by incorporating the ability to repair damage during service, thus 

preventing the accumulation of damage that could result in structural failure. In this section, we 

provide a detailed introduction to self-healing materials, focusing specifically on shape memory 

alloy (SMA)-reinforced self-healing metallic materials and the SMA properties investigated for 

developing metal-metal composite designs using SMA. 

Overview of Self-Healing Materials 

 Over the past two decades, substantial research has been conducted on self-healing 

materials with an innate capacity to repair damage. These investigations have led to the 

development of various self-healing materials utilizing diverse healing mechanisms. Self-healing 
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materials can be classified as autonomous or non-autonomous and homogeneous or 

heterogeneous [8]: 

1. Autonomous self-healing materials typically contain an encapsulated healing agent or a 

stored energy potential that is released upon damage occurrence. 

a. The automatic initiation of the healing process eliminates the need for damage 

detection but results in a repaired structure with any deformations caused by 

the damage, which could constitute a form of failure. 

b. Healing agents or stored energy are consumables that eventually deplete, 

limiting the frequency of self-healing events. 

c. Encapsulated liquid healing agents add weight to a material but cannot bear 

tensile or shear loads in their liquid state, reducing strength-to-weight ratios. 

This limitation is evident when the strength of healed structures is often 

reported to be greater than that of the pristine structure (healing efficiency > 

100%). 

d. Encapsulated healing agents create stress concentrations and fatigue initiation 

points within the structure. 

2. Non-autonomous self-healing materials typically possess more organized internal 

structures, akin to composite materials. 

a. Awareness of damage presence is required to activate healing processes, 

usually via the application of energy in the form of heat, electricity, or light. 

b. Structures enable geometric recovery and multi-step healing processes, 

emulating the more complex healing observed in biological organisms. 
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c. Non-autonomous composite structures have demonstrated the potential to 

achieve the most advanced and complex self-healing capabilities. 

Although significant research has been conducted on self-healing materials, the majority 

has focused on polymeric or ceramic materials due to their relatively simpler synthesis. Metal 

alloys and metal-metal composites (MMCs) possess numerous properties that are 

advantageous for the development of self-healing materials. However, there has been limited 

research in the field of self-healing MMCs due to challenges associated with high-temperature 

processing and precision in metallurgy. 

Metallic Self-healing Materials 

The widespread use of metals in our society necessitates designs that minimize failures 

to avoid severe consequences and costly repairs. Proper design and utilization are essential for 

preventing fatigue, creep, and fracture failures, but even well-designed materials can contain 

defects, leading to degradation and failure. Developing self-healing metals that adapt to 

unpredictable service environments and material properties is a significant challenge. Although 

self-healing structural metals offer potential advantages and commercial importance, research 

in this area remains scarce. Recent studies, however, have started exploring new possibilities in 

self-healing metals. 

Presently, metallic self-healing materials are categorized according to their healing 

mechanisms, emphasizing material structure or autonomy as shown in Figure 1. These bulk 

metallic self-healing concepts can be divided into two groups based on the characteristic length 

of the healed damage: 
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1. Healing of micro scale voids (concepts involving precipitation and nano-scale shape 

memory alloy (SMA) dispersoids). 

2. Healing of macro scale cracks (concepts including SMA-clamp and melt, solder 

tubes/capsules, coating agent, and electro-healing). 

 

Figure 1: Classification of the investigated metallic self-healing materials [8]. 

Non-autonomous self-healing materials need external actuation, while autonomous 

ones do not, although most autonomous metallic self-healing structures are predominantly 

theoretical with limited experimental validation. Self-healing metal-metal composites (MMCs) 

feature a macroscopic inhomogeneous structure, often incorporating SMA fibers or 

encapsulated healing agents in a matrix. Long or short SMA wires have been embedded as 

reinforcements in metal matrixes (Al, Zn, Sn, or Sn-Bi alloy) to synthesize SMA-based self-

healing materials [9]–[14]. Encapsulated healing agent-based self-healing materials are 

synthesized by including capsules or tubes with healing agents like solder [15], [16]. In contrast, 

self-healing metals employ more homogeneous healing mechanisms, such as coating-based 

[17], electro-healing [18], eutectic-based [10], and precipitation-based healing [19]–[23].  
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The development of autonomous self-healing metals focuses on nano-scale 

mechanisms, including nano-SMA-dispersoid-based self-healing and grain boundary migration 

[24], [25]. Precipitation healing has been investigated at high temperatures (575–750˚C) 

primarily in stainless steel and Cr-Mo-V alloys [25], [26], and at low temperatures (120–185˚C) 

in Al alloys [20], [23], [27], [28]. Precipitation-based healing, however, is limited to small-scale 

damage and primarily useful in early damage stages. Nano-SMA-dispersoids-based healing, 

proposed by Grabowski and Tasan [25], aims to close nanovoids through SMA nanoparticle 

phase transformation. Although still in the modeling stage, this approach has potential to alter 

fatigue properties of material structures. Nevertheless, the lack of bonding capabilities might 

limit its effectiveness. 

White et al. pioneered the development of autonomous self-healing polymers by 

incorporating microcapsules filled healing agent, within a polymeric epoxy matrix containing a 

catalyst [4], where upon crack propagation, which ruptures the capsules of the monomer agent, 

and subsequently, the agent flows into the crack and bonds in place upon polymerization due 

to contact with the catalyst dispersed in the matrix [29]. Self-healing MMCs were devised 

utilizing encapsulated healing agents, similar to the approach employed in polymers. Rohatgi et 

al. proposed encapsulated solders for self-healing, to create novel self-healing MMCs [30], [31]. 

In these techniques, encapsulated low-melting-temperature materials within ceramic 

shells are dispersed in a high-melting-temperature matrix. Upon crack formation, ceramic 

carriers break, releasing the melted solder to fill and bond the crack, with strength recovery 

dependent on wettability and alloy properties [32]. Strength restorations of up to 60% of the 

original, pre-damaged strength have been achieved. Martinez-Lucci et al. investigated 
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embedding Sn60Pb40 solder-filled Al2O3 microtubes in an Al-206 alloy matrix [30]. Ruzek similarly 

incorporated low-melting healing agents within Al2O3 microballoons in metallic matrices, 

creating self-healing composites [10]. Designing matrix microstructure with capsules filled with 

solders poses challenges due to pressure infiltration requirements. Additionally, the solder 

tubes/capsules concept faces challenges during damage and healing phases. Cracks must break 

the ceramic shell to release solder into the crack, and proper wetting and bonding must occur 

for effective healing [25]. Unlike self-healing polymers, capsule-based healing in metals requires 

heat and may introduce residual stress concentrations or affect structural function when 

bonding in damaged geometry. 

Leser et al. developed a self-healing coating for titanium alloys using a 60% Indium and 

40% Tin (wt.%) composition, which can be activated multiple times in inert environments, 

showing potential for multi-cycle heating [33]. Zheng et al. investigated electro-healing in pure 

nickel sheets, successfully healing cracks and recovering nearly 96% tensile strength [18]. 

However, the need for immersion in a bath and the small healing scale may be limiting. Ruzek 

and Rohatgi explored eutectic-based healing, using eutectic liquid as a healing phase while solid 

dendrites maintain structural integrity [10]. The method involves a matrix alloy composition 

that forms primary phase dendrites first, pushing interdendritic liquid to the eutectic 

composition. Upon heating, the eutectic melts, flows into cracks, and solidifies when cooled, 

enabling self-healing. 

SMA-Based Self-healing Metallic Materials 

Shape memory alloys (SMAs) integrated into self-healing materials offer a unique 

capability for restoring bulk geometry after fractures, a crucial attribute for re-establishing a 
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structure's original functionality following significant damage. SMAs exhibit two distinct 

properties: shape memory effect and pseudoelasticity [34], which facilitates the necessary 

actuation upon heating and cooling. However, SMA-reinforced self-healing materials 

necessitate external actuation, typically heating, to initiate the healing process, rendering them 

inherently non-autonomous. 

 

Figure 2: Self-healing process in NiTi reinforced metal-metal composite. a) Initial structure b) fracture c) geometric recovery d) 
soldering e) healed [9], [11]. 

The SMA based self-healing concept, schematically represented in Figure 2, involves a 

composite microstructure comprising SMA reinforcement wires embedded in a solder matrix 

material, possessing a significantly lower melting point than that of the SMA wires (Figure 2a). 

When stress exceeding the solder material's ultimate tensile strength is applied to the SMA-

solder composite, a crack forms in the solder material, while the SMA wires undergo 

transformation into the martensite phase (Figure 2b). To accomplish self-healing, the 

composite sample must be externally heated (Figure 2c) above the austenite transition 

temperature, inducing a phase transformation of the SMA wires from martensite to austenite. 

This transition generates compressive stress, contracting the composite sample and bringing 

the fractured surfaces together (Figure 2d). The temperature must be further increased to melt 
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the solder, facilitating the rejoining of the fractured surfaces and healing the structure upon 

cooling (Figure 2e).  

The self-healing concept utilizing shape memory alloy (SMA) reinforcement in metal-

metal composites has been investigated by numerous researchers [9], [35], [36]. Manuel and 

Olson have successfully demonstrated the implementation of this self-healing concept in their 

work, where they optimized a Sn-13at%Bi alloy matrix embedded with continuous uniaxially 

oriented equiatomic NiTi SMA wires [9]. The schematic representation of the SMA-based self-

healing process, as seen in Figure 2, consists of a composite microstructure with SMA 

reinforcement wires embedded in a solder matrix material. This solder material exhibits a 

significantly lower melting point compared to the SMA wires. When stress surpassing the solder 

material's ultimate tensile strength is applied to the composite, a crack forms in the solder 

material, while the SMA wires transform into the martensite phase. In order to achieve self-

healing, the composite sample must be externally heated above the austenite transition 

temperature, triggering a phase transformation of the SMA wires from martensite to austenite. 

This transition generates compressive stress, contracts the composite sample, and brings the 

fractured surfaces together. The temperature must then be increased further to melt the 

solder, enabling the rejoining of the fractured surfaces and healing the structure upon cooling. 

It was observed that the crack was closed and the healed specimens demonstrated a recovery 

of 95% of its original tensile strength. The heating process served a dual purpose, activating the 

SMA to restore geometry and softening the matrix solders to bond the fracture back together. 

As the NiTi wires heated, they exerted forces on the matrix while attempting to return to their 

original geometry (shorter lengths), corresponding to the trained shape of the SMA. Despite the 
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potential for repeated self-healing under ideal conditions, this approach presents disadvantages 

such as a strong anisotropic response and the necessity for an externally applied trigger to 

activate the self-healing process. 

Alternative alloys have been explored as matrix materials for self-healing components 

[9], [13], [14], [36], [37]. Manuel's research on magnesium-based matrices revealed partial 

healing at specific temperatures [35]. Rohatgi investigated incorporating NiTi SMA wires in an 

Al-A380 matrix [21]. Due to poor bonding between the wire and matrix, SMA wires were 

wrapped around a threaded stainless steel rod and cast with Al-A380. The rod functioned as a 

mechanical anchor, allowing the SMA to pull even if disbonded from the matrix. The reinforced 

component exhibited nearly double the strength and ductility compared to the unreinforced 

sample, with a substantial reduction in crack width, but no significant recovered strength [38], 

[39]. 

Recent investigations have concentrated on more industrially pertinent host matrix 

materials, such as the research by Ferguson et al. [14] on a commercial ZnAlCu alloy enforced 

with NiTi SMA wires, which retained 30% ultimate tensile strength after self-healing. Misra 

recently developed a self-healing metal matrix composite (MMC) using a Sn-20Bi (wt.%) matrix 

and 20% NiTi wire reinforcement. Improved bonding was achieved by removing the titanium 

oxide layer from NiTi and encasing it in flux before casting. Healing assessment involved 

measuring plastic strain recovery from a three-point bending test. Furthermore, NASA explored 

Al-based alloys to enhance damage tolerance in aeronautical structures [36], revealing that an 

AlSi matrix reinforced with 2vol% SMA wires retained more than 90% ultimate tensile strength 

after self-healing. 
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Critical challenges for SMA-reinforced self-healing materials encompass securing 

bonding between the SMA and the matrix, ensuring compatibility between SMA and the metal 

matrix during synthesis, comprehending the mechanics of the SMA-reinforced matrix and the 

kinetics of recovery, providing continuous heat supply to activate SMA actuation, and 

identifying damage location to activate the healing mechanism. 

Limitations of SMA-Based Self-healing Metallic Materials 

Self-healing materials have garnered significant interest in scientific and industrial 

applications due to their potential to increase the longevity and reliability of various systems. 

However, to realize the full potential of these materials, several limitations and concerns must 

be addressed, particularly for SMA-reinforced self-healing materials. The critical challenges 

facing the development and implementation of these materials include: 

1. Ensuring effective bonding between the SMA and the matrix is of paramount importance 

for the healing process to occur. Inadequate bonding can lead to reduced mechanical 

strength, compromising the material's performance, especially in stress-bearing 

applications. Investigating innovative methods to improve bonding and understanding the 

interface's physical and chemical properties are essential steps towards overcoming this 

challenge. 

2. Compatibility between the SMA and the metal matrix during synthesis is another crucial 

aspect to be considered. Achieving compatibility is necessary for creating a successful self-

healing material, as not all metallic alloys possess the required phase and composition 

characteristics to achieve self-healing. Identifying suitable alloy combinations and 

developing tailored fabrication techniques will help address this issue. 



 

 15 

3. A comprehensive understanding of the mechanics of the SMA-reinforced matrix and the 

kinetics of recovery is essential for optimizing the material's self-healing capabilities and 

overall performance. Further research into the microstructural, mechanical, and 

thermodynamic properties of SMA-reinforced composites will enable a more accurate 

prediction of their behavior and facilitate the development of improved self-healing 

materials. 

4. Providing a continuous heat supply to activate the actuation of SMA remains a challenge, 

as current self-healing processes necessitate the application of external thermal energy to 

facilitate healing. Achieving autonomy in the healing process is challenging, and as such, 

the term "assisted self-healing process" may be more appropriate. Developing novel 

methods for in-situ heat generation or harnessing environmental energy could help 

overcome this limitation. 

5. Knowledge of damage location is critical for activating the healing mechanism effectively. 

This requirement implies the need for damage monitoring systems that can detect and 

initiate the healing process in a timely manner. Integrating advanced sensing and 

monitoring technologies, such as embedded sensors or non-destructive evaluation 

techniques, will play a vital role in addressing this challenge. 

Furthermore, additional concerns that warrant attention include the number of healing 

cycles a material can undergo during its service life, ensuring an even distribution of the healing 

agent within the metal matrix, and the process technology and cost implications of fabricating 

micro-sized cavities for healing agents. While SMA-reinforced self-healing materials hold 
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immense potential for various applications, addressing these critical challenges and limitations 

is essential for their successful development and implementation. 

Research Objectives  

The main objectives of this research are twofold: firstly, to investigate the potential of 

utilizing post constrained recovery residual stresses (PCRRS) developed in the Nickel Titanium 

(NiTi) Shape Memory Alloy (SMA) towards development of self-healing metallic materials; and 

secondly, to characterize the interfacial bonding between nickel titanium (NiTi) shape memory 

alloy (SMA) wires and bismuth-tin (BiSn) solder to enable the optimization and design of self-

healing metal-metal composites. 

Key Research Activities and Thesis Outline 

The key research activities of this thesis will concentrate on investigating the post 

constrained recovery residual stresses (PCRRS) in NiTi shape memory alloys (SMAs) and 

characterizing the interfacial bonding between NiTi wire and bismuth-tin (BiSn) solder. These 

two aspects are critical for the successful development of self-healing metal-metal composites. 

