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ABSTRACT 

AN INVESTIGATIONS INTO THE M ICRO WIRE ELECTR ICAL 

DISCHARGE MACH INING OF SHAPE MEMORY ALLOY  

Meshri, Hassan Ali  

M.S., Manufacturing Engineering Department 

Supervisor: Asst. Prof. Dr. Samet Akar 

Co-Supervisor: Prof. Dr. Sadēk Engin Kēlē­ 

December 2019, 78 pages 

Recently, the use of nitinol as a shape memory alloy (SMA) has become significant in vital 

industries, such as the medical and aerospace industries, due to its distinctive characteristics 

of pseudoelasticity and shape memory effect. Due to its high hardness, high fracture toughness, 

strain hardening and issued such as rapid tool wear the use of conventional machining 

processes has become difficult when producing complex shapes from nitinol. Therefore, non-

traditional machining processes, especially wire electro-discharge machining (WEDM) has 

become the dominant method of machining nitinol alloy. However, WEWD faces some 

challenges, especially in terms of surface integrity of the workpiece which requires an in-depth 

investigation. In this study, the effect of Õ-WEDM process on nitinol alloy was studied. 

100 Õm diameter brass wire was used for the cutting in addition to a set of Õ-WEDM adjustable 

input cutting parameters, such as peak current (Ip), servo voltage (Sv), pulse on time (Ton), and 

pulse off time (Toff) are selected. The experiments were designed based on L27 Taguchi 

orthogonal array to reduce the number of experiments. Multi-regression analysis was applied 

based on the surface response methodology (RSM) to determine the effect of Õ-WEDM 

process parameters on the surface integrity of the nitinol alloy. The aim of surface integrity 

studies was to minimizing Kerf width variation, minimizing white layer thickness (WLT), 

maximizing metal removal rate (MRR), minimizing surface roughness (Ra), and minimizing 

Õ-hardness. Optimization studies were performed using two algorithms, the gradient algorithm 

(GA) and the particle swarm optimization algorithm (PSO) to determine the best Õ-WEDM 

cutting parameters set for each output parameter individually according to the target that was 

specified. Moreover, a combined multi-response optimization analysis was performed to find 

the best set of Õ-WEDM process parameters to achieve the best surface integrity of the nitinol 

alloy sample that satisfies the goal of all output responsesô simultaneously. 

Keywords: Õ-WEDM, Nitinol, WLT, MRR, KERF, Surface roughness, hardness, RSM, PSO.  
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¥Z 

ķEKĶL HAFIZALI ALAķIMININ MĶKRO TEL ELEKTRĶK EREZYON 

Y¥NTEMĶ ĶLE ĶķLENMESĶNĶN ARAķTIRILMASI 

Meshri, Hassan Ali  

Y¿ksek Lisans, Ķmalat M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Dr. ¥ĵr. ¦yesi Samet Akar 

Ortak Tez Yºneticisi: Prof. Dr. Sadēk Engin Kēlē­ 

2019, 78 sayfa 

   Son zamanlarda, nitinol alaĸēmēnēn (ķHA) kullanēmē, tēbbi ve havacēlēk end¿strileri gibi 

hayati end¿strilerde, yapay esneklik ve hafēza ĸekli gibi ayērt edici ºzellikleri nedeniyle ºnemli 

hale gelmiĸtir. Bu ºzelliklerin bir sonucu olarak, geleneksel iĸleme yºntemlerinin kullanēmē, 

karmaĸēk ĸekilli nitinollerin ¿retimini zorlaĸtērmēĸtēr. Bu nedenle, Mikro Elektro Erezyon 

yºntemi, nitinol alaĸēmē iĸlemede baskēn ve geleneksel olmayan yºntemi haline gelmiĸtir. 

Mikro Elektro Erezyon iĸleme yºnteminin nitinol alaĸēmē ¿zerindeki etkisi ­alēĸēlmēĸtēr. 

Maksimum akēm (Ip), servo voltaj (Sv), darbe s¿resi (Ton) ve darbe d¿ĸme s¿resi (Toff) gibi 

deĵiĸtirilebilir giriĸ kesme parametreleri se­ilerek 100 ­apēnda pirin­ tel kullanēlarak iĸleme 

yapēldē. Deneyler, deneme sayēsēnē azaltmak i­in L27 Taguchi dikey sēralar temel alēnarak 

tasarlanmēĸtēr. Y¿zey tepki yºntemi iĸlem parametrelerinin nitinol alaĸēmlē numunelerin y¿zey 

b¿t¿nl¿ĵ¿ ¿zerindeki etkilerini belirlemek i­in Mikro Elektro Erezyon yºntemi kullanēlarak 

­oklu baĵlanēm yºntemi uygulandē. Nitinol numuneleri ¿zerinde ­alēĸēlan y¿zey b¿t¿nl¿ĵ¿ 

parametreleri, Kerf geniĸlik deĵiĸimini, beyaz tabaka kalēnlēĵēnē, metal kaldērma oranēnē, 

y¿zey p¿r¿zl¿l¿ĵ¿n¿ ve mikro sertliĵi en aza indirmektedir. Optimizasyon analizleri, iki farklē 

algoritma gradyan ve par­acēk s¿r¿s¿ optimizasyon algoritmalarē kullanēlarak, her bir ­ēkēĸ 

parametresi i­in belirlenen hedefe gºre ayrē ayrē ayarlanan Mikro Elektro Erezyon yºntemi en 

iyi kesme parametrelerini belirlemek i­in yapēldē. Dahasē, Nitinol alaĸēmlē numunenin en iyi 

y¿zey p¿r¿zl¿l¿ĵ¿ i­in ayarlanan Mikro Elektro Erezyon kesme parametresini bulmak i­in 

birleĸtirilmiĸ ­oklu yanēt optimizasyon analizi t¿m ­ēktē yanētlarēnēn hedefini aynē anda 

karĸēlamaktadēr. 

