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I 

Abstract 

 

             The shape memory alloys properties of nickel titanium (NiTi) were 

first discovered in the early 1960s, as shape memory alloys had many 

applications, NiTi alloys have been increasingly considered in external and 

internal biomedical devices, for example cardiac stent wires, orthodontics, 

vascular and bone fractures, fixing plates and screws, self-expanding 

urinary tracts. NiTi shape memory alloy was prepared from elemental 

nickel and titanium powders by powder metallurgy Technique, at 800 MPa 

compacting pressure, 950 ˚C temperature and10
-3

 torr vacuum atmosphere.

       In order to evaluate the NiTi performances conclude several 

characterization such as X-ray diffraction analysis XRD, Scanning electron 

microscopy (SEM) with EDS, micro hardness, electrochemical test in 

solution Ringer solution.   

The results upon XRD analysis revealed that Ni-Ti were completely 

changed into NiTi (both cubic and monoclinic phases) and Ni3Ti phase but 

When zirconium was added at a rate of 3%, a compound appeared, which is 

Ni7Zr2. The samples are ground in a dry atmosphere and the samples are 

polished after sintering.optical microscopy, x-ray diffraction techniques 

,micro hardness test was conducted using Brinell hardness machine. It was 

observed that as the Zr content is increased, the hardness values increased. 

For instance, equal at 30% of Ni Ti had a hardness of 127.05 which 

increased significantly as Zr content was increased to 30 at % . Increase in 

hardness also suggests that the workability . It was observed that as the Mo 

content is increased, the hardness values increased. For instance, Ni Ti had 

a hardness of 127.05  which increased was increased to 40at%. In the 

optical microscope and SEM, bright areas,  and dark areas appear. This 

confirms the phases appearing in XRD, which are in the dark areas Ni3Ti 

and the bright areas  NiTi. Due to molybdenum, optical microscopy  



 
II 

reveals surface characteristics such as open pores and grain borders, as well 

as the distinction between the phases NiTi and Ni3Ti. 

The corrosion of  NiTi alloys showed significant improvement after 

Mo and Zr addition in ringer solution. It was demonstrated that more 

considerable progress with the acquisition of the( 1,2&3)wt% Zr was 

(87,89 &57)%respectively in Ringer solution. While with the addition of 

(1,2&3)wt%of Mo the improvement percentage in Ringer was 

(50,16&8)%), respectively. However, the Zr additive result to the base 

alloy gives excellent properties. 

The improvement of wear rate for NiTi When adding Mo& Zr under 

load 15N , When adding Mo, the weight loss is less than when adding Zr 

and  weight loss increases with increases time. 
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Chapter One 
 

Introduction 

1.1 Introduction 

                 Shape memory alloys (SMAs) are known primarily for one 

fundamental and unique property, the ability to remember and recover from 

large strains without permanent deformation. Shape memory alloys can 

exist in two different temperature-dependent crystal structures (phases) 

called lower temperature  phase (martensite) and higher temperature phase 

(austenite). Unlike most conventional metals that recover less than 1% 

strain before plastic deformation, shape-memory alloys SMAs undergo a 

diffusionless, thermoelastic martenstic phase transformation that enables 

the material to deform via a twinning process rather than the conventional 

dislocation slip mechanism and allows complete recovery of strains as large 

as 8%  [1,2]. 

            Two separate mechanical effects characterize the response of  shape 

memory alloys; stress effect (pseudoelasticity) and thermal effect (SME). 

In pseudoelasticity, or superelasticity martensite reverts to the austenite 

phase upon unloading without heating. On the other hand, thermal effect 

requires heating to recover the martensite phase to the austenite phase 

because the deformation is irreversible. Thermal effect can also be 

thermally induced, in this case, the structure consists of thermally induced 

martensite [3].  

             NiTi shape memory alloys are the most important group of shape 

memory alloys. The chemical composition of NiTi shape memory alloys 

are ranges from( 53-57 )wt%  nickel  balance titanium [3,4].  

            There are many commercial applications of NiTi shape memory 

alloys. These alloys exhibit strong shape memory effect and pseudoelastic 
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behavior, which are completely new properties compared to the 

conventional metal alloys. These new properties make this material ideal 

for a variety of applications. It also exhibits resistance to corrosion and is 

biocompatible, making it suitable for use in different fields of biomedical 

applications such as (cardiovascular, orthodontics, orthopedics and 

neurosurgery) [5,6].  

             Recently, the production of NiTi shape memory alloys (SMAs) as 

porous materials has received considerable interest due to their porous 

structures and extraordinary mechanical characteristics similar to those of 

some natural biomaterials for hard tissue implants [7].The porous nature of 

the material enables the existing bone tissue to migrate inward, increasing 

bonding strength. Furthermore, the implant properties can be engineered to 

match those of the bone[8]. 