Hence, this thesis will divide into two parts. Part I will focus mainly into details of PCRRS and 

Part II will concentrate on the interfacial debonding of NiTi and Metal Matrix. 

The research activities will encompass the following: 

1. Investigation of the Post Constrained Recovery Residual Stress (PCRRS) 

a) Characterization of NiTi SMA mechanical properties to understand the factors 

influencing PCRRS. 
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b) Examination of the phase transformation processes in NiTi SMAs, including austenite-

martensite transformations and the effect of temperature and different constrained 

condition on PCRRS performance. 

c) Study of the PCRRS regeneration and to evaluate its compatibility for self-healing 

composite fabrication. 

d) Study of the materials phase to evaluate PCRRS stability 

2. Interfacial Debonding between NiTi and Metal Matrix: 

a) Evaluation of different fabrication techniques to improve the mechanical and chemical 

properties of the NiTi wire-BiSn solder interface. 

b) Investigation of surface treatment methods, such as etching, to enhance interfacial 

adhesion and overall self-healing performance. 

c) Conducting pull testing to evaluate the effectiveness of the interfacial bonding 

strategies on the composite's performance. 

d) Conducting analytical modelling to evaluate the interfacial shear strength and failure 

phenomena. 
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Part I: 

Insights into the Nature and Characteristics of Post Constrained 

Recovery Residual Stress in Nickel-Titanium Shape Memory 

Alloys: A Comprehensive Investigation 
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This part of the thesis delves into the characteristics of the post constrained recovery 

residual stress (PCRRS), which is observed in nickel titanium (NiTi) shape memory alloys (SMAs) 

when they undergo a process of constrained recovery and are returned to a low-temperature 

condition while maintaining their constraint. A thermomechanical cycling procedure was 

implemented to instigate the state of PCRRS, following which a series of experiments were 

carried out. These experiments introduced various deflection profiles from the PCRRS state and 

subsequently monitored the alterations in the residual stress. 

The outcomes from all experiments demonstrated a consistent reduction in stress after 

each loading cycle, demonstrating a pattern akin to cyclic softening. Intriguingly, the method 

that was initially employed to generate PCRRS, when repeated, reinstated the original 

magnitude of the PCRRS. This suggests that the observed reduction in residual stress represents 

a stable, reproducible, and reversible event, rather than representing actual material 

degradation. 

In order to gain a deeper understanding of PCRRS, a comparative analysis was 

conducted that examined the modulus correlating stress and strain at different stages of the 

thermomechanical loading process. This examination revealed that NiTi, in its PCRRS state, 

exhibits a mix of twinned and detwinned martensite. 

The comprehensive understanding of PCRRS, its properties, and its stability could unlock 

new potentials for advanced engineering applications. This could pave the way for creating 

materials that exhibit self-healing and fatigue-resistant characteristics by generating stress 

without requiring continuous actuation over extended periods. 
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SMA properties and PCRRS 

Shape Memory Alloys (SMAs) are at the cutting edge of active material research, 

primarily attributed to their extraordinary energy density [40]. They are utilized across a broad 

spectrum of applications as actuators, a role in which they excel due to their unique property of 

being able to recover their original form through a reversible phase transition. This 

transformation can be triggered either by thermal actuation or by stress reduction, thereby 

initiating the Shape Memory Effect (SME) and Pseudoleastic Effect (PE), respectively [41]–[45]. 

Nickel Titanium (NiTi) alloys, which are approximately equiatomic, are predominantly 

used in engineering applications. Their popularity can be attributed to their robust 

characteristics, high recovery potential, and excellent mechanical performance across a range 

of loading conditions and environments [34]. During the process of constrained recovery, NiTi 

has been observed to generate significant blocking stresses [41]. This marked stress is produced 

when continuous thermal actuation prevents NiTi wires from reverting to their original shape. 

The Shape Memory Effect (SME) is a unique feature of NiTi, giving it the ability to regain 

its original shape following deformation. This effect becomes evident when NiTi experiences a 

solid-state thermo-elastic phase transition. As shown in Figure 3, this transition involves a shift 

from a high-temperature body-centered cubic austenitic 'parent' phase (B2) to a low-

temperature monoclinic martensitic 'product' phase (B19՛) [46], [47]. The martensitic phase can 

present in several variants, primarily twinned and detwinned, based on the applied load. These 

variants correspond to the same crystal structure but with different spatial orientations in 

relation to the parent phase [48], [49]. In scenarios where the material is not subjected to 

mechanical loading or deformation, the NiTi will assume its parent geometry in the high-
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temperature austenite state. When the material is cooled through its martensite transition 

start (Ms) and martensite transition finish (Mf) temperatures without any load or constraints, it 

undergoes a phase transformation. This transformation leads from austenite to self-

accommodated twinned martensite, a process known as the forward transformation [50]. The 

atomic displacements involved in this transformation result in what is termed a transformation 

strain. 

 

Figure 3: Various thermomechanical responses of a generic shape memory alloy. The two major attributes that the SMAs 
typically demonstrate as actuators are: shape memory effects (SME) and superelasticity (or pseudoelasticity). Underlying all 
these behaviors are complex microstructure changes involving reversible martensitic phase transformations and 
twinning/detwinning processes [51]. 

When the martensite variants are equally present, the macroscopic strain is near zero, 

indicating the state of self-accommodated twinned martensite. This balance of variants is 

crucial in understanding the behavior of NiTi under different conditions and can lead to the 

development of more efficient and resilient materials in future engineering applications. In the 

martensitic state at lower temperatures, SMAs can be deformed, appearing to undergo 
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'apparent' plastic (recoverable) deformations due to the detwinning of martensite. The 

reorientation of domains result in recoverable strain that remains after the load is removed. 

The detwinning process in SMAs is capable of producing significant strains, exceeding 5% in 

martensite states and 12% in the austenite state, which is noteworthy considering most metals 

fail around a strain of 3% [52], [53]. 

 

Figure 4: Stress-strain behavior upon thermomechanical loading on SMA: (a) shape memory effect (SME); (b) recovery stress. 

The deformation of Shape Memory Alloys (SMAs) in the low-temperature martensite 

state, when sufficient, can trigger a transformation within martensitic crystalline domains. This 

transformation shifts the structure from a self-accommodated twinned configuration to a 

detwinned one. As a result of this reorientation, the material displays a recoverable strain that 

persists even after the applied load has been removed [52], [53]. Upon heating the material 

through its austenite start (As) and finish (Af) temperatures, the alloy undergoes a reverse 

transformation. This change prompts the re-emergence of the austenitic structure and the 
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material's inclination to revert to its original, parent geometry, thus recouping the recoverable 

strain [54]. 

In scenarios where the material is free from physical constraints, this process is termed 

stress-free recovery. During this process, strains as significant as 8% can be recovered [41]. On 

the other hand, when the NiTi alloy is heated above its Af temperature while being constrained 

from resuming its parent geometry, the process is referred to as constrained recovery [55], [56]. 

This procedure can yield a blocking stress of over 800 MPa [57]. Two properties - geometric 

recovery and blocking stress generation via the Shape Memory Effect (SME) - have been 

harnessed extensively in various industrial applications. These properties find usage in the 

creation of fasteners, seals, connectors, clamps [41], and even medical devices [58], 

demonstrating the versatility and practicality of SMAs. 

There is a well-established understanding that when the shape memory effect is 

activated, the thermoelastic martensitic transformation is co-dependent on both stress and 

temperature, forming a nonlinear relationship [59]. However, predicting the state of phase 

transformation of Shape Memory Alloys (SMAs) during constrained actuation poses a significant 

challenge. The generation of blocking stress takes place in a heated mixed state of austenite 

and stress-induced detwinned martensite during reverse transformation. Typically, these 

stresses have been found to exhibit a linear relationship with the applied temperature for 

reverse transformation. This behavior can be illustrated by the Clausius-Clapeyron equation, 

which is well-known in the field [41], [60]. Although this equation is most fitting for a single 

crystal of SMA, in polycrystalline situations, linear fits are often obtained by measuring the 

slopes. 
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In his seminal work, Duerig et al. delved into the intricate details of the constrained 

recovery mechanism and its engineering applications [41]. Subsequently, numerous 

experimental studies have been conducted to probe the nature of recovery stress, its 

mechanical attributes, the characteristics of its phase transformation, and the influence of 

different thermomechanical loading scenarios or previous mechanical treatments. For example, 

Šittner et al. studied the generation of recovery stress in Ti50Ni45Cu5 wires through 

thermomechanical experiments, employing electric resistance measurements and algorithms to 

predict the behavior of SMA polycrystals [60]. Li et al. concentrated on understanding the phase 

transformation behaviors of NiTi during the generation of constrained recovery stress [61]. 

Vokoun et al. conducted experiments to examine the impact of different constraint conditions 

on recovery stress [62]. 

In parallel to experimental investigations, numerous attempts to model the constrained 

recovery processes theoretically have been made, with the aim of predicting the evolution of 

constrained shape recovery stresses. Phenomenological models of SMA behavior in a one-

dimensional context were proposed by Tanaka [63] and later modified by Liang and Rogers [64] 

and Brinson [65]. These models aimed to analytically predict the behavior of SMAs in a 

constrained state. Specifically, Kato et al. developed a one-dimensional model to predict the 

constrained recovery stress of NiTi SMA based on temperature state and the maximum strain 

applied. This model utilized the elastic strain energy and the Helmholtz free energy of the two 

phases [66]. Videnic et al. presented multiple studies on constrained recovery in SMA wires 

using generalized plasticity, as developed by Lubliner and Auricchio [67], [68]. This work 
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assumed a non-constant value of Young’s Modulus, and the predicted SMA behaviors were 

corroborated with experimental results [69]–[71]. 

Recent Studies on PCRRS 

Shape memory alloys (SMAs) comprising Nickel Titanium (NiTi) have garnered 

considerable attention and application due to their extraordinary resilience against large 

deformations and their capacity to generate substantial forces over extended distances. Recent 

empirical studies have unveiled a novel phenomenon in which these alloys can generate 

sustained stress without the need for ongoing thermal actuation [38], [72]–[75]. In scenarios 

where the SMA undergoes constrained recovery and subsequently has its temperature lowered 

to ambient conditions while retaining its constrained geometry, it is found to produce what is 

termed as 'post constrained recovery residual stresses' (PCRRS). This unique feature potentially 

revolutionizes the use of the material as an actuator, offering advantages in areas such as self-

healing materials, while also paving the way for innovative applications. For instance, 

employing a dispersion of NiTi particles could potentially mitigate fatigue cracking in material 

structures. 

Subsequent experiments examining PCRRS have confirmed the ability of the alloy to 

produce residual stresses independent of continuous energy input, offering promising 

prospects for the development of smart materials and structural designs. However, the 

understanding of the macro-scale stability and origins of this characteristic remains a topic of 

ongoing research. The present study aims to augment our understanding of PCRRS properties 

through experimental analysis, focusing on the different loading conditions impacting the 

residual stress state. 
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Prior research primarily emphasized the mechanics of the blocking stress generated in 

the high temperature constrained state. Only a handful of researchers have highlighted the 

generation of PCRRS, and even fewer have conducted comprehensive studies to unravel the 

mechanisms underlying its generation. Despite these initial efforts, a detailed exploration into 

the state, stability, and nature of PCRRS, including the mechanisms beyond its generation, 

remains a critical area to uncover. Daghia et al. proposed a low-temperature stress generation 

model following constrained recovery, a modification of the existing Brinson model [76]. Yet, a 

thorough understanding of the transformational behavior at low temperatures and low stress is 

required to accurately characterize this phenomenon. Tran et al. performed a parametric study 

on the generation of low-temperature stress in NiTi wires using a modified analytical model. 

They demonstrated that PCRRS is influenced by the amount of recoverable strain generated 

during the loading and unloading from the martensite state prior to constrained recovery [77]. 

 The Swiss Federal Laboratories for Materials Science and Technology, Empa, 

spearheaded a series of comprehensive investigations into the characteristics of iron-based 

shape memory alloy (SMA) materials, with an emphasis on applications within the realm of civil 

engineering. The researchers presented experimental findings on the generation of stress at 

low temperatures following a state of constrained recovery [78]–[81]. It is important to 

distinguish between the mechanisms underpinning the shape memory effect (SME) in Nickel 

Titanium (NiTi) and iron-based SMAs. For NiTi, SME is predicated on the motion of various 

martensite variants. On the other hand, in iron-based SMAs, SME arises from the stress-induced 

transformation from the parent austenite γ-phase (face-centered cubic- fcc) to the martensite 

ε-phase (hexagonal close packed- hcp), followed by heat-induced reversion from ε-phase back 
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to γ phase [82]. A key distinction between these materials lies in their stress behavior during 

cooling to ambient temperature under constrained conditions. In the case of iron-based SMAs, 

stress increases during this process, whereas NiTi experiences stress reduction. This pattern of 

stress generation was also observed by Choi et al. in their study of NiTi-Nb materials, indicating 

a similar trend to NiTi [83], [84]. 

Nonetheless, these investigations did not delve into the comprehensive analysis of post 

constrained recovery residual stresses (PCRRS), its mechanisms, or its potential applications. A 

notable gap in these studies is the absence of insight into the behavior of these materials under 

varying loading conditions following the formation of PCRRS. Additionally, the long-term 

stability of these materials remains unexplored in the aforementioned studies. While the 

residual loads produced during the constrained recovery process have been utilized in various 

actuation applications, these methods typically demand a continuous application of energy to 

maintain the SMA at an elevated temperature. Yet, achieving actuation without the need for 

constant energy application could lead to greater efficiency in several applications, particularly 

in the realm of self-healing materials or pre-stressed structures. 

Recent studies have demonstrated that the residual loads generated post constrained 

recovery and thermal actuation have potential advantages, as they can be repeatedly 

generated without the need for continuous heat energy application [38], [72]–[75]. After the 

process of constrained recovery, where stress is generated through reverse martensitic 

transformation, subjecting the SMA elements to forward transformation (by cooling them 

below the martensite transition finish temperatures, Mf, in a constrained geometry) results in 



 

 28 

the formation of stable stress within the martensitic phase. This is known as Post Constrained 

Recovery Residual Stress (PCRRS). 

Challenges 

Previous studies have primarily focused on the capacity to produce Post Constrained 

Recovery Residual Stress (PCRRS) in singular formulations of equiatomic Nickel Titanium (NiTi) 

wires, with emphasis on the mechanical creation of this residual stress. The potential of this 

unique phenomenon to generate enduring residual stress without the necessity for continuous 

thermal energy could open new avenues in existing applications, such as self-healing materials. 

Additionally, it could pave the way for the innovative usage of NiTi Shape Memory Alloys 

(SMAs) in novel applications, for instance, employing a dispersion of NiTi particles to curtail 

fatigue cracking in various material structures [38]. Nevertheless, our comprehension of the 

characteristics, origins, and extent of this phenomenon remains rather limited. 

There remains a substantial amount of work to thoroughly decode the underlying 

mechanisms that give rise to PCRRS and to understand the evolution of PCRRS under persistent 

thermo-mechanical loading. A profound exploration of the effects of training or pre-working, 

along with a detailed microstructural analysis, is essential to formulate theoretical explanations, 

gain insights, and develop models that adequately represent the PCRRS phenomenon. 

The research presented here embarks on a detailed examination of the mechanical 

properties beyond the generation of PCRRS, with the ultimate aim of fostering a more 

comprehensive understanding of the mechanisms instigating this phenomenon. This work 

strives to delve into the potential properties existing beyond the PCRRS state, coupled with a 
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phenomenological analysis of the origins of PCRRS. The objective here is to uncover attributes 

pertinent to structural design and foster a deeper understanding of the PCRRS phenomenon. 