Anahtar Keli meler:    Mikro Elektro Erezyon, Nitinol, WLT, MRR, Kerf Width, Ra, Mikro 

sertlik, RSM, PSO. 



v 

 

   

 

 

    

    

 

 

 

 

To My Parents 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

ACKNOWLEDGMENTS  

 

I give thanks to God, who enabled me to research such a contentious issue these 

days, and for lighting my way through the path of science. 

I would like to offer my supervisor Asst. Prof. Dr. Samet Akar my sincere 

appreciation for his great assistance, guidance and excellent support during the 

thesis period. Indeed, this work would not have been possible without his great 

support and unlimited efforts. 

I extend my deep appreciation to my co-supervisor Prof. Dr. Sadēk Engin Kēlē­ for 

his guidance, patience, support, and encouragement. 

 

I would like to thank Assoc. Prof. Dr. Yiĵit Karpat and Dr. ķakir Baytaroĵlu at the 

Micro System Design and Manufacturing Center of Bilkent University for their help 

in surface roughness and micro-hardness measurements.  

I would like to thank Assoc. Prof. Dr. Seha Tirkeĸ and Asst. Prof. Dr. Salih Ertan 

for Chemical Engineering and Applied Chemistry department of Atilim 

University for their support in preparing various etching solutions for 

microstructure analysis of Nitinol.  

I would like to thank my wife Huda Berber and my children for their love and 

encouragement. 

I would like to thank all of those who continued to support and encourage me to 

complete this thesis. 

Finally, my heartfelt warm greetings to my parents, Ali Meshri and Suad Kara, for 

their love and support for me throughout my life. 

 

 

 

 

 



vii  

 

TABLE OF CONTENTS 

 

 

CHAPTER 1 ................................................................................................................ 1 

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

1.1 Introduction ........................................................................................................ 1 

1.2 Literature Review ............................................................................................... 4 

1.3 Scope of the Thesis ............................................................................................. 6 

CHAPTER 2 ................................................................................................................ 9 

Experiments Setup and Methodology .......................................................................... 9 

2.1 Research Motivations ......................................................................................... 9 

2.2 Approach ............................................................................................................ 9 

2.3 Methodology ...................................................................................................... 9 

2.3.1 Material Specifications ................................................................................ 9 

2.3.2 Õ-WEDM Machines specifications: .......................................................... 10 

2.3.3 Grinding, Polishing, and Etching ............................................................... 12 

2.3.4 Kerfs and Metal Removed Rate ñM.R.Rò Measuring ............................... 13 

2.3.5 White Layer Thickness (W.L.T.) Measuring ............................................. 20 

2.3.6 Topography Characterization and Mechanical Properties Tests ............... 27 

CHAPTER 3 .............................................................................................................. 42 

Design of The Experiments and Results Analyses .................................................... 42 

3.1 Design of the Experiment ................................................................................. 42 

3.2 Response Surface Methodology ....................................................................... 42 

3.3 Optimization Analyses Approaches ................................................................. 44 

3.3.1 Gradient Algorithm .................................................................................... 44 

3.3.2 Particle Swarm Optimization (PSO) .......................................................... 45 



viii  

 

3.4 Analysis of Variance (ANOVA) and Optimizations ........................................ 48 

3.4.1 Kerf Variation ............................................................................................ 49 

3.4.2 Metal Removed Rate (MRR) ..................................................................... 51 

3.4.3 White Layer Thickness (W.L.T) ................................................................ 54 

3.4.4 Surface Roughness (Sa) ............................................................................. 56 

3.4.5 Micro-hardness (Mh) ................................................................................. 59 

3.4.6 Multi-Responses Optimization .................................................................. 62 

CHAPTER 4 .............................................................................................................. 65 

Conclusions and Future Works .................................................................................. 65 

4.1 Conclusions ...................................................................................................... 65 

4.2 Future Works .................................................................................................... 67 

APPENDIX A ............................................................................................................ 72 

PSOôS MATH LAB CODE ....................................................................................... 72 

 

  

 

  



ix 

 

LIST OF TABLES  

Table 2 1 Nitinol alloy specifications ........................................................................ 10 

Table 2 2 adjustable parameters and their levels ....................................................... 11 

Table 2 3 Fixed parameters and their values .............................................................. 11 

Table 3 1 Design of the experiments with Taguchi orthogonal array (L27) .............. 43 

Table 3 2 ANOVA of Kerf Variation ........................................................................ 50 

Table 3 3 Optimum Cutting Parameters for Minimum Kerf  Width.......................... 51 

Table 3 4 ANOVA of Metal Removed Rate (MRR) ................................................. 52 

Table 3 5 Optimum Õ-WEDM Cutting Parameters for Maximum MRR .................. 53 

Table 3 6 ANOVA of White Layer Thickness (W.L.T) ............................................ 55 

Table 3 7 Optimum Õ-WEDM cutting parameters for minimum W.L.T .................. 56 

Table 3 8 ANOVA of Surface Roughness (Sa) ......................................................... 58 

Table 3 9 Optimum Õ-WEDM cutting parameters for minimum Sa ......................... 59 