             The main concern of using Nitinol medical application is the 

dissolution of free nickel ions which are toxic and may even cause 

carcinogenic effects. This harmful metal release can be precluding an 

appropriate surface modification [9]. 

            Nitinol Corrosion resistance is mainly effected by its surface 

condition chemistry .Ti is very active element and when nitinol is in contact 

with even a weak oxidizing enviro with nitinol, a very thin native passive 

layer dominated by titanium dioxide forms on the surface of Nitinol.  

1.2. Processing of Nitinol  

           Various methods for producing conventional porous metals and 

alloys currently exist, including casting, metallic deposition, and powder 

metallurgy. One casting technique commonly used for producing metal 

foams includes the injection of gas into a metal melt. Other methods 

employ powder metallurgy techniques including conventional sintering, 
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Self-propagating High-temperature Synthesis (SHS), and sintering at 

elevated pressure using a Hot Isostatic Press (HIP)[5]. 

           Due to the high melting temperature (1310°C) and relatively high 

density of NiTi (6.45 g/cm3), conventional fabrication techniques of 

casting NiTi from a melt can be difficult due to the reactivity of the melt 

that often results in segregation defects[5] . In addition, it can be seen in the 

phase diagram of NiTi that the B2 phase region is very narrow at 

temperatures below 950°C and NiTi alloys have a tendency to decompose 

upon cooling, forming other stable intermetallics such as Ni3Ti and NiTi2, 

which do not exhibit the shape memory characteristics of binary NiTi. 

These difficulties have influenced to utilize powder metallurgy techniques 

to prepare porous samples of NiTi SMA in the present study. Powder 

metallurgy offers the opportunity of employing either elemental or pre-

alloyed starting powders. However, additional processing techniques 

required for producing pre-alloyed NiTi powders are both difficult and 

expensive. For this reason, binary NiTi SMA mainly fabricated from 

elemental powders using the powder metallurgy techniques[6]. 

 

1.3 Biocompatibility  

         Biocompatibility is the ability of a material to perform with a condign 

Host response in a specific application. And Biomaterials are the materials 

which used in medicine and dentistry and they become in contact with 

living tissue as a body implants or medical devices. There are very 

demanding requisites for a material to be used as biomaterial. It must have 

special mechanical, physical and chemical properties. However, the first 

and the most urgent requirement is material biocompatibility with the 

human body [6]. 
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      The NiTi alloy is one of the most popular SMAs (shape memory alloys) 

in bioengineering applications owing to its biocompatibility and its other 

remarkable properties. Titanium is well recognized to be biocompatible 

with long-term corrosion resistance. In contrast to Ti, Ni release from the 

surface of NiTi implants has been a concerning issue because the 

dissolution and concentration of Ni ions or wear debris above a certain 

amount an adverse effects like as allergenicity, toxicity and potential 

carcinogenic effects [8]. 

       Because NiTi is an intermetallic compound, The bonding force of 

nickel to titanium is very strong in NiTi making a nickel ion release from 

NiTi to the surrounding biological environment slight, Furthermore, NiTi is 

a self passivating material, i.e., it forms a stable nickel-free surface TiO2 

layer that protects the base material from general corrosion, although the 

very little Ni leaching it is necessary  to apply a certain surface Treatments 

to eliminate or minimize the amount of Ni leaching from the surface of 

NiTi but even a very small amount could produce a harmful effect (Ni 

amount in human body should not exceed 5mg/L). Implant to negligible 

amounts[9]. 

 

 

 

 

 

 

 

 



Chapter One                                                                     Introduction 
 

 

5 

1.4 The objectives of the current study 

The aim of the research is to study: 

1-  Improving the properties of the shape memory alloy by adding  

molybdenum (Mo) and zirconium (Zr).  

2- refing the granule size and improve hardness . 
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Chapter Two 

Theoretical Part& Literature Review 

 2.1. Introduction. 

            This chapter involves the theoretical part of shape memory alloys in 

many relating fields, these include: NiTi alloy system ; phase diagram and 

martensitic transformations for such alloys; powder metallurgy process and 

its affecting variables on the properties of these alloys; and using of chemical 

machining in preparing of the alloys. 

2.2 The Memory Alloys. 

     Mechanical properties of shape-memory alloys (SMAs) are typically 

represented by the characteristic stress–strain curve, which forms a hysteresis 

loop in a loading, unloading and shaperecovering process. To represent the 

deformation behavior of SMAs, various constitutive equations have been 

developed, and prediction of the macroscopic behavior has been possible 

using finite-element simulations.[10] 

 

Figure (2-1) Schematic illustration of deformation and shape recovery of 

a SMA[10]. 
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The atomistic behavior leading to the deformation and  shape-recovery is 

explained on the basis of the phase transformation between austenite and 

martensite phases and the characteristics of the crystal structure. One well-

known atomistic mechanism is illustrated in Fig. 1a. The stable phase 

depends on the temperature, and phases at high and low temperature are 

body-centered cubic (bcc or B2) and martensite, respectively. The martensite 

phase consists of many variants, and each variant has a directional unit cell. 