Approach 

The research presented in this work undertakes rigorous experimental testing, applying 

various strains from the Post Constrained Recovery Residual Stress (PCRRS) state. The main 

objective of this is to delve into the inherent nature and stability of the PCRRS state. Critical 

material properties, such as the local modulus of elasticity correlating to stress and strain at 

distinct stages in the thermo-mechanical cycling, were assessed. The data garnered from these 

tests were then analyzed to predict the material phases in the PCRRS states. 

A series of mechanical experiments were carried out to gain insight into the mechanical 

and material properties encapsulating the PCRRS state. The experiments aimed to: 1) assess the 

stability of the observed PCRRS through several cycles involving both high strain and low strain 

applications, 2) determine the effects of pre-working or training the samples on PCRRSs, and 3) 

examine the mechanical properties when loading from the PCRRS state. To ensure the 

generality of our observations, these experiments were replicated on samples with varying 

formulations and transformation temperatures, thereby confirming that the observed 

properties were not specific to a single formulation. 

This research endeavor aims to bolster the understanding of NiTi by broadening 

experimental explorations around PCRRS region. Consequently, this study presents both 

experimental results and analysis on the following: (i) the impact of releasing PCRRS (negative 

strain and associated tension reduction from the PCRRS state), (ii) investigation of material 

behavior while applying successive increasing strains from the PCRRS states, and (iii) 
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comparison and alignment of predictable states to unknown states based on the local elastic 

modulus relating stress and strain while applying small strain within the elastic range at 

different stages of the PCRRS loading path. 

Methods 

A series of thermomechanical tests were conducted on samples, all originating from the 

Post Constrained Recovery Residual Stress (PCRRS) state. To ensure uniformity and consistency, 

all samples underwent a preparation phase to confirm they were in their initial configuration, 

residing in a self-accommodated twinned martensite state as elucidated in the following 

section. 

Following this, the samples were subjected to an initial cycle and were returned to their 

low-temperature martensitic state in order to engender the PCRRS. From the PCRRS state, a 

variety of different experiments were then carried out to investigate the stability and inherent 

nature of the PCRRS. It is crucial to note that, for maintaining the integrity of the study, all the 

strain rates applied and the rates of thermal cycling were kept consistent across the different 

experiments conducted in this research. 

Sample Preparation 

All experiments were performed on commercially available samples of NiTi with 

different formulations, diameters and properties supplied by Dynalloy Inc. (CA, USA) and SAES 

Getters S.p.A. (Lainate, Italy). Matching experiments were performed, and similar results were 

produced with Dynalloy’s Flexinol 70 NiTi and SAES Group’s SmartFlex NiTi 70, SmartFlex NiTi 

95, and SmartFlex NiTiCu 75 with properties summarized in Table 1. 
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Table 1: SMA materials tested and their phase transformation temperatures 

Material As (˚C) Af (˚C) Ms (˚C) Mf (˚C) 

Flexinol NiTi 90 (Ni-50%) 90 110 75 65 

Flexinol NiTi 70 (Ni-50%) 70 80 60 50 

SmartFlex NiTi 70 (Ni-55%) 70 90 60 40 

SmartFlex NiTi 95 (Ni-54.8%) 95 115 85 65 

SmartFlex NiTiCu 75 (Ni-54.8%, Cu-6%) 75 90 65 50 

 

The experimental work carried out for this study utilized a DMA Q800 Dynamic 

Mechanical Analyzer (DMA) from TA Instruments, New Castle, DE. This device, equipped with 

integrated capabilities, was employed to apply and gauge mechanical loads, physical 

displacements, and thermal cycles. Except where otherwise indicated, the specific results 

discussed in this dissertation were mainly derived from tests conducted on Flexinol 90 NiTi wire 

from Dynalloy, possessing a diameter of 0.004 inches (0.10 mm). All imposed strain rates were 

kept at 0.5% strain/min, and rates for the application and removal of heat were maintained at 5 

°C/min. Despite the fact that the magnitude of the results varied with different materials, the 

observed trends aligned consistently with those presented for Flexinol 90. The initial 

preparation procedures of the samples for the DMA experiments have been outlined in detail in 

previous works on PCRRS by Haider et al [72], [74]. 

In order to ensure a consistent starting point for all testing and same phase at the onset 

of the experiment, samples were thermally actuated in same manner to obtain the self-

accommodated twinned martensite stat. The initial loading steps are followings: 

- Step-1: obtain a purely austenite parent phase by increasing the temperature 

above Af in a free and unconstrained condition. 
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- Step-2: obtain a purely self-accommodated martensite specimen by decreasing the 

temperature under Mf in a free and unconstrained condition. 

No changes in the geometry were observed during the forward transformation, 

therefore the samples at this point were considered to be in their parent geometry in the 

martensitic state or in their ‘initial configuration’. 

Initial Cycle to Generate PCRRS 

Samples, in it’s the low temperature self-accommodated twinned martensite state in 

the parent geometry, were mounted into the DMA and loading cycle began to generate PCRRS.  

As shown in the Figure 5, following loading steps were applied to obtain PCRRS: 

- Step-1: Apply a tensile strain while maintaining the temperature represented by ‘path 

1’ from point O to point A, a predesignated maximum strain, 𝜀𝐴 with corresponding 

stress, 𝜎𝐴. 

- Step-2: Unload to zero stress, following the ‘path 2’ between points A and B and a 

recoverable strain, 𝜀𝑅 is observed at the zero-stress state at point B.  This process is 

well understood and attributable to the detwinning of martensite, due to fact that, 

compared to the initial length of the wire at Point O, the final length at point B is 

higher. 

- Step-3: Keeping the sample constrained at point B, the temperature was increased 

beyond Af to return to austenite state, following ‘path 3’ through the reverse 

transformation to an austenite state.  A ‘blocking stress, 𝜎𝐶 ’ develops in the wire, as it 

would like to recover its initial length undergoing constrained recovery. 
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- Step-4: While continuing to maintain constrained conditions, the temperature was 

reduced back lower than Mf following ‘path 4’ through the forward transformation 

leading to martensite production and stress decrease because the material optimizes 

the proportions of martensite variants to relax the stresses in the specimen.  After 

these phase transitions, while maintaining the length, a residual load called post 

constrained recovery residual stress, 𝜎𝐶𝑆 was observed in the low temperature state 

at point D in the schematic diagram. The (recoverable) strain, (constrained) length, 

and temperature (20° C) at point 'D’ are cumulatively referred to as the PCRRS State 

and served as a base point for the continued experimentation.  

 

Figure 5: A representation of the corresponding stress-strain response upon thermomechanical loading to generate PCRRS. 

In the third phase of the experimentation, some variations in this experimental process 

were imposed with maximum temperatures up to 150° C to ensure that Af was reached 

independent of the constraint/applied strain.  No differences were observed between the 120° 
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C and 150° C cycles, so 120° C was used as the standard for the experiments. It is well 

understood that stress can shift the transition temperatures governing the SME.  Similarly, at a 

given temperature above Af, the application of stress can induce the reverse transformation, 

leading to stress induced martensite and the PE.  As a result, simply raising the temperature 

beyond Af would not guarantee full Austenite transformation, however, the stress induced shift 

in transition temperatures didn’t change the experimentally observed results. 

Subsequent tests were conducted with various predetermined maximum strain levels 

set at 3.4%, 3.9%, 4.4%, and 5.0%. These tests adhered to the same thermo-mechanical loading 

parameters as previously stated. The response to these varying levels of strain is illustrated in 

Figure 6, which presents a three-dimensional Stress-Temperature-Strain plot. To establish a 

relationship between the recoverable strain and the magnitude of the PCRRS generated in 

relation to the maximum strain to which the samples were subjected, linear regression analyses 

were performed. The data used for these analyses is compiled in Table-2. 

In the course of testing the ternary alloy, specifically SmartFlex NiTiCu 75 (comprising Ni-

54.8% and Cu-6%), a peculiar oscillation in stress was observed. This occurred as the material 

was heated through the reverse transformation and underwent constrained recovery. 

Notwithstanding this irregularity, the material continued to generate the Post Constrained 

Recovery Residual Stress (PCRRS) under investigation, subsequent to cooling through the 

forward transformation to room temperature martensite. These tests were replicated on 

several distinct samples of the material, and the outcomes remained consistent. It is 

conceivable that this unexpected phenomenon could be the result of an R-phase 

transformation, potentially linked to the additional Cu alloying element [44]. However, as this 
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irregularity did not influence the production of PCRRSs, and subsequent results aligned with the 

findings from other tested formulations, the anomaly was deemed to be of minor significance 

to this research. As a result, it was not subject to further scrutiny within the confines of this 

study. 

 
Figure 6: (a) Experimentally measured Stress-Strain-Temperature relationships for NiTi initial cycles of PCRRS loading path for 
predetermined prestrain (point A) of 3.4%, 3.9%, 4.4% and 5% and resulting in PCRRS (point D) following the constrained 
recovery. For the ease of interpretation, paths and points are labeled for the 5% strain case (dashed line) and (b) Stress 
Temperature 2D plane showing the thermal loading path from the constrained state. 

(a) 

(b) 
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Table 2: Recoverable Strain and PCRRS values corresponding to different maximum strain applied to NiTi SMA 

Maximum Strain (𝜀𝐴), % Recoverable Strain (𝜀𝑅), % PCRRS (𝜎𝐶𝑆), MPa 

3.4 1.13 51.28 

3.9 1.44 67.16 

4.4 1.93 75.86 

5.0 2.20 83.19 

 

 

Figure 7: Magnitude of PCRRS generated as a function of maximum strain applied to the sample. 

A series of linear regressions were conducted to establish the relationship between the 

recoverable strain and the magnitude of the PCRRS produced, with respect to the maximum 

strain the samples were subjected to. This was performed using the data depicted in Figure 6 

and collated in Table 2. The recoverable strains (𝜀𝑅) were assessed at point B and were 

maintained at a constant rate throughout the thermal cycle, which encompasses paths 3 and 4, 
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including points C and D. The magnitudes of the recoverable strains, expressed as a percentage, 

were correlated with the magnitudes of the maximum strain (𝜀𝐴) at point A, also represented in 

percentage terms. The derived equation, 𝜀𝑅 =  0.7𝜀𝐴 − 1.22, was found to be a good fit for the 

data, as evidenced by a high coefficient of determination (R2) of 0.978. Similarly, the 

constrained stress or PCRRS (𝜎𝐶𝑆), measured in MPa at point(s) D, was correlated with the 

maximum strain (𝜀𝐴) at point A (expressed as a percentage). This relationship was captured in 

the equation, 𝜎𝐶𝑆 =  19.5𝜀𝐴 − 12, which exhibited a strong fit with the data, indicated by an R2 

value of 0.95 (see Figure 7). 

Figure 7 presents evidence of a fairly linear relationship between the maximum strains 

imposed and the consequent constrained stresses (𝜎𝐶𝑆), revealing an intrinsic link between 

these two parameters. This relationship is further supported by the analogous trends observed 

in the thermomechanical loading paths across all experiments applying these maximum strain 

values, as depicted in Figure 6. 

To ensure continuity and comparability in the interpretation of results, the subsequent 

results and accompanying analysis in this thesis are primarily based on the experiment 

implementing a maximum strain of 3.4%, unless explicitly mentioned otherwise. This decision 

was made to facilitate the examination of the PCRRS phenomenon under consistent conditions, 

thereby enabling a more cohesive and robust understanding of the material behavior under 

study. This approach will ensure that the findings presented are reliable and that the 

conclusions drawn are grounded in rigorous experimental data. 
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Property Explorations from PCRRS 

This research involved four distinct experimental protocols, all conducted on analogous 

samples of NiTi wire. Each experimental sequence commenced with the generation of the 

PCRRS within the sample, employing the method detailed in previous section. Subsequently, 

the samples in the PCRRS state were subjected to various mechanical conditions designed to 

examine the evolution of residual stress under different loading scenarios: 

In the first set of experiments, the sample was strained back to the maximum strain 

initially used to induce the PCRRS state (3.4%, 3.9%, 4.4%, or 5%). This was followed by relaxing 

the sample back to its original constrained length, thus observing how the sample responds to a 

full strain cycle. 

The second experimental protocol involved the repeated application and removal of a 

tensile strain of 0.5% relative to the constrained length. This allowed to evaluate the sample's 

resilience and adaptability to cyclic tensile loading conditions. 

In the third set of experiments, the sample was subjected to an increasing sequence of 

tensile strains, followed by their subsequent removal. This incremental approach provided 

insights into the sample's response to a progressively escalating mechanical stimulus. 

Lastly, the fourth experiment centered on the repeated application and removal of 

negative strain, implying a reduction in length from the constrained state. This served to 

investigate how the sample coped with compressive strain cycles and the subsequent impacts 

on the PCRRS state. 
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These experiments, designed meticulously, allowed to explore a wide range of 

mechanical conditions that NiTi wires could face in practical applications, thereby providing a 

comprehensive understanding of the behavior and potential of NiTi wires in the PCRRS state. 

Repeated Large Strains Applications with Thermal Cycling 

The experimental process commenced from the Post Constrained Recovery Residual 

Stress (PCRRS) state, represented by point D. Here, the samples were subjected to a total strain 

that was congruent with the maximum strain utilized during the creation of the PCRRS (e.g., a 

total of 3.4% from the initial length). This was carried out through 'path 5', which mirrored 'path 

1', and subsequently unloaded in accordance with 'path 2', as illustrated in Figure 8. 

Upon reaching this stage, the PCRRS was observed to have diminished to almost zero. 

This reduction to a zero-stress state at the same recoverable strain as in the initial cycle 

suggests an equivalent detwinning of the martensite phase at ambient temperature. Following 

this, the thermal cycle and constrained recovery were repeated, passing through the reverse 

and forward transformations, thereby leading to the reformation of the PCRRS at point D. 

This procedure was repeated on multiple occasions, each time successfully eliminating 

and then reinstating the PCRRS, with the magnitude remaining largely consistent. This 

consistent pattern suggests that the PCRRS generation and removal process is not only stable 

but also reversible. Over multiple cycles, there was a marginal reduction in the magnitude of 

the PCRRS during the initial few cycles. However, this value eventually stabilized, as depicted in 

Table 3 and Figure 9. This pattern is in line with the known 'training' behavior of NiTi shape 

memory alloys, where repeated cycling leads to a stabilization of the material's properties. 

 



 

 40 

 

Figure 8: (a) Stress-Temperature-Strain relationship for NiTi for samples subjected to repetition of the maximum strain starting 
from the PCRRS state and (b) Stress- Temperature 2D plane showing PCRRS regeneration upon the thermal loading and 
unloading while in constrained state. 

Table 3: PCRRS values corresponding to repeated maximum strain cycles applied from the PCRRS state 

Repeated Maximum Strain Constrained Stress (𝜎𝐶𝑆), MPa 

Initial PCRRS Cycle 58.77 

Maximum Strain Cycle 1 31.18 

Maximum Strain Cycle 2 27.91 

Maximum Strain Cycle 3 27.42 

Maximum Strain Cycle 4 26.65 

 
 
 

(a) 

(b) 
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Figure 9: PCRRS measured as initially generated (0) and after multiple cycle s of exposing specimens to maximum strain and a 
repeated thermal mechanical cycle to regenerate the PCRRS. 