Table 3 10  ANOVA of micro-hardness (Mh) ........................................................... 60 

Table 3 11 Optimum Õ-WEDM cutting parameters for minimum Mh...................... 62 

Table 3 12 Gradient Algorithm Initial Data ............................................................... 62 

Table 3 13 Comparative optimum Õ-WEDM cutting parameters for combined 

responses .................................................................................................................... 64 

Table 3 14 Õ-WEDM optimum cutting parameters for the predicted responses by 

RSM and PSO ............................................................................................................ 64 

 

 

  



x 

 

LIST OF FIGURES 

Figure1. 1 Different phases of a shape memory alloy (Nitinol alloy) (Guo et al., 

2013). ........................................................................................................................... 2 

Figure1. 2 one-way and two-way memory training (T. W. Duerig et al., 2013) ......... 3 

Figure 2. 1 Nitinol alloy ñused sampleò ..................................................................... 10 

Figure 2. 2 Õ-WEDM (Sodick AP250L) used to conduct the experiments on the   

Nitinol alloy sample ................................................................................................... 11 

Figure 2. 3 Flushing dielectric liquid and fixed parameters values ........................... 12 

Figure 2. 4 Nikon LV150 microscopy ....................................................................... 13 

Figure 2. 5 Grinding, polishing, cleaning, and etching processes.............................. 13 

Figure 2. 6 Photographic to the view of the kerf width (Tosun, Cogun, & Tosun, 

2004). ......................................................................................................................... 14 

Figure 2. 7 Scan Electron Microscopy EVOLS15 ..................................................... 14 

Figure 2. 8 SEM micrograph of firest and second Kerf at 500x  magnification ........ 15 

Figure 2. 9 SEM micrograph of third and fourth Kerf at 500x magnification ........... 16 

Figure 2. 10 SEM micrograph of fifth and sixth Kerf at 500x magnification ........... 17 

Figure 2. 11 SEM micrograph of seventh and eighth Kerf at 500x magnification .... 18 

Figure 2. 12 SEM micrograph of ninth Kerf at 500x magnification .......................... 19 

Figure 2. 13 SEM quanta 200f with EDS unit used to scan the white recast layer.... 21 

Figure 2. 14 SEM white layers images of firest and second kerfs measured at two 

different places with their EDS analysis. ................................................................... 22 

Figure 2. 15 SEM white layers images of third and forth kerfs measured at two 

different places with their EDS analysis .................................................................... 23 

Figure 2. 16 SEM white layers images of fifth and sixth kerfs measured at two 

different places with their EDS analysis .................................................................... 24 

Figure 2. 17 SEM white layers images of seventh and eighth kerfs measured at two 

different places with their EDS analysis .................................................................... 25 

Figure 2. 18 SEM white layers images of ninth kerfs measured at two different    

places with their EDS analysis ................................................................................... 26 

Figure 2. 19 The nine samples on the aluminum fixture............................................ 27 

Figure 2. 20 SEM image at 350Ĭ and 4,500Ĭ magnification factors and EDS analyses 

of the first and second machined surface samples ..................................................... 28 



xi 

 

Figure 2. 21 SEM image at 350Ĭ and 4,500Ĭ magnification factors 4,500and EDS 

analyses of the third and fourth machined surface samples ....................................... 29 

Figure 2. 22 SEM image at 350Ĭ and 4,500Ĭ magnification factors and EDS analyses 

of the fifth and sixth machined surface samples ........................................................ 30 

Figure 2. 23 SEM image with two magnification factors x350, x4500, and EDS ..... 31 

Figure 2. 24 SEM image at 350Ĭ and 4,500Ĭ magnification factors and EDS analyses 

of the ninth machined surface sample ........................................................................ 32 

Figure 2. 25 Confocal laser microscopy KEYENCE Vk-x100 series. ...................... 33 

Figure 2. 26 AFM analysis program .......................................................................... 34 

Figure 2. 27 Surface roughness analyzed image using AFM program for the .......... 35 

Figure 2. 28  Surface roughness analyzed image using AFM program for the ......... 36 

Figure 2. 29 Surface roughness analyzed image using AFM program for the .......... 37 

Figure 2. 30 Surface roughness analyzed image using AFM program for the seventh 

and eighth machined surface ...................................................................................... 38 

Figure 2. 31 Surface roughness analyzed image using AFM program for the ninth 

machined surface ........................................................................................................ 39 

Figure 2. 32 Micro-hardness ZWICK.ROELL ZHv Õ tester ..................................... 40 

Figure 2. 33 Micro-hardness ZWICK.ROELL ZHv Õ calibration ............................ 41 

Figure 2. 34  Measuring of bulk material micro-hardness ......................................... 41 

Figure 3. 1  Flow Chart of PSO(J¼nior et al., 2018) .................................................. 46 

Figure 3. 2  Optimum Õ-WEDM cutting parameters for minimum kerf width ......... 51 

Figure 3. 3  Optimum Õ-WEDM Cutting Parameters for Maximum MRR. .............. 53 

Figure 3. 4 Optimum Õ-WEDM cutting parameters for minimum W.L.T. ............... 56 

Figure 3. 5  Optimum Õ-WEDM cutting parameters for minimum Sa ...................... 59 

Figure 3. 6 Optimum Õ-WEDM cutting parameters for minimum Mh ..................... 61 

Figure 3. 7  Optimum Õ-WEDM cutting parameters for multi-response using the 

gradient algorithm ...................................................................................................... 63 

 

 

   

  



xii  

 

   

LIST OF ABBREVIATIONS  

 

SMA - Shape Memory Alloy 

Õ-WEDM - Micro Wire Electrical Discharge Machining 

SME - Shape Memory Effect 

PE -  Pseudoelasticity 

GA -  Gredient Algorithm  

PSO - Particle Swarm Optimization 

Sa -  Arithmetic Average Height 

W.L.T - White Layer Thickness 

MRR - Metal Removal Rate 

Õ-hardness - Microhardness 

Ip -  Peak Current 

Sv - Servo Voltage 

Ton - Pulse On Time 

Toff - Pulse Off Time 

CD - Combined Desirability Index 

Id - Individual Desirability Index 

 



1 

 

CHAPTER 1 

 

Introduction  

 

1.1 Introduction 

 

   Nitinol an equiatomic nickel-titanium alloy has become one of the most important 

shape memory alloys (SMAs) currently used in medical, aerospace and other industrial 

fields. It was introduced with a shape memory effect in the US Naval Ordinance 

Laboratory (NOL) in 1960 by Buehler et al. [1]. Some uses include orthodontic 

equipment, microelectromechanical systems (MEMS), sensor and actuators  [2]. 

Nitinol is used because of its high strength at moderate and low temperatures as well 

as its high corrosion and wear resistance, high ductility, good fatigue life, and high 

bio-compatibility   [3].  

Nitinol alloy has more unique microstructural properties than other alloys. Nitinol has 

two phases: martensite at low temperatures and austenite at high temperatures. Under 

the influence of external, Nitinol can move from the martensite phase to the austenite 

phase and vice versa if these external effects are removed. Martensite and austenite are 

two different crystal structures or phases in NiTi alloys  [4, 5].  

The metamorphosis phase gives Nitinol a unique characteristic among other alloys, 

namely the shape memory effect and pseudoelasticity behaviors (SE)  [6]. The effect 

of SME and SE on Nitinol alloy makes it return to its original form with a high 

reactivity (approx. 8%). SME causes a transformation of the martensite phase to the 

austenite phase due to thermal or mechanical loads  [7, 8]. 

Figure 1 shows the different phases of the Nitinol alloy (SMA). Nitinol initially at the 

origin point O in a complete austenitic state. Without applying stress, if the Nitinol is 
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cooled along path O-A below the martensite finish temperature ñMfò, a complete 

transformation from the austenite phase to a twinned martensite phase will occur. 

Through path A-B, if loads are applied, the material will deform into a reoriented 

de-twinned martensite. Then, unloading onto path B-C will cause elastic unloading of 

the reoriented de-twinned martensite. However, the material stays deformed and 

pseudoplastic. While heating path C-D to the austenite finish temperature (Af), the 

material transforms from martensite to austenite and recovers from the deformation to 

its former shape, the óshape memory effectô. In the complete austenitic phase above 

the austenite finish temperature (Af), Nitinol can be loaded along through the path O-E 

transformation and a martensitic state will occur. A large elastic strain of up to 11% 

can be achieved. Through path E-O while unloading, the martensitic phase will 

transform back to the austenitic phase and the super-elastic deformation will be 

recovered, showing a hysteresis loop in the stress-strain diagram  [6, 9]. 

 

 

Figure1. 1 Different phases of a shape memory alloy (Nitinol alloy) [6]. 

 

The ability of SMA to recover from large strain due to mechanical or thermal loads 

has made them important alloys used in many vital industries, such as then petroleum, 

biomedical and aerospace industries  [10-13]. 
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   Nitinol alloy with near-equiatomic compositions is the most well-known shape 

memory alloy. As the nickel content increases in the alloy, the transformation 

temperature will decrease. The martensitic phase is known as the low-temperature 

phase having a monoclinic crystalline structure. In contrast, the austenitic phase, 

known as the high-temperature phase, has a body-centered cubic crystalline 

structure  [14]. 

   Depending on the SME (shape memory effect) characteristic of the Nitinol alloy, the 

behavior of this alloy can be trained in two ways depending on the memorability. In 

the first type, which is known as one-way shape memory (OWSM), the sample is 

cooled to below the temperature of the Mf and then deformed into a planned shape, as 

in Figure 1.2. The sample is then reheated to a higher temperature than Af until it is 

fully austenitic. This method needs to be repeated 20 to 30 times. Thus, the sample 

will acquire its planned shape by cooling below the Mf and it will return to its 

austenitic shape by heating to above Af. In the second type, which is known as two-

way shape memory (TWSM), the sample is bent or formed exactly at above Ms 

temperature to make reference characters for the martensitic phase by the applied 

stress, followed by it being cooled to below Mf temperature, and then reheated to 

above Af. The sample will acquire its shape in the austenitic phase  [15]. 

 

 

Figure1. 2 one-way and two-way memory training [15] 
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The machinability for Nitinol alloy has become an important concept in a number of 

fields of industry nowadays. The conventional machining methods of this alloy leads 

to high tool wear and low machined surface quality of products, which has become 

noticeable, due to the effect of high toughness, their higher strain hardening effect, and 

pseudoelasticity behavior. As a result of difficulties in cutting through conventional 

methods [16, 17]. new research has been developed and researchers have attempted to 

discover a number of solutions to improve the ability to manufacture items using 

unconventional methods  [18]. 

    Widely used of Wire-EDM in cutting conductive materials. By creating controlled 

electric sparks between electrode ñwireò and anode ñworkpieceò. These dense high-

energy sparks melt and vaporize the material on the workpiece surface  [19]. 