Repeated Application and Removal of 0.5% Tensile Strain 

Commencing from the PCRRS state at point D, and under ambient temperature 

conditions, the samples were subjected to repeated cycles of applying and then removing an 

extra 0.5% tensile strain relative to the PCRRS. This process is represented by 'path 5' and 'path 

6' in Figure 10. After each strain cycle, a slight reduction in the PCRRS was observed, as 

evidenced in Table 4 and Figure 11. Remarkably, the PCRRS could be reestablished via thermally 

cycling in the constrained state, reinforcing the reversible nature of this phenomenon. Despite 

generating a marginally smaller initial PCRRS in the first cycle (58.77 MPa versus 53.37 MPa), 

there was an intriguing similarity between the trained and untrained specimens. Both exhibited 

nearly identical slopes when observing the reduction of PCRRS upon the cyclical process of 

loading and unloading. 
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Figure 10: (a) Stress-Temperature-Strain relationship for NiTi for samples exposed to smaller strain from the PCRRS state and 
(b) Stress- Temperature 2D plot showing PCRRS regeneration upon small strain application from the constrained state. 

The measured stress and temperature were plotted on an approximate phase diagram.  

This highlights that the phenomena of interest, cycling between points D and E, occurred well in 

the martensite region, far from the austenite and martensite transition regions. Because 

application of the 0.5% strains occurred well below Mf, martensite should be the only stable 

phase possible, however the twinned vs. detwinned state was unknown. 

(a) 

(b) 
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Table 4: Stress-Temperature-Strain relationship for NiTi for samples exposed to repeated 0.5% strain cycles from the PCRRS 
state 

Repetitive 0.5% Strain from PCRRS State Constrained Stress (𝜎𝐶𝑆), MPa 

Initial PCRRS Cycle 53.37 

0.5% Strain Cycle 1 42.48 

0.5% Strain Cycle 2 35.90 

0.5% Strain Cycle 3 31.62 

0.5% Strain Cycle 4 30.30 

 

 

Figure 11: Residual stress measured after initial generation of PCRRS (0) and cycles of application and removal of 0.5% strain. 

Repeated Application and Removal of Incrementally Increasing Tensile Strain (0.1%-0.5%) 

In the quest for a more comprehensive understanding of the Post Constrained Recovery 

Residual Stress (PCRRS) phenomenon, an additional experiment was designed that focused on 

variational loading starting from the PCRRS state. This experimental strategy was distinct in that 

it wasn't limited to monotonic small strain applications. The samples, beginning from the PCRRS 

state at point D and under ambient temperature conditions, were exposed to five cycles of 

y = 1.5314x2 - 11.826x + 53.197
R² = 0.9992
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incrementally increasing tensile strain. This was initiated from a modest strain of 0.1%, 

progressively increasing in increments to reach 0.5%, relative to the PCRRS state at point D 

shown in Figure 12. 

 

Figure 12: Stress-Temperature-Strain relationship for NiTi for samples exposed to increasing strain from the PCRRS state. 

Insightful results emerged as shown in Figure 13, where the NiTi wires exhibited similar 

behavior across each strain cycle, characterized by comparable slopes. This consistent pattern 

suggests a predictable response of the material to these variational loading cycles. Notably, a 

gradual reduction in PCRRS values was observed upon each strain application shown in Table 5, 

indicating a possible relationship between the applied strain and the evolution of PCRRS. This 

result contributes to a more nuanced understanding of the stability and adaptability of PCRRS 

under varying strain conditions. 
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Table 5: PCRRS values corresponding to consecutive increasing strain cycles applied from the PCRRS state 

Incrementally Increasing Strain from PCRRS State Constrained Stress (𝜎𝐶𝑆), MPa 

Initial PCRRS Cycle 65.23 

0.1% Strain Cycle 62.92 

0.2% Strain Cycle 56.18 

0.3% Strain Cycle 47.55 

0.4% Strain Cycle 39.19 

0.5% Strain Cycle 36.35 

 

 
Figure 13: Plot of regression analysis of Post Constrained Recovery Residual Stress, PCRRS (σCS) with respect to repeated 
application and removal of incrementally increasing strain cycle from 0.1% to 0.5%. 

Repeated Release and Restoration of Small Strain 

In the pursuit of a comprehensive understanding of the PCRRS phenomenon, an 

experiment was conducted that began with samples in the PCRRS state at point D and ambient 

temperature. The samples were then subjected to a cycle of stress and strain reduction, 

y = 0.5206x3 - 4.0679x2 + 1.5418x + 65.147
R² = 0.9996
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followed by a restoration of the material to its constrained length. This experimental procedure 

was carried out with meticulous care to prevent any compression, given the likelihood of 

buckling due to the slim profile of the wire samples, which were only 0.10 mm in diameter. 

The procedure involved reducing the strain by 0.1% from the constrained length, as 

illustrated by 'path 5' in Figure 14. Subsequently, the samples were returned to the constrained 

length characteristic of the PCRRS state. This iterative process resulted in a consistent decrease 

in constrained stress with each cycle, as evidenced by the data in Table 6 and the graphical 

representation in Figure 15. 

Interestingly, despite the reduced constrained stress, the complete PCRRS could be 

regenerated through a process of thermal cycling while constrained. This finding underscores 

the resilience and adaptability of the PCRRS phenomenon under varying conditions, 

contributing to our expanding knowledge base on this intricate material behavior. 

 
Figure 14: Stress-Temperature-Strain relationship for NiTi for samples exposed to residual load reduction cycle after initial cycle 
from the PCRRS state. 
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Table 6: PCRRS values corresponding to repeated relaxation and restoration of -0.1 strain cycles applied from the PCRRS state 

Repetitive Strain Release from PCRRS State Constrained Stress (𝜎𝐶𝑆), MPa 

Initial PCRRS Cycle 62.36 

-0.1% Strain Release Cycle 1 52.74 

-0.1% Strain Release Cycle 2 45.92 

-0.1% Strain Release Cycle 3 40.72 

-0.1% Strain Release Cycle 4 36.50 

-0.1% Strain Release Cycle 5 32.82 

 

 
Figure 15: Plot of regression analysis of Post Constrained Recovery Residual Stress, PCRRS (σCS) corresponding to repeated 
relaxation and restoration of -0.1 strain cycles applied from the PCRRS state. 

Further investigations on reduction of PCRRS exposed to different loading cycles 

The preceding series of experiments elucidated that the magnitude of PCRRS 

experienced a decrement with each loading cycle. A plausible assumption to explain this 

y = 0.7168x2 - 9.3448x + 61.966
R² = 0.9984
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observation is the potential role played by grain boundary stabilization, which could possibly be 

negated by training the samples. To further investigate this phenomenon and discern the 

reasons behind the reduction in PCRRS upon exposure to cyclic strains, two additional 

experiments were undertaken. 

The first experiment aimed to mitigate the potential discrepancies that might be 

brought about by grain boundary stabilization from one cycle to another. This was 

accomplished by subjecting the specimens to a repetitive thermomechanical cycle, thereby 

training them. This training process was designed to equalize the conditions across different 

cycles, reducing variability and providing a more controlled environment to understand the 

influences of grain boundary stabilization on PCRRS. 

The second experiment was centered on the exploration of the material's response 

when subjected to a specific pattern of strain cycles. This involved a sequence of sets of 0.5% 

strain cycles, followed by another thermal cycle, and then additional sequences of 0.5% strain 

cycles. The purpose of this experimental design was to discern the specific impacts of 

alternating thermal and mechanical cycles on PCRRS, facilitating the understanding of its 

behavior under varying conditions. These experiments were meticulously crafted to shed more 

light on the intricate nature of PCRRS and its dependencies on thermal and mechanical 

influences. 

Training and its effect on PCRRS 

The phenomenon of repeated cycling or training of Shape Memory Alloys (SMAs) is 

widely acknowledged to diminish discrepancies in the stress-strain relationship across 

consecutive thermal cycles. The mechanism of training in SMAs incites modifications within the 
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internal microstructure of the materials, leading to observable changes in their macroscopic 

material behaviors. 

This transformative process is attributed to the effect of grain boundary stabilization, a 

key feature in the microstructural evolution of these alloys during the training process [85]. 

Essentially, the grain boundaries in the alloy reach a more stable state due to the cyclic loading, 

which, in turn, impacts the macroscopic performance of the material. This change is manifested 

in a more consistent stress-strain relationship across varying thermal cycles, enhancing the 

predictability and repeatability of the material's response. The microstructural adaptation of 

the material due to training, and its subsequent impact on macroscopic behavior, underscores 

the intricate relationship between microscopic processes and macroscopic properties. This 

interplay between the micro- and macro-scale phenomena is a crucial aspect of the study and 

application of SMAs, providing valuable insights into their behavior under varying conditions. 

 

Figure 16: Plot for Cyclic loading at 300 MPa for training of sample NiTi samples. 
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Investigations were conducted to ascertain whether training had an impact on the 

generation of PCRRS, or if this was instrumental in the observed reduction of PCRRS when 

exposed to numerous small strain cycles. To this end, NiTi samples were maintained under a 

constant stress of 300 MPa. They were then subjected to a heating process which triggered a 

reverse transformation, taking temperatures beyond the austenite finish temperature, Af. This 

was followed by a cooling process, inducing the forward transformation to a temperature 

below the martensite finish temperature, Mf. 

These training cycles were repeated 20 times to stabilize the hysteresis response, which 

can be seen in Figure 16. The figure also illustrates the progression of cycles, represented by an 

arrow, and the subsequent stabilization indicated by the converging cycle paths. The varied 

response to training was evident across different NiTi formulations. Some demonstrated a 

notable degree of variation, while others exhibited minimal changes in the strain-temperature 

profile. The training cycles did not necessarily result in full stabilization, but provided sufficient 

conditioning to explore the impact of training and partial stabilization on PCRRS trends. 

Following training, the samples were subjected to the same testing protocol detailed in 

section “Repeated Application and Removal of 0.5% Tensile Strain" akin to the procedure 

depicted in Figure 10. One discernible difference between trained and untrained specimens 

was in the initial PCRRS generated. For instance, while an untrained sample yielded an initial 

PCRRS of 53.37 MPa, the trained samples produced a slightly lower initial PCRRS of 50.42 MPa. 

When the trained sample was subjected to five cycles of 0.5% strains, a reduction in the 

residual stress was still observed after each cycle. Interestingly, the reduction pattern, or slope, 
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of stress from one cycle to another, remained consistent in both trained and untrained samples 

as demonstrated in Figure 17. 

This suggested that while training could modulate the magnitude of the PCRRS, it did 

not significantly alter the cyclical stress changes in the low-temperature, martensitic state. A 

crucial observation was that the training process did not inhibit the generation of PCRRS, 

thereby affirming the robustness of this feature across different conditioning processes. 

 

Figure 17: Comparison of the trend of PCRRS formed in the low temperature state across cycles of small strain application and 
removal for both trained and untrained NiTi samples. 
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Sequential Thermal cycling after exposure to cyclic strain 

As noted earlier, samples subjected to an initial procedure to induce a PCRRS, followed 

by repeated application of a 0.5% strain, exhibited a reduction in residual stress with each 

subsequent strain cycle. To examine if the original PCRRS magnitude could be revived, an 

experiment was performed. This experiment involved subjecting the sample to an additional 

sequence of thermal actuation and constrained recovery, as visualized in Figure 18. 

Interestingly, executing a thermal cycle through the reverse and forward 

transformations revitalized the PCRRS. The restored PCRRS exhibited only minor variations in 

magnitude when compared to the original residual stress. When these samples underwent an 

additional sequence of five cycles of 0.5% minor strain, the characteristic reduction in residual 

stress across the cycles was observed again. This pattern was consistent when the thermo-

mechanical sequence was repeated multiple times, with each iteration successfully reproducing 

the PCRRS and the associated decline in residual stress across cycles. 

 

Figure 18: Regeneration of residual stress magnitudes after reapplication of thermal cycles after each sequence. Sequences are 
the cycles of small strain applications from the PCRRS state. 
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The most significant variation between sequences was observed in the initial PCRRS 

generated during the first and second sequences, deviating by less than 10% of the original 

PCRRS. Additional sequences resulted in a stabilization of the response, to the extent that, 

starting from the third sequence, the variations across cycles became negligible, as depicted in 

Figure 21. This comprehensive thermo-mechanical training process resulted in stabilized 

performance. Importantly, it did not prohibit the generation of a PCRRS, further confirming the 

resilience and replicability of this phenomenon across varying experimental conditions. 

Strain in the austenite phase and PE 

As discussed earlier, various recoverable strains (𝜀𝑅) were achieved by subjecting 

samples to different maximum strains (𝜀𝐴) and subsequently returning them to a zero-stress 

state. Following this, the samples were constrained and heated beyond their austenite finish 

temperature (Af), which for this material is identified to be 110˚C. However, it is well 

established that phase transition temperatures are sensitive to stress. To further explore the 

possibility of generating stress-induced martensite beyond Af during the formation of PCRRS, an 

experiment was conducted. In this experiment, NiTi wires were held at 115˚C and stressed to 

the (formerly) recoverable strains (𝜀𝑅) as listed in Table 2. These samples were then unloaded 

to zero stress while simultaneously measuring the force, resulting in the data represented in 

Figure 19. Subsequently, samples were strained to fracture at 115˚C in order to analyze the full 

stress-strain curve up to the point of failure for comparison purposes. 

From Figure 19, it can be observed that the stress plateaued around a strain of 𝜀𝑀𝑠
 = 

1.75%, signifying the onset of detwinned martensitic transformation. The stress maintained a 

near-constant value until the end of the plateau at 𝜀𝑀𝑓
 = 7.8%, at which point the material 



 

 54 

would have fully transformed into detwinned martensite. This experiment, along with the 

results presented earlier, suggests that PCRRS formation occurs regardless of the completion of 

the austenite transition during constrained recovery. Nevertheless, the magnitudes of PCRRS 

appear to correlate with the fraction of the austenite transformation. 

In this study, four different constrained strains (recoverable strain, 𝜀𝑅) from Table 2 

were used. Constrained thermal loading beyond Af for the first two constrained strains of 1.13% 

and 1.43% resulted in a full transition to austenite. This is because these strains fall below the 

onset of the martensitic transformation strain, 𝜀𝑀𝑠
 = 1.75%. However, for the remaining two 

cases, which had constrained strains of 1.92% and 2.19%, the transformation into the austenite 

phase was only partial. Despite the temperature being beyond Af, a fraction of detwinned 

martensite would form upon loading, given that these strains extend beyond 𝜀𝑀𝑠
. 

 

Figure 19: Stress-Strain response of for NiTi for samples in austenite phase strained equivalent to recoverable/constrained 
stresses listed in Table 1 and subsequent unloading and finally strained to fracture. 
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Discussions 

The ability to produce repeatable PCRRS and stress-strain relations from that point has 

the potential to support self-healing using NiTi in new and unique ways.  Because all final 

measurements of interest were taken at the same temperature, the coefficient of thermal 

expansion was of minimal concern. 

Apparent materials state by comparing local modulus 

To gain deeper insights into the microstructural composition of the material in the 

PCRRS state, a detailed analysis on NiTi samples was conducted. The objective was to quantify 

the material properties, with a particular focus on the local stress-strain modulus across various 

states. Properties were measured in the states that displayed unique phenomena, such as 

PCRRS, and juxtaposed these with states that exhibited well-understood or predictable 

crystalline phases. 

A tension test, conducted in the martensitic phase, revealed that the specific NiTi wires 

under study fractured at a strain of 7.05%, as elaborated further in the following section and 

depicted in Figure 22. The stress-strain responses allowed for the identification of distinct 

regions representing twinned and detwinned martensite phases upon loading. Analysis of the 

stress-strain plots indicated that, upon exposure to a 5% strain, NiTi samples would 

predominantly transform into detwinned martensite. However, a maximum strain of 3.4% 

would lead to a mix of twinned and detwinned martensite phases. For the purposes of this 

experiment, the loading path and analysis were shown for the PCRRS state with a 5% maximum 

strain. This allowed to examine the scenario involving complete transformation into the 
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detwinned form, as illustrated in Figure 20. The local stress-strain moduli were measured and 

compared using the rule of mixtures to infer the material state at PCRRS. 