   Dielectric fluid is used in this process. Dielectric fluid is flushed between the 

electrode wire and the anode workpiece to remove the particles which were produced 

during the cutting process and to prevent these particles from oxidizing and re-

solidifying on the workpiece surface and cutting wire  [20, 21]. 

 

1.2 Literature  Review  

   The melting temperature and thermal conductivity of the shape memory alloys are 

two major factors affecting the metal removal rate (MRR). When the thermal 

conductivity is high, the heat transfers of the remainder of the bulk material adjacent 

to the machined surface is faster. This leads to a decrease in the metal removal rate. 

Increasing the spark energy by increasing the peak current leads to an increase in the 

rate of melting and evaporation of the eroded material, and increasing the pulse force 

of the electrical sparks leads to an increase in the dielectric fluid flushing between the 

electrode (wire) and the workpiece. As a result, debris is removed vigorously and 

quickly from the plasma channel and the metal removal rate increases  [22]. 

   The surface roughness of the machined surface increases by increasing the spark 

energy and pulse of time. The electric spark energy impacts the machined surface and 

leads to more eroded material. When the thermal conductivity and the melting 

temperature of the material is low, the surface roughness is higher  [23]. 

The machining of these alloy types encounters difficulties with the conventional 

processes as conventional processes may affect the alloy properties. Therefore, non-
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conventional processes are the most suitable for these types of alloy. One of the most 

important and modern methods is the WEDM process, which is used in production 

lines to deal with conductive and semi-conductive materials to produce complex 

shapes  [24]. 

   The WireEDM machining process is controlled by a set of input parameters 

including pulse onTime Plus, Pulse off Time, and Servo voltage, which are the most 

significant input parameters. Some researchers have conducted studies to determine 

the effects of these input parameters on the machined surface in relation to surface 

topography, microstructure and micro-hardness  [25-31]. 

   WEDM currently is the dominant technology that is typical and suitable for precision 

conducting materials and cutting and complex forming processes. Undesirable effects 

on the machined surface, such as recast layers, cracks, heat-affected zones, and micro-

voids, are considered to be lowest compared to other processes  [32]. 

   Improving machined surface integrity and quality is associated with the formulation 

of recast layers, cracks, oxides and carbide compounds on the machined surface. 

Reducing surface roughness can lead to improving fatigue life, corrosion and wear of 

the material  [33]. 

Recently, studies have been carried out by Alidoosti, et al. [34]. who found that recast 

layers during the machining process lead to increasing machined surface hardness. 

   Discharge current and pulse time were found to be the most important input 

parameters affecting metal removal rate and surface roughness. Selecting the optimal 

parameters is one of the most important steps to reduce the cost of machining and 

improve the integrity of the surface to produce complex shapes  [35]. 

Fan, et al. [36] has developed a micro-controller that adjusts WEDM input parameters. 

They found that the optimal pulse interval and pulse duration with a suitable 

capacitance selection leads to the best achievable surface finish. 

Very limited studies focused on changes in hardness  [37] and on the surface quality 

of the machined surface of the Nitinol alloy  [6, 38]. 

Therefore, there is an urgent need to conduct more investigations into WEDM and 

Õ-WEDM to study the effects of input parameters on the surface integrity of Nitinol 

alloys and to determine the relationship between the input and output parameters of 

the WEDM and Õ-WEDM processes. 
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In this thesis, investigations were performed to observe the effects of Õ-WEDM input 

parameters on Nitinol alloy. Adjustable input parameters were selected, such as peak 

current, servo voltage, pulse on time and pulse of time, and output parameters of the 

machined surface were studied, including metal removal rate ñMRRò, Kerf variation, 

white layer thickness, surface roughness and Õ-hardness. Moreover, the effect of 

Õ-WEDM machining parameters exerted on the Nitinol machined surface parameters 

was determined by performing an Analysis of Variance (ANOVA) based on the 

response surface methodology separately and simultaneously to achieve maximum 

MRR and minimum white layer thickness, surface roughness, kerf variation, and 

Õ-hardness. 

 

1.3 Scope of the Thesis 

Chapter 1 presents the introduction, literature view and the aim of the work. 

Chapter 2, Experimental Setup and Methodology, presents the research motivations, 

research approach, and methodology. 

In the methodology section, the specification of the Nitinol alloy and Õ-WEDM cutting 

machine, Nitinol alloy samples treatment processing and test preparations are 

performed. Measurements of Kerf width variation were then made and the metal 

removal rate MRR was calculated. The thickness of the white layer was measured 

using SEM and their compositions were analyzed using an EDX unit. The machined 

surface composition was measured using an EDX unit and the arithmetic surface 

roughness of the machined surfaces of Nitinol samples was measured using a laser 

confocal microscope. Surface roughness images were analyzed using AFM software 

based on ISO 25178. The Õ-hardness of the machined surface was measured using the 

Vickers scale and compared with the Õ-hardness of the bulk material in order to 

recognize the Õ-hardness changing in the white layers due to the application of 

different Õ-WEDM cutting parameter conditions. 

Chapter 3, Design of the Experiments and Results Analyses, presents the experiment 

design, surface response methodology, optimization analysis approaches, Analysis of 

Variance (ANOVA) and Optimizations. 

In this section, the experiment tests are designed according to the orthogonal Taguchi 

array L27. A regression analysis (ANOVA) was performed for each of the machined 
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surface output parameters of the Nitinol sample separately. ANOVA was also 

performed according to the response surface methodology (RSM) to determine which 

dominant input parameters would affect the machined surface parameters (kerf 

variation, white layer thickness, metal removal rate, surface roughness, and 

Õ-hardness). The regression model was then extracted for each output parameter 

separately, and then an optimization analysis was performed to obtain the optimal 

value of the output parameter at the best input parameter set. In addition, an optimal 

analysis of the combined output parameters was carried out simultaneously to 

determine the optimal value for each and the best Õ-WEDM cutting parameters were 

set according to this. 

Chapter 4 presents the findings and conclusions of this thesis. Possible future works in 

this field are also described.
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CHAPTER 2 

 

Experiments Setup and Methodology 

 

2.1 Research Motivations 

            Our motivations for this thesis were to study and investigate the effects of 

cutting parameters in the Õ-WEDM process on Nitinol alloy to achieve optimum 

cutting parameters with fewer undesirable effects on the machined surface of the 

Nitinol alloy. 

2.2 Approach 

             The literature review was presented in the first chapter according to the 

previous works of other researchers on the effect of cutting parameters on the 

machined surface of the Nitinol alloy. 

In this thesis, the sample was prepared with dimensions of 5 mm Ĭ 10 mm Ĭ 100 mm 

using water jet technology. 

Nine kerfs were conducted according to a particular design in which a variety of 

cutting parameters was selected on the Õ-WEDM machine. 

Grinding, polishing and etching processes were carried out and cleaning was 

performed using distilled water and acetone liquid using an ultrasonic device to obtain 

the best results. Other measurements, including metal removed rate, kerfs width, white 

layer thickness, surface roughness and microhardness, were made later to determine 

the effects of the Õ-WEDM parameters on the machined surface of the Nitinol alloy 

sample. 

2.3 Methodology  

2.3.1 Material Specifications   

In this study, a sample with dimensions 60 mm Ĭ 10 mm Ĭ 5 mm was prepared for the 

experiments and 9 kerfs were used with different cutting parameters (see Figure 2.1).
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 Table 2 1 Nitinol alloy specifications 

Melting point 1300 oC 

Density 6.45 g/cm3 

Specific heat 0.20 cal/goC 

Af temperature 20Ñ5oC 

Standard ASTM F 2603 

 

 

Figure 2. 1 Nitinol alloy ñused sampleò 

 

2.3.2 Õ-WEDM Machines specifications: 

 

              A high precision WEDM (Sodick AP250L, Micro Manufacturing Laboratory, 

Bilkent University) was implemented to perform the experiments. Figure 2.2 shows 

the machine that was used as well as the relative position of the tool wire and 

workpiece manipulation. A 100 ɛm diameter brass wire was used as the tool and 

HEC(O) oil as the dielectric liquid.  
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Figure 2. 2 Õ-WEDM (Sodick AP250L) used to conduct the experiments on the   

Nitinol alloy sample 

         Four parameters, namely pulse on time, pulse off time, servo voltage and peak 

current were identified. The range of each parameter was determined from the 

preliminary experiments. Each process parameter was investigated at three levels to 

study the non-linearity effect of the parameters. The identified controllable parameters 

in the Õ-WEDM of the TiNi SMA experiments and their levels are listed in Table 2.2, 

which shows the machining parameters, which are fixed throughout the investigation. 

 

Table 2 2 adjustable parameters and their levels 

Code Parameters Level 1 Level 2 Level 3 

Ip Peak current 3 10 15 

Ton Pulse on time 0 1 2 

Toff Pulse of time 3 10 15 

Sv Servo voltage 80 130 180 

 

 

Table 2 3 Fixed parameters and their values 

Code Parameter Value 

HRP Auxiliary power supply 

circuit 

213 

MAO Pulse duration 790 

V Main power supply 

voltage 

1 

C Capacitor 2 
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WT Tension control 30 

WS Wire speed 46 

 Flushing pressure 3 L/min 

 

The brass wire of 0.1 mm in diameter was selected as electrode, and oil [HEC (O)] is 

chosen as dielectric liquid with flushing pressure 3 L/min, as shown in Figure 2.3. 

 

Figure 2. 3 Flushing dielectric liquid and fixed parameters values 

 

2.3.3 Grinding, Polishing, and Etching 

               Grinding was performed on the sample with silicon carbide (SiC) 800-grade, 

1000-grade, and 2500-grade paper. Polishing was performed using two suspension 

liquids, namely aluminum dioxide (AI203) 1 Õ, and diamond 0.3 Õ suspensions. 

Ultrasonic cleaning was performed for 10 minutes using acetone and distilled water 

after every step. For clear images on the SEM, it was necessary to apply an etching 

process on a cross-section of the machined surface of the sample. One example of a 

useful etching solution for Nitinol alloy, which is composed of 10 ml HF, 20 ml HNO3 

and 30 ml HO2  [39], was used as an etching solution applied for 2 seconds. In the final 

step, alcohol was used to wash the sample. After the grinding, polishing and etching 

processes, the machined surface of the sample was checked using a Nikon LV150 

microscope. Figure 2.4. and Figure2.5 shows the grinding, polishing, cleaning and 

etching tools. 
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Figure 2. 4 Nikon LV150 microscopy 

 

Figure 2. 5 Grinding, polishing, cleaning, and etching processes 

 

2.3.4 Kerfs and Metal Removed Rate ñM.R.Rò Measuring  

           The accuracy of the workpiece during the Õ-WEDM processes is measured by 

measuring the kerf width. The Õ-WEDM processes are mainly based on cutting using 

a high density of electrical discharge pulses with a very high temperature of up to 

12,000ÁC. Pressurized flushing liquid was used to clean any eroded particles and to 

separate between the ñanodeò workpiece and the cathode ñwire.ò These factors have 

direct effects on wire vibration and result in less precision in the dimensions of the 

workpiece. Figure 2.6 shows the kerf width during the Õ-WEDM process. 