 

Figure 20: Thermo-mechanical load profile to generate and analyze PCRRS. 

Table 7: Local modulus for different state of the thermomechanical loading response 

Loading Paths Local Modulus (MPa/%) 

Loading within Elastic Limit- Twinned Martensite Modulus 284.7947 

Unloading to zero stress- Detwinned Martensite Modulus 503.0928 

Loading from PCRRS- PCRRS modulus 422.1913 

 

The local elastic modulus was determined at various key points. Initially, local elastic 

modulus was evaluated at point O, where the sample maintained its parent geometry and was 

in a self-accommodated twinned martensite state. Subsequently, the sample was subjected to 

a 5% strain following 'path 1' to reach point A, and stress was then released, generating a 
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recoverable strain of 2.2% at point B. Post the loading and unloading process, the NiTi wires 

underwent a constrained recovery at point C, and a subsequent transfer to room temperature 

led to the generation of PCRRS at point D. In the final state, the elastic modulus was measured 

by subjecting the sample to a 0.5% tensile strain from the constrained length, similar to the 

procedure outlined in section – “Repeated Application and Removal of 0.5% Tensile Strain”. 

Analysis of the initial cycles and different loading 

The observation that the original PCRRS can be regenerated in any of the non-

destructive experiments performed by repeating the initial constrained recovery is consistent 

with the theory that the stress relief is due to added detwinning of the martensite from the 

PCRRS state, not a true material degradation.  This is exemplified by the experiments and data 

produced by repeating the maximum strain used to generate the initial PCRRS (Section- “Initial 

Cycle to Generate PCRRS”) but was repeated in all the other experiments. A comprehensive 

regression analysis was conducted on the residual stress that persisted after the recurrent 

application of varying strains from the PCRRS state, as delineated in section “Property 

Explorations from PCRRS”. Intriguingly, a consistent reduction in residual stress was discernible 

after each cycle, irrespective of the magnitude and axial direction (whether it was an increase in 

'tension' or 'relaxation'). 

The data emanating from the repeated application and withdrawal of an additional 0.5% 

strain from the PCRRS state was found to correspond with a 2nd order polynomial fit, 𝜎𝐶𝑆 =

 1.53𝑁2 + 11.83𝑁 + 53.20. This fit exhibited a coefficient of determination (R2) exceeding 

0.999. Here, 𝜎𝐶𝑆 signifies the constrained stress measured after each cycle of straining from and 

returning to the constrained length, while N denotes the cycle number. 
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It is worth highlighting that the 2nd order polynomial fit had a superior R2 value 

compared to a logarithmic fit to the same dataset (with an offset in cycle count to nullify the 

zero value). The appropriateness of the polynomial fit was further corroborated by the findings 

from the experiment involving incrementally escalating applied strains, as showed in Figure 12. 

The outcomes of this experiment were projected to exhibit an increasing rate of stress 

reduction. Given the linearly escalating magnitude of applied strain (as opposed to a constant 

one), the data was expected to align with an integral of the fit for the repeated 0.5% strain (i.e., 

transitioning from a 2nd order polynomial to a third order, or from logarithmic to logarithmic). 

Upon examining the data, it was evident that a third-order fit would be more suitable, yielding 

the equation 𝜎𝐶𝑆 = 0.52𝑁3 − 4.07𝑁2 + 1.54𝑁 + 65.15  with an R2 value exceeding 0.999. A 

logarithmic fit of this data resulted in a considerably lower R2 value of 0.876, further reinforcing 

the appropriateness of polynomial fits for these results. The results from the experiment 

involving repeated 0.1% relaxation and also demonstrated an excellent 2nd order fit with the 

equation 𝜎𝐶𝑆 = 0.72𝑁2 − 9.34𝑁 + 61.97 and an R2 value exceeding 0.998, as showed in Figure 

15. 

It is interesting to note that the recurrent application of strain, both 0.5% in tension and 

0.1% in compression (as detailed in Figure 11 and Figure 15), produced remarkably similar 

trends in terms of both shape and slope. Linear fits to these datasets resulted in slopes of -6.78 

and -6.52, respectively, with R2 values of 0.859 and 0.942. Furthermore, a linear fit to the 

incrementally increasing tensile load displayed a somewhat similar slope of -5.86 with an R2 

value of 0.964. 

In light of the empirical evidence gathered, two pivotal observations have emerged: 
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1. There is a discernible reduction in stress even when very small strains are 

applied. Notably, these strains are significantly smaller than those required to 

trigger detwinning from a free, self-accommodated twinned state. 

2. This decrease in stress takes place regardless of the orientation of the strain, be 

it tensile or relaxation. 

These findings strongly suggest that, in the context of the PCRRS state, residual stresses 

and strains are maintaining the material at the precipice of detwinning. Furthermore, these 

observations underscore the fact that the formation of martensite in a constrained state does 

not fully and freely conform to the constraints of the geometry. This leads to the implication 

that the mechanisms underlying the generation of PCRRS warrant further examination and 

comprehension. Despite the advancements made thus far, the intricate phenomena that 

culminate in the production of PCRRS are still shrouded in a degree of uncertainty and remain 

an active area of scientific inquiry. These observations highlight the complexity of the material's 

behavior and underscore the need for further exploration to fully understand the nuanced and 

multifaceted nature of PCRRS generation. 

Analysis on the PCRRS regeneration 

The results of this study indicate that the post-strain reduction in residual stress, 

regardless of whether this stress reduction was due to repeated exposure to minor strains or a 

single exposure to a substantial strain, can be restored. This restoration was achieved by 

repeating the sequence of thermal actuation, followed by constrained recovery, and finally a 

return to the low-temperature state. The impacts of training and recurrent cycling on the 

generation of PCRRS were largely confined to influencing the initial magnitude of the residual 
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stress. Remarkably, after the third complete thermomechanical sequence, the material's 

response was found to stabilize. 

The fact that the PCRRS can be restored suggests that the decrease in residual stress as 

a result of the application of strain is attributable to a reversible process, such as the 

detwinning of martensite. The modest yet consistent reduction in residual stress following each 

0.5% loading sequence, as demonstrated in Figure 21, implies that incremental detwinning 

occurs with each cycle. This incremental detwinning further suggests that the material in the 

PCRRS state is likely a hybrid of twinned and detwinned martensite, poised at the precipice of 

further detwinning. It is important to note that the coefficient of thermal expansion was not a 

significant factor in this study since all relevant measurements were made at the same 

temperature. 

 

Figure 21: Trend of the PCRRS magnitudes over each Cycles of 0.5% small strain application for every sequence of loading to 
reproduce PCRRS. 
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The findings presented in this research are specifically for Flexinol 90 subjected to a 

maximum strain of 3.4% unless otherwise stated. However, comparable results were observed 

in several other formulations of NiTi. These included samples with different transition 

temperatures, provided by various manufacturers, and even those subjected to different 

maximum strains. The fact that the magnitude and repeatability precision were influenced by 

training or full cycle repetition suggests that these properties were, in fact, modulated by the 

stabilization of the material's microstructure. Nevertheless, the impact of training and 

stabilization was primarily observed in the form of enhanced consistency in the material's 

responses and did not compromise the PCRRS. 

Material phase in PCRRS state 

The experimental findings, analyses, and reasoned interpretations aimed at deepening 

the understanding of SMA behavior upon thermomechanical loading for PCRRS and its 

subsequent response have been synthesized to produce a schematic representation of the 

material's phases at different stages of the process. This illustrative depiction, presented in 

Figure 22, operates at the bulk scale. 

As shown in Figure 22a, the entire loading path region is partitioned into three distinct 

sections. Section I denotes the region where both stress and strain remain within the elastic 

boundaries of the self-accommodated twinned martensite. However, when these elastic limits 

are surpassed, leading into Section II, the material commences the detwinning process (Md), 

reorienting itself and accumulating a recoverable strain. It should be noted that this detwinning 

process doesn't necessarily alter the material's phase but rather enables it to align more 

favorably with the applied deformation. 
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Throughout the entirety of Section II, the material's structure comprises a mixture of 

both twinned and detwinned martensite variants. As the strain increases, a greater proportion 

of twinned martensite undergoes transition to its detwinned variants, generating recoverable 

strain. Given that the structure is bearing an increasing load, the escalating deformation in 

region II signifies a combination of elastic strain in existing twinned martensite, elastic strain in 

existing detwinned martensite, and recoverable strain resulting from the reorientation and 

detwinning of the martensite. 

Upon complete detwinning of the martensite, the material advances into region III, 

where the detwinned martensite undergoes elastic deformation. As the load increases beyond 

Section III, the material deforms in a permanent and plastic manner, culminating in eventual 

fracture. Figure 22b showcases the overall material phases, a representation derived by 

amalgamating the experimental data from Figures 19, 20, and 22a, along with the pertinent 

material states during loading that contributed to the generation cycle of PCRRS. This 

illustration effectively conveys the combinations, quantities, and transitions among the material 

states at each point. At the commencement of the loading cycle, the NiTi wires were in a self-

accommodated twinned martensitic state (Mt), depicted as point O in Figure 22b, mirroring the 

experimental representations in the preceding sections. 

In the initial tensile loading phase, before reaching the elastic limit (Section I), the 

materials exhibit elastic behavior, retaining their original twinned structure. As per the 

experimental results outlined in section ‘Strain in the austenite phase and PE’, a strain of 3.4% 

transcends the elastic limit. Consequently, samples exposed to this strain would be located in 

Section II, where a blend of twinned martensite (Mt) and detwinned martensite (Md) variants 
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coexist, as illustrated in Figure 22b. Unloaded samples would persist in this state, displaying a 

recoverable strain, which was observed to be 1.13%. 

 
Figure 22: (a) Stress-strain response measured for NiTi wires in tension to fracture at 20°C, and (b) Stress-Strain loading path of 
PCRRS generation and schematic illustration of the phase transformation of NiTi wires undergoing thermomechanical loading to 
generate PCRRS for 3.4% maximum strain (phases volume shown are not exact rather conceptual and the horizontal light 
arrows represent the phase volume flow direction). 

Given that the 1.13% strain is beneath the austenitic elastic limit at an elevated 

temperature (recoverable strain, 𝜀𝑅 = 1.75%), as observed in Figure 19, it can be inferred that 

heating the sample through the reverse transformation would result in a complete 

transformation of all martensite variants to austenite (A). Microscale heterogeneities in the 
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chemical composition could lead to minor variations in transition temperatures, thereby 

accounting for the observed range in the start and finish temperatures of the austenite and 

martensite transformations. 

It is noteworthy that the blocking stress (𝜎𝑅), generated during the constrained recovery 

along path 3, exceeds the stress level associated with martensitic reorientation. Thus, it is 

plausible to posit that detwinned martensite remains present following constrained recovery. 

In instances where maximum strains of 4.4% and 5.0% were applied, the samples were 

constrained beyond the austenitic elastic limit (recoverable strain, 𝜀𝑅 = 1.75%, for reference, 

see section ‘Strain in the austenite phase and PE’). Consequently, a hybrid combination of 

austenite and stress-induced detwinned martensite was formed upon constrained recovery in 

the high-temperature state, denoted by point C. As part of the final step in generating PCRRS, 

during the cooling process down to point D, the stress-induced martensite is likely to persist as 

detwinned martensite, while the austenite would transition to self-accommodated twinned 

martensite. It is anticipated that the stress-induced martensite variants would remain in their 

detwinned state as the cooling process continues. This is due to the lack of a mechanism to re-

twin it once it has undergone the forward transformation from austenite to martensite. 

However, some regions would likely transition directly from austenite to twinned martensite 

due to the cooling process. 

According to the stress/strain moduli observed and detailed in Table 7, the local 

modulus from point D was found to be lower than that from point B. This suggests the presence 

of marginally less detwinned martensite at point D, indicating a higher amount of twinned 

martensite at this point compared to point B. 
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The rule of mixtures was employed, applying the elasticity moduli measured at known 

states (as shown in Figure 20) to other states, in order to assess the relative amounts of 

twinned and detwinned martensite present. Utilizing the rule of mixtures and considering a 

state of 100% detwinned martensite variants near point A, it was discerned that around point 

D, 67% constituted detwinned martensite and the remaining 33% comprised twinned 

martensite variants. Collectively, these observations propose that when the material undergoes 

the forward transformation in a constrained state, it does not entirely form a self-

accommodated twinned structure within the constrained geometry. This could potentially 

elucidate the existence of PCRRS. 

Summary 

Multiple was conducted to scrutinize the mechanical characteristics of NiTi Shape 

Memory Alloys (SMAs) and Post Constrained Recovery Residual Stress (PCRRS), with the 

objective to decode the responses of the material under various conditions. These 

investigations encompassed cyclically imposing and relieving strain from the PCRRS state, such 

as the repeated administration of 0.5% tensile strain, steadily escalating strain from cycle to 

cycle within the range of 0.1% to 0.5%, and iterative relaxation by 0.1%. 

The outcomes demonstrated that residual stress diminished regardless of the 

magnitude of the additional strain tested or its orientation. The experimental finding that the 

initial magnitude of PCRRS (post-training) could be consistently regenerated by reapplying the 

thermo-mechanical cycle suggests that the process phenomena are stable, and the reduction of 

residual stresses is not a consequence of material degradation. 
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The decrease in residual stresses was ascribed to further detwinning of the NiTi from 

the PCRRS state. The deduction that the reduction resulted from both increase and relaxation 

of strain implies that it is associated with the strain deformation itself, rather than load 

transfer, providing substantial evidence for the detwinning of more martensite from the PCRRS 

state. This was observed even with a 0.1% strain, a level substantially below the strain required 

to trigger detwinning in a freely formed self-accommodated twinned martensite state. This 

outcome suggests that NiTi in the PCRRS state is on the brink of further detwinning. 

Regression analyses of the residual stresses remaining after the repeated application of 

strains from the PCRRS state consistently concluded in a reduction in residual stress after each 

cycle, regardless of its magnitude and direction. Moreover, the data obtained from the 

repeated application and removal of an additional 0.5% strain and the repeated 0.1% relaxation 

from the PCRRS state were observed to fit a 2nd order polynomial equation, while the data 

derived from the experiment with progressively increasing applied strains demonstrated 

exceptional 3rd order fits. The application of polynomial fits was justified by superior 

coefficients of determination (R2), and that increasing applied strain from a repeated constant 

to linearly increasing magnitudes unmistakably followed the pattern of integrating from a 2nd 

order polynomial to a 3rd order polynomial, as opposed to from a logarithmic fit integrated to 

another logarithmic fit. The consistency in the trends observed for different strains and 

directions lends additional credibility to the detwinning theory. 

Furthermore, a rule of mixtures analysis was carried out employing the local moduli of 

elasticity measured at various phases of the thermo-mechanical cycle. This analysis disclosed 

that the PCRRS state is comprised of 67% detwinned martensite and 33% twinned martensite 
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variants. The existence of PCRRS in SMAs can be rationalized since twinned martensite variants 

constitute the majority of the material at the PCRRS state, thus facilitating additional 

detwinning when exposed to subsequent loading. 