   The metal removal rate is an important factor that affects production capacity and 

quality in factories. The metal removal rate can be defined as the amount of metal 

removed from a workpiece within a specified time, usually within a minute. The metal 

removed rate (MRR) as a function of the Kerf width, the workpiece thickness and the 
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feed rate can be calculated in cubic millimeters per minute or milligram per minute 

(mm3/min, or mg/min), as shown in Eq. 2.1. An average of at least 20 readings of the 

feed rate values for a 4 mm cutting length was calculated for each Kerf. 

ὓὙὙ ὑὩὶὪ ύὭὨὸὬz ύέὶὯὴὭὧὩ ὸὬὭὧὯὲὩίίὪzὩὩὨ ὶὥὸὩ                (2.1) 

 

 

Figure 2. 6 Photographic to the view of the kerf width [40]. 

    The scan electron microscope (SEM) EVO LS15 (MFCE, Atilim University, 

Figure 2.7) was used to measure the kerf width. SEM images at 500Ĭ magnification of 

the kerfs from 1 to 9 for three different places with different cutting condition 

parameters are shown in Figures 2.8 to 2.12 below.   

 

Figure 2. 7 Scan Electron Microscopy EVOLS15 
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Figure 2. 8 SEM micrograph of firest and second Kerf at 500x  magnification  
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Figure 2. 9 SEM micrograph of third and fourth Kerf at 500x magnification  
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Figure 2. 10 SEM micrograph of fifth and sixth Kerf at 500x magnification  
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Figure 2. 11 SEM micrograph of seventh and eighth Kerf at 500x magnification  

 

 

 



19 

 

 

Figure 2. 12 SEM micrograph of ninth Kerf at 500x magnification  
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2.3.5 White Layer Thickness (W.L.T.)  Measuring 

 

                During the cutting process using the Õ-WEDM, the workpiece is exposed to 

a high temperature of up to 12,000ÁC  [39] because of the high energy of the electric 

sparks generated between the cutting wire and the workpiece surface during the cutting 

process. Since the temperature of the dielectric fluid is low relative to the debris, part 

of the debris re-solidifies on the machined surface of the workpiece and another part 

is removed due to the flushing pressure.  

   This debris accumulates and precipitates on the surface of the workpiece causing 

what is known as a recast layer, whose mechanical and physical properties are quite 

different from the Nitinol alloy and do not have the same significant properties of the 

Nitinol alloy, especially the shape memory effect (SME) and pseudoelasticity. 

  The debris deposited on the machined surface consists of several different phases 

with different compositions and properties, which is eroded from the brass wire and 

the nickel and titanium is dissolved from the Nitinol alloy. Because of the very high 

temperature, these elements combine with other elements, such as carbon and oxygen, 

forming carbides and oxides on the machined surface. They may fuse together into a 

new crystalline system such as Ni or Ti rich phases forming another compound with 

properties different from Nitinol alloy. These phases are responsible for the increase 

in the hardness and roughness of the machined surface. 

   In order to know how to control the thickness of the white recast layers and how they 

are formed, it is necessary to conduct experiments with various different Õ-WEDM 

parameters and make measurements of the white recast layer thickness formed on 

machined surface using a scanning electron microscopy (SEM) device equipped with 

an energy dispersive X-ray spectrometry (EDS) unit to study the thickness of the white 

recast layers and its compositions to improve machined surface integrity of the Nitinol 

alloy sample. Figure 2.13 shows SEM quanta 200f (Micro System Design and 

Manufacturing Center, Bilkent University) with the EDS unit that was used to scan the 

recast layer and conduct an EDS analysis of its composition. 
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Figure 2. 13 SEM quanta 200f with EDS unit used to scan the white recast layer 

 

Figures 2.14 to 2.18 show SEM images of 9 kerfs measured at two different places 

for every kerf with their EDS analyses. 

   The EDS spot analysis was performed on the highest thickness of the white layer 

that can be seen on the cross-section of each Kerf. It is clear that the most concentrated 

constituent elements are the titanium and nickel-rich phases, which resulted from the 

decomposition and melting of the Nitinol alloy during the ɛ-WEDM process and re-

solidification on the machined surface of the workpiece. This apparent composition 

can be clearly observed in the EDS analyses for every kerf (Figures 2.14 to 2.18). 

   In addition, some other phases deposited on the surface of the white layers can be 

observed in small quantities when compared to the nickel and titanium-rich phases. 

For example, the carbon element can be seen in the 6th and 7th kerfs (Figures 2.16 and 

2.17) and the elements of carbon and aluminum in the 2nd Kerfs (Figure 2.14. We note 

the presence of oxygen and aluminum in the 4th and 5th kerfs (Figures 2.15 and 2.16). 

The main cause of the presence of aluminum and carbon may be the residue of some 

residual particles from the polishing process as a result of the use of aluminum dioxide 

and diamond suspension liquids. 
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Figure 2. 14 SEM white layers images of firest and second kerfs measured at two 

different places with their EDS analysis. 
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Figure 2. 15 SEM white layers images of third and forth kerfs measured at two 

different places with their EDS analysis 
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Figure 2. 16 SEM white layers images of fifth and sixth kerfs measured at two 

different places with their EDS analysis 

. 