The capacity of NiTi SMAs to consistently produce the PCRRS phenomenon and 

regenerate it following thermal cycling paves the way for the conception of energy-efficient 

actuation methodologies. This consistent performance, free from the necessity for constant 

energy input, holds the potential to transform the advancement of smart materials. Therefore, 

the continuation of research is essential to understand the behavior of these newly discovered 

SMA properties. All in all, the ability of NiTi SMAs to create and regenerate PCRRS is a promising 

breakthrough for the evolution of smart materials, and its potential warrants further 

exploration. 
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Part II: 

Detailed Analysis of Interface Strength and Etching Influences: 

Engineering Self-Healing Metal-Metal Composites from Nickel-

Titanium and Bismuth-Tin 
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The potential of self-healing materials to revolutionize the engineering design of 

structures is immense. They offer the prospects of designing structures with reduced weight, 

enhanced efficiency, lower maintenance requirements, and a redefined concept of failure. 

Among self-healing materials, metal-metal composites are particularly noteworthy due to their 

exceptional capabilities. These composites exhibit entirely structural healing without the need 

for consumable healing agents, setting a new benchmark in the field of materials engineering. 

However, the synthesis of these metal-metal self-healing composites poses considerable 

challenges, resulting in a majority of the existing research being centered around polymeric or 

ceramic self-healing materials. Nickel titanium (NiTi) fiber reinforced off-eutectic bismuth tin 

(BiSn) matrix composites have been observed to demonstrate some of the most advanced self-

healing abilities. On incurring damage, these non-autonomic self-healing structures can be 

rejuvenated through the application of heat, which triggers the shape memory effect in NiTi, 

sealing the fractures. Further heating induces melting of the eutectic regions of the BiSn matrix, 

effectively soldering the matrix back together. This impressive sequence of processes allows for 

the restoration of macro-scale geometry and nearly complete strength recovery without 

utilizing any consumable reagents, implying a potentially infinite repetition of this healing 

process. 

A main challenge in designing these composite structures is understanding the 

intricacies of the NiTi-BiSn interface. The properties and failure mechanisms of this interface 

significantly influence the composite design (for instance, determining fiber sizing) and affect 

the composite's strength. In this light, this research embarks on a comprehensive experimental 

and theoretical exploration of the interface properties between NiTi and BiSn. The 
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experimental specimens were meticulously synthesized, mechanically tested, and 

microscopically examined. Complementing the experimental findings, modeling was conducted 

to comprehend the internal states of the structure, and a theoretical framework was developed 

to rationalize the observed results. 

The outcomes of this study will quantify the improvement in interface strength between 

NiTi and BiSn achieved through the employed etching process. This quantification will furnish 

critical data for the optimization of composite design and the determination of wire sizing. 

However, in contrast to inactive composites, these endeavors will have to accommodate for the 

internal loads generated by the healing process and potential reformation of TiO2 upon damage 

occurrence. The insights gained through this research hold significant promise in propelling the 

progress of self-healing materials and, by extension, the broader field of materials engineering. 

Literature Review on the Interfacial Debonding of Shape Memory Alloy 

The promise of self-healing materials is rapidly gaining interest within scientific and 

engineering circles. Its potential to revolutionize multiple industries is reflected in the escalating 

research aimed at reducing structural weight, maintenance costs, operational downtime, and 

system failures. The underlying capability of these materials to autonomously repair in-service 

damage prevents further deterioration which could otherwise escalate into catastrophic failure 

[6]. This capability is particularly appealing within aerospace applications where repairs can be 

difficult, costly, or simply impossible to undertake. 

Despite the enormous potential, a majority of research in the field of self-healing 

materials has primarily focused on polymeric and cementitious based composites [32]. This is 

because the incorporation of self-healing properties is typically more feasible within non-
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metallic materials than their metallic counterparts. Yet, a specific category of self-healing 

metallic materials, the Shape Memory Alloys (SMAs), specifically the NiTi reinforced metal-

metal composites, have been recognized for their immense potential to revolutionize self-

healing material science [86]. 

Crucially, the performance of these composites is contingent upon efficient stress 

transfer across the interface between the wire and the matrix [87], [88]. Hence, interfacial 

bonding plays an instrumental role in the performance of these fiber-reinforced composite 

materials. Interfacial debonding, a common failure mode in composites, often results from 

severe interfacial stresses. Therefore, understanding this phenomenon is of prime importance 

for the development of reliable composites, and this is reflected in the numerous theoretical, 

numerical, and experimental studies dedicated to analyzing the interface between fibers and 

the matrix. 

For example, Jia et al. utilized a cohesive zone model to conduct numerical simulations 

of a single carbon fiber pulling out from an epoxy matrix, which highlighted the influence of 

parameters such as fiber mechanical properties, interfacial cohesive properties, and fiber 

geometry on the debonding load [89]. Similarly, Wang et al. analyzed the fiber axial stress and 

interfacial stress distribution in SMA fiber-reinforced composites under thermomechanical 

loading, shedding light on the susceptibility of fiber embedded ends to failure [88], [90]. Other 

investigations have studied the impact of NiTi wire transformation and reorientation on 

interfacial debonding in single NiTi shape memory wire composites [91] and explored the 

influence of thermomechanical properties of NiTi wires on debonding behavior [92]. 
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While these studies have made considerable progress, a gap remains in the 

understanding of bonding between SMA and metal matrices. Although several studies have 

been conducted in the domain of polymer matrix cases, a detailed mechanical analysis on the 

interfacial strength and evaluation of the interfacial failures between SMA wires and metal 

matrix remains elusive. Notwithstanding, achieving strong interfacial adhesion between SMA 

wire and metal matrix is essential to ensure efficient stress transfer. In the case of NiTi-

reinforced metal-metal composites, the non-wettability of NiTi SMA caused by the formation of 

a stable titanium oxide (TiO2) layer on the NiTi surface is a significant concern. 

Various studies have sought to address this issue, for instance, Coughlin et al. proposed 

a NiTi curing process that shed light on the interfacial reactions that occur during the solder's 

(liquid Sn) melting process with NiTi [93], [94]. Furthermore, Misra leveraged this curing 

process to fabricate a metal matrix composite and carried out microstructural investigations on 

the interfacial bonding between NiTi and solder-like Sn alloys [11]. However, neither study 

quantified the interfacial strength between NiTi and BiSn. It was found that a comprehensive 

mechanical analysis on interfacial strength and a meticulous evaluation of the interfacial 

failures between SMA wires and metal matrix were missing in these researches. 

Recognizing the importance of the interfacial region and its direct implications on the 

structural properties of self-healing MMCs, this research undertaking delves into a 

comprehensive evaluation of the interface between NiTi SMA wires and BiSn matrix. Through a 

combination of rigorous mechanical testing and modeling, this study seeks to quantify the 

interfacial strength and evaluate potential failure modes. By advancing the understanding of 

the complex interfacial phenomena, this research will contribute to the optimization of self-
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healing MMC design and the realization of their potential in practical applications. A standout 

among the forefront of self-healing metallic materials presently under rigorous investigation is 

a metal-metal composite (MMC) constructed from nickel titanium (NiTi) shape memory alloy 

(SMA) fibers embedded within an off-eutectic bismuth-tin (BiSn) matrix. As depicted in Figure 2, 

the application of heat to a damaged specimen of this MMC initiates the NiTi's shape memory 

effect, thereby restoring the structural geometry and sealing any fractures. As the temperature 

rises further, the eutectic regions of the BiSn matrix undergo a softening and melting process, 

effectively soldering the fractures shut. Concurrently, the off-eutectic material continues to 

maintain the overall structural rigidity [7], [11], [35], [86], [95]. 

The exploration and understanding of SMA-reinforced metal-metal composites and the 

associated bonding dynamics are imperative for the advancement of self-healing material 

science. The findings of this research are expected to contribute to the development of robust 

and resilient self-healing metal-metal composites that can effectively respond to and repair in-

service damage, offering immense potential to revolutionize various sectors, particularly 

aerospace. 

Challenges 

 The investigation of self-healing materials and their potential for transformative impact 

across numerous industries requires an understanding of the unique challenges that underpin 

their creation and optimization. Within this sphere, a particular focus has been directed 

towards the exploration of composite materials that incorporate NiTi SMA which is gaining 

significant prominence due to its inherent mechanical properties [96]. However, the journey 

towards crafting an efficient and structurally robust self-healing composite involves the 
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strategic navigation of certain hurdles. The first challenge pertains to the interfacial bond 

between NiTi fibers and the matrix in the composite material, a critical determinant of the 

overall structural performance of the composite. The interfacial strength holds paramount 

significance in ensuring proper load transfer between the fibers and the matrix, enabling the 

composite to withstand external forces and maintain structural integrity [97]–[99]. 

One of the difficulties arising in the bonding process stems from the formation of a 

titanium oxide (TiO2) layer on the NiTi surface upon exposure to oxygen. The inert nature of this 

TiO2 layer hampers adhesion, thereby posing challenges to the formation of strong, reliable 

bonds [100]. Past solutions to counter this issue of debonding between NiTi fibers and the 

matrix have incorporated the use of mechanical anchors embedded within the composite 

structure. The NiTi fibers would then exert force on these anchors, creating a functional yet far 

from ideal composite structure. While this approach has exhibited self-healing abilities, it 

results in a less than optimal composite structure characterized by concentrated load paths 

through the anchors and disbonded fibers. In essence, the composite loses the advantage of 

evenly distributed load transfer, impacting its overall structural performance and healing 

efficiency [38]. Enhancing the interfacial strength and thus improving the load transfer between 

the NiTi fibers and the bismuth-tin (BiSn) matrix is therefore a critical research priority. 

Comprehensive knowledge of this interfacial strength is instrumental for the design and 

selection of suitable fiber diameters that can potentially enhance both the composite's strength 

and self-healing capabilities [97]. 

To date, several studies have demonstrated advanced self-healing properties of NiTi-

SMA reinforced composites, characterized by impressive geometric restoration and near-total 
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strength recovery. However, these preliminary studies were mostly confined to testing the 

composite's self-healing abilities. They fell short of quantifying the critical properties that are 

indispensable for engineering design, modeling, and structural optimization. 

Moreover, while recent research has pioneered processes to eliminate the TiO2 layer, 

the strength of the interface between NiTi and BiSn remains largely unquantified [86], [101]. 

The absence of robust and reliable measurements of this interfacial strength represents a 

significant knowledge gap in the development and optimization of these self-healing 

composites. Consequently, the quantification of the interfacial strength between NiTi fibers and 

the BiSn matrix and the understanding of how it contributes to the overall composite's 

performance and healing ability are identified as significant focus areas for the continuation of 

this research. This will be instrumental in achieving the larger objective of creating structures 

that are not only lightweight and efficient but also imbued with remarkable reliability and 

durability. 

Approach 

This study's approach involves experimental quantification of the interface strength 

between Nickel-Titanium (NiTi) and Bismuth-Tin (BiSn), focusing on both cases: with the native, 

inert titanium oxide (TiO2) layer intact and after its removal through chemical etching. To begin, 

single fiber specimens are prepared under these two distinct conditions. These specimens are 

then subjected to pull testing using a universal test machine. The test procedure involves 

attempting to pull out the fiber at a controlled rate and displacement while simultaneously 

measuring the forces. This methodology allows for an accurate determination of the interfacial 

strength between the NiTi fiber and the BiSn matrix under varying conditions. 
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Post-testing, a microscopic examination of the specimens is conducted to ascertain the 

failure mechanisms at the interface. The use of spectroscopy adds a further layer of analysis, 

providing insights into the materials present in the specimen and any potential transformations 

that occurred during testing. 

An analytical method, developed previously, is employed to quantify the interfacial 

bonding strength between the NiTi wire and the BiSn matrix. Combined with microscopic 

studies performed to evaluate the matrix's surface condition, this enables a multi-faceted 

approach to understanding the behavior of the NiTi-BiSn interface under stress. 

Lastly, a schematic representation of the interfacial failure phenomena is presented to 

provide a comprehensive visualization of the interface failure. This representation, grounded in 

both experimental data and analytical calculations, aims to capture a holistic view of the 

interfacial bonding dynamics in NiTi-SMA reinforced composites. 

In essence, this approach represents a systematic and rigorous exploration of the NiTi-

BiSn interface, leveraging both experimental procedures and analytical methods to produce a 

robust understanding of the composite's performance under stress. This understanding forms 

the foundation for addressing the challenges associated with self-healing composites and 

propels the progress towards the development of more resilient and reliable structures. 

Major Tasks 

For the purpose of this research, two distinct sets of test samples were meticulously 

synthesized. They were comprised of specimens embedded within a bismuth-tin (BiSn) matrix, 

thereby forming single fiber composite (SFC) samples. The methodical design and preparation 

of these samples formed the initial phase of the experimental study. 
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Following the fabrication phase, the prepared samples were put through rigorous 

testing protocols to evaluate their strength and structural integrity. Samples subjected to a 

series of single fiber pull tests, which are critical to understanding the resilience of the 

composite structures. All relevant data from these tests were carefully documented and 

retained for subsequent examination and interpretation. 

Specimen Synthesis 

In the course of this study, an array of specimens was meticulously fabricated. Each was 

composed of a single Nickel-Titanium (NiTi) wire embedded within a Bismuth-Tin (BiSn) block, 

with a portion of the wire protruding from the block to facilitate subsequent investigations. All 

NiTi wires were of the Flexinol 90 variety sourced from Dynalloy Inc. (Irvine, CA), each with a 

uniform diameter of precisely 0.508 mm to maintain consistency across the specimens. These 

wires were prepared by cutting them to a designated length and subsequently subjected to 

thermal cycling. This process triggered the reverse and forward transformations, conducted 

under an unloaded condition, facilitating the wires' return to their parent geometry. 

Once this preparation stage was concluded, a specific subset of the prepared wires was 

set aside until the initiation of casting. This subset was intended to function as a control group 

of samples, offering a comparative benchmark throughout the ensuing stages of testing and 

analysis. This control group plays an integral role in providing an accurate assessment of 

experimental outcomes and in evaluating the developed composite material's performance. 

Two sets of specimens were created consisting of a single NiTi wire embedded in a block of 

BiSn:  
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1. A control set that was synthesized using NiTi wires with their native oxide intact 

and unetched, and   

2. An experimental set of samples where the NiTi underwent treatments to remove 

the native TiO2 layer. 

TiO2 Removal by Etching 

The NiTi wires assigned to the experimental group were subjected to an etching process 

as outlined by Coughlin and his team [93], [94]. Initially, the wires were fully immersed in a 

solution comprising Hydrofluoric (HF) and Nitric acid (HNO3) in a precise ratio (4.8% HF-10.5% 

HNO3) for a 5-minute period. Subsequently, the wires were dipped in a Phosphoric acid-based 

flux (specifically, Indalloy Flux #2 provided by the Indium Corporation of America). This was 

followed by another dip into molten Bismuth-Tin (BiSn) for the application of a coating layer. 

Etching process is shown in the following Figure 23. 

 

Figure 23: NiTi curing procedures adapted from Coughlin et al. 
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To circumvent the risk of re-oxidation, all of these steps were diligently carried out 

within an inert nitrogen environment. The final procedure involved the casting of these coated 

fibers into a BiSn matrix material, thereby forming the intended composite specimens. Coughlin 

et al. had previously conducted a comprehensive investigation into the etching process of NiTi 

and provided extensive analysis on the resultant material interfaces [93], [94]. In particular, 

their work focused on an in-depth exploration and analysis of interfacial reactions, a body of 

knowledge that has been instrumental in the present study. Their contributions offered 

valuable insights and detailed understanding of the underlying processes, which directly 

informed the approach adopted in this research for fabricating the composite material. 

Single Fiber Composite (SFC) Synthesis 

The development of the Sn-20% Bi matrix alloy involved the melting of tin and bismuth 

of 99.9% purity, generously provided by Kohler Company (Kohler, WI, USA). The melting 

process took place in a furnace, maintaining a stable temperature of 300°C. A composition of 

Sn-20% Bi was chosen due to its specific partial melting temperature range of 160-165°C. At this 

range, approximately 15 wt% of the alloy would exist in the liquid state, providing sufficient 

liquidity for the healing of the composite sample [9], [35], [86]. Subsequent to this, NiTi wires 

from the untreated control group and the etched experimental batch were affixed within a 

specially designed mold. This mold, crafted from steel and lined with a graphite coating, was 

specifically created to facilitate the construction of the single fiber metal matrix. 

Molten BiSn was then carefully poured into the mold, effectively encasing the NiTi wires 

within the matrix. Upon solidification, Single Fiber Composite (SFC) test specimens were 

successfully created, as shown in Figure 24. Each SFC test specimen featured a rectangular 
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block of BiSn measuring 65 mm in length, 12 mm in width, and 6 mm in thickness. The NiTi 

wire, with a total length of 95 mm, traversed the full length of the BiSn block and protruded by 

30 mm on one side. To ensure secure handling and to facilitate wire pulling during testing, a 

grip pad measuring 25.4 mm x 25.4 mm was affixed to the end of the NiTi wires. This systematic 

process laid the foundation for the creation of standardized, repeatable, and comparable 

samples for testing the interfacial strength and self-healing capabilities of the composite 

material. 

 

Figure 24: Depiction of pull test specimen and initial fabricated sample. 
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Experimental Testing 

The synthesized Single Fiber Composite (SFC) specimens were prepared for pull testing 

by securing them into a universal test machine, as illustrated in Figure 25. This involved 

clamping the protruding NiTi wire to the moving head of the machine, while the BiSn block was 

held stationary in a custom jig. This setup ensured a controlled environment for the pulling of 

the embedded NiTi fiber from the BiSn matrix under a constant displacement rate of 0.5 

mm/min. Testing continued until either the specimens experienced failure or the wires were 

entirely pulled out. Throughout this process, both the displacement and force applied were 

meticulously recorded, accompanied by comprehensive video documentation to facilitate an in-

depth analysis of the pull-out phenomena. 

 

Figure 25: Test setup for single fiber pull test. 
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The experiment incorporated video recording technology, providing a high-resolution 

visual account of the wire extraction process, which was then correlated with the load-

displacement data recorded. Subsequent to the testing, the samples were subjected to a 

grinding process to prepare for microscopic inspection. A confocal microscope was used to 

closely examine the resulting failure surface. This combination of rigorous testing and detailed 

observation allowed for a comprehensive understanding of the mechanics behind the NiTi-BiSn 

interface failure, and their correlation to the recorded force and displacement data. 

Analytical Model to Quantify of interfacial strength 

The fiber pull-out test holds a notable place in the pantheon of experimental methods 

for exploring the interaction between fibers and their encompassing matrix. This technique 

offers invaluable insights into the strength and quality of interfacial adhesion between the two 

components, as well as the mechanisms of elastic stress transfer during the fiber pull-out 

process [96], [102]–[104]. 

Traditional practices estimate the interfacial shear strength by dividing the maximum 

applied force by the lateral surface area of the embedded fiber. This approach assumes a 

uniform distribution of shear stress along the embedded length of the fiber, typically a small 

portion of the overall length. However, emerging research disrupts this assumption, illustrating 

a dependence of shear stress on the position along the embedded length [102]. Furthermore, it 

suggests that debonding between the fiber and matrix can manifest before the applied force 

reaches its maximum value. 

Recognizing these complexities, Payandeh and colleagues introduced an innovative 

theory to calculate interfacial shear strength, particularly in longer shape memory wire 
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composites that experience martensitic transformations [91]. Their approach strays from the 

conventional formula (𝐹𝑚𝑎𝑥 2𝜋𝑟𝑙⁄ ), which may not be suitable for such composites. Instead, the 

methodology developed by Payandeh et al. acknowledges the intricate behavior within the 

interface region, specifically between the Shape Memory Alloy (SMA) wire and its surrounding 

matrix. Their model paves the way for a more accurate estimation of the interfacial shear 

strength, thereby providing a more precise understanding of the fiber-matrix interaction in 

SMA composites. 

 After conducting the pull-out tests, an assessment of the interfacial shear strength 

between the Shape Memory Alloy (SMA) wire and its surrounding matrix becomes feasible. This 

evaluation hinges on the highest force experienced during the debonding process, and takes 

into account the mechanical attributes and geometrical properties of the SMA wire, the matrix, 

as well as the specimens subjected to the pull-out tests. This analytical approach represents a 

significant advancement in understanding the behavior of SMA wire-matrix interfaces. It 

extends beyond merely gauging the highest debonding force, incorporating a comprehensive 

perspective that involves the mechanical and geometrical characteristics of the constituent 

elements and the overall composite system. The equation of this analytical method unfolds as 

follows: 

𝜏𝑚𝑎𝑥 = (𝛾 sinh(𝛾𝑠) [𝑀 𝑐𝑜𝑠ℎ(𝛾𝑠) +  𝑁 𝑠𝑖𝑛ℎ(𝛾𝑠)] +
𝑁𝛾

2
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𝑁 = 𝑐𝑠𝑐 ℎ(2𝛾𝑠) − 𝑀 𝑡𝑎𝑛ℎ(𝛾𝑠)   

 

𝜎𝑝 =
𝐹𝑚𝑎𝑥

𝜋𝑎2   

 The two equations (equations (1) and (2)) outline the key variables that contribute to 

the computation of interfacial shear strength between the SMA wire and its surrounding 

matrix. Within this context, 'a' symbolizes the radius of the SMA wire, whereas 'b' signifies the 

radius of the matrix. The variables Sf and Sm, on the other hand, stand for the cross-sectional 

areas of the wire and matrix respectively. The Young's modulus of the wire and the matrix are 

denoted by Ef and Em. Additionally, Vm is a representation of the Poisson's ratio of the BiSn 

matrix. The parameter 's' has been defined as 𝑙 2𝑎⁄ , where 'l' stands for the length of the 

cylinders, and Fmax is the maximum force exerted during the debonding process. This 

comprehensive list of parameters offers a thorough framework for assessing interfacial shear 

strength in these systems. 

 Table 1 provides a summary of the material properties of the SMA wire and BiSn matrix 

used in this study.  

Table 8: Materials’ properties utilized for the analytical model 

SMA wire 

Wire radius, a 0.254 mm 

Young’s Modulus, Ef 33 × 103 MPa 

Cross sectional area, Sf 0.2027 mm2 

Metal Matrix 

Matrix radius, b 3 mm 

Young’s Modulus, EM 26.11 × 103 MPa 

Cross sectional area, Em 33000 mm2 

Poison’s ratio, νm 0.33 

 

 



 

 85 

Results and Discussion 

The examination of NiTi-BiSn composites centers on a controlled pull of the Nickel-

Titanium (NiTi) fiber from the Bismuth-Tin (BiSn) matrix. This pull out is carried out at a 

constant rate, facilitating a detailed study of the interfacial strength and failure mechanisms. 

According to Hsueh's work on composite failure mechanisms [105], [106], the maximum 

shear stress is initially concentrated at the location where the NiTi fiber enters the BiSn matrix. 

This is due to the direct exposure of this part of the fiber to the applied load, making it the most 

probable site for failure initiation. As such, this area of the interface is critical to the overall 

performance of the composite, as it governs the initiation of failure under stress. 

The axial load applied to the NiTi fiber needs to surpass the interfacial strength between 

the NiTi fiber and the BiSn matrix to trigger the onset of failure. Upon surpassing this threshold, 

relative movement between the NiTi fiber and BiSn matrix is enabled, leading to the initiation 

of interface failure. As the pull test progresses and the applied stress exceeds the interfacial 

frictional stress, further failure continues along the interface. 

Ultimately, after complete interface failure, only frictional and sliding forces are at play 

along the remaining length of the NiTi fiber within the matrix. These forces represent the 

residual interaction between the NiTi fiber and BiSn matrix post-failure, which can provide 

important insights into the self-healing and residual strength capabilities of the composite. This 

process of progressive failure along the interface forms the basis for understanding the 

composite's performance and its potential for applications in various industries. 
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Analysis of Fiber Pull Test 

In the context of the conducted experiment, the NiTi fiber, integrated within the BiSn 

matrix, was subjected to a controlled, steady pull. Early in the procedure, the highest shear 

stresses typically manifest at the contact point where the NiTi wire penetrates the BiSn matrix, 

making this the likely locus for failure initiation. This is a direct consequence of the inherent 

mechanics: for any kind of failure to commence, the axial stress applied on the NiTi fiber needs 

to supersede the interface strength that binds the fiber and the matrix. This excess stress 

propels relative movement between the two entities. 

As the process continues, post the initial fracture, it's plausible for the phenomenon of 

failure to permeate throughout the length of the fiber during the pull test, particularly when 

the applied stress surpasses the frictional stress at the interface. This leads to an escalating 

sequence of failures that continue to affect the integrity of the interface. Upon culmination of 

the interface failure, the remaining fiber length within the matrix is subjected only to frictional 

and sliding forces. This stage marks a crucial shift in the interplay of forces acting on the fiber 

and matrix, as the dominating force transitions from the complex interfacial interactions to the 

more simple frictional forces. This progression from interfacial failure to purely frictional 

interactions is a critical part of understanding the mechanics at play during the pull out of the 

NiTi fiber from the BiSn matrix. 

The force-displacement plots displayed in Figures 26 and Figure 27 reveal the 

characteristics of four SFC specimens that were subjected to the pull test. The horizontal axis, 

or abscissa, signifies the total linear distance that the fiber traverses while being extracted from 

the matrix. In the early stages of the experiment, an initial alignment of the fiber with the 
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imposed axial load was noted, appearing as the fiber straightening. Following this straightening 

phase, an initial tension begins to form in the free portion of the fiber, consequentially 

instigating the build-up of stresses. The relatively smaller diameter of this free portion, 

compared to the combined fiber and matrix cross-sectional area, culminates in a comparatively 

greater stress within this section. 

As the experiment proceeds, the pathway of fiber pull out can be branched into two 

distinct scenarios, largely contingent on the resilience of the fiber-matrix interface. If the 

interfacial strength is on the weaker side, the fiber-matrix interface may yeild to failure before 

the NiTi enters the detwinning phase, thereby precluding the accumulation of recoverable 

strain and rendering the shape memory capabilities ineffective. Conversely, if the interface 

demonstrates robust strength, the NiTi SMA fibers could potentially accumulate recoverable 

strain due to the onset of detwinning upon loading in the free portion of the fiber, preceding 

any interface failure. However, when considering a NiTi fiber embedded in the matrix, potential 

elastic strain is anticipated due to the fiber's embedment in the matrix. Discrepancies in 

material properties between NiTi and BiSn, such as strain to failure, and their compatibility 

demand that the NiTi attached to the BiSn remains in its twinned state, subsequently 

disengaging from the BiSn as it undergoes detwinning. After this disengagement, the interface 

interactions diverted into frictional forces as the fiber continues its extraction from the matrix. 

This denotes a significant shift in the interfacial dynamics during the fiber extraction process. 
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Figure 26: Load vs extension plot from pull test of the composites fabricated by etched NiTi wire and BiSn alloy. 

Figures 26 and Figure 27 showcase the load-displacement relationship for different 

samples used in this study. The results presented in Figure 26 indicate a weak interfacial bond 

for the unetched specimens, signified by an initial failure force of merely 15 N. Previous 

research involving analogous NiTi wires, tested under ambient conditions, displayed that 

detwinning initiates when the exerted force reaches a threshold of 69 N, corresponding to an 

effective stress of 340 MPa. In light of these precedents, it can be inferred that the interface 

between the unetched NiTi wire and the BiSn matrix succumbed to failure prior to the onset of 

NiTi detwinning. This premature failure of the interface led to the NiTi fiber being readily 

dislodged from the matrix, even under minimal load, throughout the entire length of the 

pullout process. These findings illuminate the critical role of interfacial strength in dictating the 

pullout behavior of NiTi wires embedded within BiSn matrices, significantly impacting the 

material's mechanical performance. 
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Figure 27: Load vs extension plot from pull test of the composites fabricated by etched NiTi wire and BiSn alloy. 

Insightful outcomes can be drawn from the load-displacement plots depicted in Figure 

27, which correspond to the etched samples. These curves demonstrate the requirement of a 

significantly increased force to debond the NiTi fiber from the BiSn matrix in comparison to 

their unetched counterparts. This behavior is suggestive of an enhanced interfacial strength 

between the NiTi fiber and the BiSn matrix after etching. Indeed, the initial load peak - a point 

before the curves settle into a plateau - is observed to be roughly five times higher than the 

loads encountered with unetched samples, as compared for both the samples in Figure 28. This 

increase in load culminates into elevated stresses, thereby instigating the detwinning process 

within the NiTi fibers. The transition in the material's behavior is evident in the distinct 

alteration in the slope near a load of 69 N. As the force escalates, rising stress levels prompt the 

initiation of interface failure, while concurrently perpetuating the detwinning process as the 

fiber detaches from the matrix. 
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Figure 28: Comparison of load vs extension data obtained from pull test of the single fiber composites fabricated by both 
unetched and etched NiTi wire and BiSn alloy. 

Post-experimental analyses, involving the measurement of lengths and heating of the 

NiTi fibers above the austenite finish temperature, substantiated these observations. 

Specifically, the unetched samples did not display any discernible change in length, indicating 

that they maintained their parent geometry and no detwinning occurred. Conversely, the 

etched samples were found to be elongated following mechanical testing and exhibited 

contraction upon heating, signifying the accumulation of recoverable strain as a result of 

detwinning during the tests. As can be seen in the Figure 27 and Figure 28, the force 

displacement curve for the etched samples leveled off at roughly 116.7 N with a corresponding 

stress of 575.77 MPa. Maximum interfacial shear stress was found to be 52.64 MPa in that 

location using the analytical model. 

Another noteworthy observation pertains to the force experienced by the fiber as it 

continued to be pulled from the matrix beyond the point of presumed complete detachment. 
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The force was found to progressively increase, indicating the manifestation of a phenomenon 

beyond the realm of conventional Coulomb friction. This intriguing observation is currently the 

subject of ongoing investigation, promising further understanding of this complex fiber-matrix 

interaction. 

Microscopic investigation of Fiber Matrix Interaction 

The experimental results presented a curious observation. In every test, there was a 

consistent rise in force as the fiber was gradually extricated from the matrix, reaching its peak 

just before the final removal or definitive failure. This finding deviated from expectations, as it 

is intuitive to anticipate a decrease in force due to the reduction in contact length or area as the 

fiber pulls away from the matrix. 

 

Figure 29: Microscopic images (using confocal microscope) to show the BiSn surface condition after the pull test. (a) and (b) for 
unetched sample and (c) and (d) are for etched samples. 
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A post-experimental inspection of the specimens was conducted to enhance a deeper 

understanding of the tensile test outcomes. The matrices were carefully sectioned and polished 

to expose the internal cavity left by the NiTi fiber. The subsequent investigation employed both 

optical and confocal microscopy techniques, with the findings illustrated in Figure 29. In this 

figure, the left-side images (a & c) were captured using an optical microscope, while the right-

side images (b & d) utilized a confocal microscope, chosen deliberately to highlight the 

contrasts.  

The top images in Figure 29 (a & b) are derived from a control sample produced with 

unetched NiTi. Remarkably, the interior surface of the cavity exhibits a rather uniform texture, 

mirroring the geometry of the NiTi wire. A subtle spiraling scratch pattern graces this even 

surface. This feature is consistent with expected results of failure at a weak surface bond 

against inert TiO2. The scratching could possibly be linked to the wire's sliding motion during 

testing, but the origin of the spiraling pattern remains uncertain, especially given the absence 

of any detectable macroscopic wire rotation relative to the matrix. 