25 

 

 

Figure 2. 17 SEM white layers images of seventh and eighth kerfs measured at two 

different places with their EDS analysis 
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Figure 2. 18 SEM white layers images of ninth kerfs measured at two different    

places with their EDS analysis 

. 
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2.3.6 Topography Characterization and Mechanical Properties Tests 

   Nine Nitinol samples were separated from the main sample (Figure 2.1) using a 

milling machine based on the number of kerfs being used using the Õ-WEDM (Sodick 

AP250L) machine. A Microstructure of Surface morphology study was performed 

using EDS to check any new phases forming on the machined surface. Surface 

roughness tests were conducted to check the surface integrity of the machined surfaces 

of the nine samples, all of which were then fixed to the aluminum plate (Figure 2.19) 

in order to conduct micro-hardness tests.  

 

Figure 2. 19 The nine samples on the aluminum fixture 

 

2.3.6.1 EDS Analysis of Microstructure 

   The SEM quanta 200f with an EDS unit (Micro System Design and Manufacturing 

Center, Bilkent University; Figure 2.13) was used to scan the machined surface of 

every sample and conduct EDS analyses of their compositions. Magnification factors 

of 350Ĭ and 4,500Ĭ were applied to study the machined surface4,500 and analyze the 

components using the EDS unit to study the surface morphology and recognize 

different phases forming on it. 

   Figures 2.20 to 2.24 show SEM images and EDS analyses of nine machined surfaces 

with different cutting Õ-WEDM parameters. 



28 

 

 

Figure 2. 20 SEM image at 350Ĭ and 4,500Ĭ magnification factors and EDS analyses 

of the first and second machined surface samples 
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Figure 2. 21 SEM image at 350Ĭ and 4,500Ĭ magnification factors 4,500and EDS 

analyses of the third and fourth machined surface samples 
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Figure 2. 22 SEM image at 350Ĭ and 4,500Ĭ magnification factors and EDS analyses 

of the fifth and sixth machined surface samples 
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Figure 2. 23 SEM image with two magnification factors x350, x4500, and EDS 

analysis of seventh and eighth machined surfaceôs sample 
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Figure 2. 24 SEM image at 350Ĭ and 4,500Ĭ magnification factors and EDS analyses 

of the ninth machined surface sample 

 

   Figures 2.20 to 2.24 show that the analyses of the machined surface phases 

components are almost equal, which are phases rich in nickel and titanium elements. 

With the exception of Figure 2.20, the presence of nitrogen can be seen within the 
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components. This may be due to the presence of one of the nitric acid compounds 

having reacted during the etching process. 

   The SEM images at 350Ĭ magnification view the craters and blowholes and at 

4,500Ĭ magnification view the micro-cracks on the machined surfaces. These images 

show that the machined surface mostly containing a blowhole is seen in the 1st, 4th and 

6th figures (2.20, 2.21 and 2.22). The 1st, 4th and 9th surfaces have the highest number 

of craters and micro-cracks (Figures 2.20, 2.21 and 2.24). In addition, it can be seen 

that the 6th surface is the lowest among the other surfaces in terms of the number of 

micro-cracks (Figure 2.22). 

2.3.6.2 Surface Roughness (Sa) Measuring 

             Surface roughness is one of the most important output parameters affecting 

the quality of the machined surface. There are a couple of Õ-WEDM input parameters 

that have a significant effect on surface roughness. These parameters include electrical 

and non-electrical parameters. However, the electrical factors have the greatest direct 

impact on the quality of surface roughness of machined surfaces. 

   Due to the high density of electric sparks during the time of cutting, craters, micro-

cracks and blowholes are usually formed on the machined surface. The surface 

roughnesses were measured using a precise confocal laser scanning microscopy 

(KEYENCE Vk-x100 series, Micro Manufacturing Laboratory, Bilkent University) 

with a 50Ĭ magnification lens and a scanning rate of approximately 0.08 Õm/s. 

Figure 2.25 shows the confocal laser microscopy KEYENCE vk-x100 series. 

 

Figure 2. 25 Confocal laser microscopy KEYENCE Vk-x100 series. 
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   The arithmetic mean surface roughness (Ra), which is commonly used in industrial 

fields, is measured in this work. The effect of the input parameters on the surface 

roughness of the machined surface was evaluated through the values of Ra based on 

ISO 25178. 

   An atomic force microscopy (AFM) program from www.profilmonline.com was 

used to analyze surface roughness images taken with a laser confocal microscope 

device. Through the analysis features in the program, area roughness features were 

applied. Additionally, some important filters were applied especially in the analysis 

method. The Gaussian method was used to obtain a complete unreduced image of the 

selected area with a cutoff length of 0.8 Õm. The inclination filter was also applied to 

avoid analysis errors caused by the inclination of surfaces, especially since a wooden 

fixture was used. Figure 2.26 shows the AFM analysis program. 

   The surface roughness measured at three different points on each machined surface 

and photographs from Figures 2.27 to 2.31 show the surface roughness measured for 

all of them. 

 

 

Figure 2. 26 AFM analysis program 

about:blank
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Figure 2. 27 Surface roughness analyzed image using AFM program for the 

firest and second  machined surface 
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Figure 2. 28  Surface roughness analyzed image using AFM program for the 

third and forth machined surface 
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Figure 2. 29 Surface roughness analyzed image using AFM program for the 

fifth  and sixth machined surface 
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Figure 2. 30 Surface roughness analyzed image using AFM program for the seventh 

and eighth machined surface 






































