Conversely, the lower images of Figure 29 (c & d) reveal an experimental sample created 

with etched NiTi. The interior cavity herein exhibits noticeable differences from the control 

sample. Observable is the extensive gouging of the BiSn beyond the NiTi wire's diameter and 

small-scale pitting on the surface. This significant departure suggests an entirely different 

failure mechanism, potentially hinting at a failure within the BiSn matrix near the interface 

rather than at the interface itself. 
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Figure 30: Optical Microscopic images (using optical microscope) to show the NiTi surface condition after the pull test. (a) for 
unetched sample and (b) for etched samples. 

Figure 30 provides an insightful observation of the NiTi fiber's surface state following 

the pull test, shedding light on the interfacial failure mode. The individual images taken by using 

optical microscope represent different surface conditions, with Figure 30 (a) portraying the 

surface of a pulled-out unetched NiTi fiber, and Figure 30 (b) depicting the condition of an 

etched NiTi fiber post-extraction. A clear observation can be made from the surface of the 

unetched NiTi wire, as shown in Figure 30 (a). The notably smooth texture of the wire's surface 

suggests an absence of matrix adhesion, supporting the notion of a weak bond between the 
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unetched NiTi fiber and the BiSn matrix. In contrast, the surface condition of the etched NiTi 

fiber presented in Figure 30 (b) tells a different story. The image reveals a predominantly rough 

texture, indicative of substantial interaction between the fiber and the matrix. This roughness is 

possibly attributable to matrix pitting or gouging, providing compelling evidence of matrix 

particle adhesion to the NiTi fiber. This suggests that the etching process enhances the fiber-

matrix interfacial bond strength, leading to a different failure mechanism than that observed 

for unetched NiTi fibers. These observations underscore the significant impact of the surface 

condition of the NiTi wire on the fiber-matrix interface behavior during the pull-out test. 

 

Figure 31: Scanning electron microscopy-energy dispersive spectrum (SEM-EDS) analysis of the surfaces of (a & b) unetched and 
(c & d) etched NiTi wires after pull out. 

 Optical microscopic analyses of both unetched and etched NiTi sample surfaces post-

pullout led to a notable observation. Surface roughness in the etched NiTi samples was linked 

to matrix pitting and gouging, attributed to the adhesion of the metal matrix particles on the 
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NiTi surface. To gain a deeper understanding, Scanning Electron Microscopy (SEM) coupled with 

Energy Dispersive Spectroscopy (EDS) was employed to ascertain the composition of the 

materials adhering to the NiTi surface, as shown in the Figure 31. This analysis was conducted 

for both unetched and etched samples. The SEM images unmistakably exhibited a rougher 

surface for the etched samples compared to their unetched counterparts. Concurrently, EDS 

results revealed a substantial amount of Sn adhering to the etched NiTi surface, while the 

unetched NiTi surface predominantly consisted of Ni and Ti. The combined SEM-EDS evaluation 

thus substantiated the occurrence of matrix adhesion on the NiTi surface during pullout, 

leading to pitting and gouging. This, in turn, enhanced the interfacial strength, supporting the 

observed phenomena. 

Interfacial Debonding and Pullout Phenomena 

The process of pulling a wire out of a metal matrix is a complex one, governed by the 

interplay of several mechanical and material properties. The wire pull-out mechanism is 

influenced significantly by the interfacial characteristics between the wire and the metal matrix, 

specifically the presence of mechanical interlocking. 

The exploration of the mechanical interactions occurring during the pull-out test of NiTi 

fibers from the BiSn matrix unveils various complexities, largely determined by the interfacial 

strength. Initial observations confirm that strong interfacial bonding prompts the NiTi fiber to 

straighten under the influence of an applied axial load. This then triggers the accumulation of 

initial stresses in the free fiber portion, due to tension. Considering the disparity in diameters 

between the free fiber portion and the matrix's cross-sectional area, this tension exerts a 

comparatively higher stress on the combined embedded fiber and matrix region. In instances 
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where interfacial strength is substantial, NiTi Shape Memory Alloy (SMA) fibers manifest 

recoverable strain from detwinning during the loading in the free fiber portion prior to interface 

failure. 

When the NiTi fiber is integrated into the matrix, potential elastic strain emerges as a 

result of the inherent material property mismatch between NiTi and BiSn. This mismatch 

stipulates that the NiTi should maintain its twinned state and decouple from the bulk BiSn as it 

detwins. Despite this, the free length of the NiTi continues to detwin, accruing substantial 

interfacial stress at the juncture of the wire and matrix. Once the interfacial shear strength 

surpasses the strength of the interface, debonding initiates and continues until the NiTi wire is 

completely detwinned. Subsequent to this phase of interface failure, one would typically 

anticipate the occurrence of conventional Coulomb friction. However, what was observed was a 

persistent escalation in force as the fiber was pulled out of the matrix, even after the point 

where compatibility would necessitate the fiber's complete disengagement. This divergence 

from expectation points to the existence of a phenomenon distinct from traditional Coulomb 

friction. 

Microscopic analysis of the surfaces of the matrix and NiTi revealed notable differences 

when compared to the control sample. Significant gouging of the BiSn, extending beyond the 

NiTi wire's diameter, along with minor pitting on the surface, was observed. Additionally, the 

NiTi surfaces displayed roughness, with tiny matrix fragments adhering to them. Thus, during 

NiTi wire pull-out, the irregular matrix surface characterized by gouging and pitting, along with 

the rough NiTi surface with adhered matrix fragments, activate a stress-peaking mechanism 

suggestive of mechanical interlocking (see Figure 32). 
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Figure 32: A representation of surface condition of NiTi with matrix fragment adhered and surface condition of BiSn with 
irregular gouging and pitting. 

Although the mean stress was peaking, a fluctuation of stress over the length was 

evident, suggesting the occurrence of local stick-slip phenomena while the matrix chunk was 

forced to traverse over the pits in the matrix interfaces. These observations hint at a unique 

failure mechanism, likely involving the failure within the BiSn matrix near the interface, rather 

than the interface itself. The stress-peaking phenomenon identified here mirrors failure 

mechanisms seen in concrete, where friction from concrete surface shearing or mechanical 

interlocking with rods contributes to an increased stress during wire pull-out. 

Mechanical interlocking can be conceptualized as a series of miniature hooks or 

projections on the wire surface engaging with corresponding features inside the matrix, 

creating a network of physical bonds. This network of physical bonds strongly influences the 

interaction between the wire and the metal matrix, enhancing the bond strength and causing 

the wire to resist removal from the matrix. Upon axial load application to withdraw the wire, 

the interlocking features oppose this motion. This resistance causes an initial 'stick' phase, 
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during which the wire stays embedded within the matrix. Shear stress accumulation happens 

during this phase at the wire-matrix interface. This stress concentration is particularly 

pronounced at the point where the wire enters the matrix, an area where mechanical 

interlocking is most effective. 

 

Figure 33: Detailed force-extension pull test curve with schematic representation of entire pull-out phenomena. 

Once this ‘stick’ phase is surpassed, the 'slip' phase begins. The mechanical interlocks 

start to disengage as the wire begins to slide out of the matrix, resulting more pullout and 

stress build up. The interface failure is typically uneven and irregular due to the mechanical 
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interlocking. This uneven disengagement results in a pitting or gouging pattern on the matrix 

surface, indicative of the points where the mechanical interlocks were strongest. 

Simultaneously, as the wire is pulled out, the matrix particles adhered to the wire due to the 

mechanical interlocking create additional frictional resistance. This resistance generates a 

continually increasing force profile, even as the wire is being pulled free from the matrix. Figure 

33 encapsulates the complex nature of the NiTi fiber pull-out process from a BiSn matrix, 

providing a step-by-step illustration of the event. 

Upon the onset of displacement, the NiTi wire seemingly aligns and straightens in 

tension with the applied load, as represented at point 1 in Figure 33. This preliminary phase, 

driven by escalating tension, necessitates minimal force. As displacement progresses towards 

point 2, the specimen's internal tension surges, leading to some elastic strain. At point 3, the 

pull force intensifies the stress, initiating debonding within the elastic zone. Owing to the 

disparity in cross-sectional areas of the wire and wire/matrix structure, the NiTi wire 

encounters considerably elevated stresses, surpassing those required for NiTi detwinning, 

signified by a marked slope alteration near point 4. Continued extension culminates in total NiTi 

wire debonding from the matrix, as illustrated at point 5. This juncture indicates the NiTi fiber's 

full detachment from the BiSn matrix. A rapid load reduction from point 5 to point 6 infers the 

initial NiTi wire pull-out from the BiSn matrix subsequent to debonding. 

Upon reaching extensions that necessitate complete wire debonding from the BiSn and 

observing the force decline, the force required for further pull-out was observed to 

progressively increase, as shown around point 7. This pattern suggests the simultaneous 

occurrence of a mechanical interlocking phenomenon and stick-slip dynamics, reminiscent of 
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failure mechanisms seen in concrete structures. Upon attaining its peak after the onset of 

mechanical interlocking and stick-slip, the pull-out process concludes past point 8, where the 

fully embedded NiTi wire is extracted from the BiSn matrix. The multifaceted nature of these 

interactions underlines the pull-out phenomenon's complexities in NiTi fiber-reinforced BiSn 

matrix composites, further enriching our understanding of self-healing metallic materials and 

their potential applications. 

Summary 

The current research intricately explores the pull-out behavior of NiTi Shape Memory 

Alloy (SMA) fibers embedded in a BiSn matrix, constituting a self-healing metal-metal 

composite. The study lays emphasis on understanding the interfacial strength and the 

associated failure mechanisms at the juncture of the wire and matrix. Through pull tests 

conducted on two types of specimens - etched and unetched, the force-displacement curves 

offered insightful revelations into the role of fiber-matrix interface strength on the pull-out 

process. 

From the observations, it was apparent that unetched specimens, characterized by 

weak interfacial strength, succumbed to premature interface failure. This early failure thwarted 

the NiTi detwinning process, thereby leading to the suppression of the SMA's inherent shape 

memory functionality. Conversely, the etched specimens demonstrated stronger interfacial 

bonds, requiring substantially greater forces for the pull-out of the fiber, thus allowing for the 

NiTi wire to undergo detwinning, a prerequisite for harnessing the shape memory effect. 

A peculiar yet consistent increase in force was detected during the pull-out process, 

which ran contrary to the anticipated decrease given the corresponding reduction in potential 
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contact length or area as the fiber progressively detached from the matrix. The scrutiny of this 

behavior through microscopic examination revealed significant gouging of the BiSn matrix along 

with small-scale pitting on its surface. These features hinted at an alternative failure 

mechanism, suggesting an internal failure within the BiSn matrix in close proximity to the 

interface. 

This intriguing stress-peaking phenomenon shares characteristics with failure 

mechanisms observed in rock or concrete. In these materials, mechanical interlocking 

generates friction, which in turn amplifies the stress experienced during wire pull-out, much 

like the behavior observed in our study. The microscopic exploration further revealed 

roughened NiTi wire surfaces adorned with adhered matrix fragments. Along with the 

irregularities in the matrix interface, characterized by gouging and pitting, these observations 

suggested the onset of a mechanical interlocking mechanism. 

Interestingly, despite a peaking mean stress, the presence of stress fluctuation over the 

fiber length indicated a stick-slip phenomenon. This occurrence becomes evident when the 

adhered matrix chunk is forced to traverse over the pitted matrix interface during fiber pull-out, 

thus demonstrating an intricate self-healing mechanism in the metal matrix composite. 

In summary, this research offers a comprehensive understanding of the pull-out 

phenomenon in NiTi fiber reinforced BiSn matrix composites, revealing complex mechanics and 

interactions that dictate the pull-out behavior. These insights hold significant potential to 

inform future design strategies and enhance manufacturing processes for self-healing metal-

metal composites. 
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Conclusion 

This investigation is primarily concentrated on the transformative potential of self-

healing materials, with particular emphasis on metal-metal composites. These materials 

possess the remarkable capacity to redefine the conventional paradigms of engineering design 

by offering enhanced efficiency, lower maintenance requirements, reduced weight, and a 

transformative concept of failure. Among self-healing materials, Nickel Titanium (NiTi) Shape 

Memory Alloy (SMA) fibers encased in a Bismuth Tin (BiSn) matrix composite stand out due to 

their exceptional attributes. They exhibit structural healing properties that are independent of 

consumable healing agents, thereby setting a pioneering standard in the realm of materials 

engineering. 

A comprehensive exploration of the post constrained recovery residual stress (PCRRS) 

observed in NiTi SMAs constitutes a significant part of this research. A series of rigorous 

experiments have demonstrated a fascinating phenomenon in which the material consistently 

exhibits a reduction in stress after each loading cycle, demonstrating a pattern akin to cyclic 

softening. Notably, the original magnitude of the PCRRS could be reinstated by reapplying the 

thermo-mechanical cycle, suggesting a stable, reproducible, and reversible event, contrary to a 

scenario of actual material degradation. The results of these studies thus open up new 

pathways in the design of advanced engineering applications, potentially enabling the creation 

of materials that demonstrate self-healing and fatigue-resistant characteristics. 

The research has also delved into a thorough examination of interfacial bonding of NiTi 

SMA reinforced the BiSn matrix, a fundamental aspect of the self-healing metal-metal 

composite under scrutiny. Detailed analyses have been conducted to understand the interfacial 
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strength and the failure mechanisms that occur at the juncture of the wire and the matrix. The 

experimental process highlighted that unetched specimens, characterized by weaker interfacial 

strength, are susceptible to premature interface failure. This early failure restrains the 

detwinning process in NiTi, suppressing the inherent shape memory functionality of the SMA.  

In contrast, etched specimens exhibiting stronger interfacial bonds demand considerably larger 

forces for fiber pull-out, allowing the NiTi wire to undergo detwinning. 

A crucial discovery during these investigations was an unexpected increase in force 

during the pull-out process. This observation contradicts the anticipated decrease associated 

with the reduction in potential contact length or area as the fiber progressively detached from 

the matrix. Microscopic examination and analysis of this behavior revealed significant gouging 

of the BiSn matrix along with small-scale pitting on its surface, suggesting an alternative failure 

mechanism: an internal failure within the BiSn matrix in proximity to the interface. This 

intriguing phenomenon shares similarities with failure mechanisms observed in materials such 

as rock or concrete, where mechanical interlocking results in amplified stress during wire pull-

out. 

This comprehensive study presents significant progress in understanding the complex 

mechanics and interactions within NiTi fiber reinforced BiSn matrix composites. By clarifying the 

interfacial strength and failure mechanisms between the fiber and the matrix, this research 

provides critical knowledge that paves the way for optimizing parameters such as wire 

diameter, thereby propelling the sophistication of self-healing metal-metal composites. 

Furthermore, the results underscore the feasibility of these composites for energy-efficient 

actuation methodologies, eliminating the need for constant energy input, thereby expanding 
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the horizons of smart materials design. The findings from this research not only improve the 

understanding of the mechanics of these materials but also represent a substantial step 

towards the realization of a revolutionary vision: the fabrication of fully autonomous, advanced 

monitoring and efficient healing structures. These systems would seamlessly integrate 

structural health monitoring techniques into self-healing materials, giving birth to what termed 

as "Structural Health Monitoring 2.0" (SHM2). 

Inspired by biological systems, the SHM2 concept envisages a materials system that 

autonomously detects and locates damage as it happens. It would then trigger an appropriate 

healing response while concurrently inspecting and monitoring the material for the emergence 

of further damage during service. Such a system would thereby mitigate the extent of damage, 

prevent its propagation, and enhance the longevity and reliability of the material. Thus, the 

current research work paves the way towards such a transformative leap in smart materials 

technology. 
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