In Fig. 1(b), for example, a unit cell of the martensite is illustrated as a box 

leaning in the positive or negative direction along the x-axis. Cells leaning in 

the same direction constitute a layer, and the direction of the lean alternates 

between layers. the layer is called a variant, although a realistic variant is 

defined as a rather larger domain. The martensite phase is generated by 

cooling the B2 structure shown in Figure (2-1) (a). Randomly orientated 

variants are then generated, as shown in Figure (2-1) (b). some of the layers 

change their orientation, as shown in Figure (2-1) (c). This structural change 

induces macroscopic deformation. When the external shear load is released, 

the strain does not return to the original state except for slight elastic 

recovery. When the specimen is heated to the transformation temperature, 

the martensite transforms into the B2 structure, and martensite appears again 

with cooling of the specimen. Since the B2 structure is cubic, the shape of 

the unit cell is independent of the orientation of the martensite layers. 

Therefore, [11] the specimen macroscopically regains its original shape. This 

mechanism is well known but has not been fully verified since direct 

observation of dynamic behavior in a wide range of temperatures is difficult. 

Therefore, computer simulation is expected to provide evidence for and 

further extend the mechanism. The molecular dynamics method has become 

a powerful and effective tool to investigate material properties and dynamic 

behavior on an atomistic scale, and it has also been applied in the case of 
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SMAs. The stable structure of Ni3Al, for instance, was investigated by Foiles 

and Daw [12] using an interatomic potential based on the embeddedatom 

method (EAM) with suitable parameters [13]. The phase stability and 

transformation between B2 and martensite structures in NiAl was also   

reproduced using the EAM potential as reported by Rubini and Ballone [14]. 

then utilized the EAM potential to demonstrate the shape-memory behavior 

of Ni-Al alloy in terms of a small single crystal [15] the size dependency and 

the polycrystalline model Ozgen and Adiguzel also investigated the shape-

memory behavior of Ni-Al alloy using a Lennard-Jones [16]). In addition, for 

Ni-Ti alloy, martensitic transformation was simulated by Sato et al. [17]. It 

was also reported by Kastner [18] that the shape-memory effect can be 

represented even by a two-dimensional model with a general LJ potential on 

the basis of thermodynamical discussion on the effect of temperature on the 

phase transformation. For a more practical purpose, Park et al. demonstrated 

shape-memory and pseudoelastic behavior during uniaxial loading of an fcc 

silver nanowire, and discussed the effect of the initial defects and mechanism 

of twin-boundary propagation [18]. 

2.3 Properties of SMA:  

2. 3.1 Shape memory effect:  

      During martensitic phase transformation the molecular structure is 

twinned. On a macroscopic scale the size and shape of undeformed 

martensite phase is same as the cubic austenitic phase. The temperature at 

which starting and finishing of both parent austenitic phase and daughter 

martensitic phase has characterized by the following variables Ms, Mf, As, 

Af . Ms is the martensite start temperature upon cooling and Mf is the 

martensite finish temperature upon cooling, during heating AS and Af are the 

temperatures of the austenite starts and finishes. The loading quantity of 

SMA increases with the four variables (Ms, Mf, As& Af ), shape memory 

effect (SME) is noticed when SMA temperature is below Mf , when the alloy 
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is in deformed martensite, SMA will be recovered the original shape by 

heating the specimen above Af as shown figure (2-2) and (2-3). 

 

Figure (2-2)  ;Temperature Hysteresis in SMA [19]. 

 

Figure (2-3) ; Stress-strain temperature of NiTi SMA [20]. 
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Normally SME refers to the one-way SME in which external load makes to 

include de-twinning brings the SMA in to a current distorted structure that 

can be regain on heating above Af .In this type there is no transformation 

strains are induced during cooling, it resumes its original shape and rigidity 

when heated to its higher temperature form (austenite). This is called the 

one-way shape memory effect. The ability of shape memory alloys to 

recover a original shape upon heating above the transformation temperatures 

and to return to a certain alternate Shape upon cooling is known as the two-

way shape memory effect. Two-way SME is the one in which transformation 

strains are persuaded during heating or cooling of SMA Two-way SME is 

not an essential, but a developed characteristic[21]. Two-way memory is 

exceptional. There is also an all-round shape memory effect, which is a 

special case of the two-way shape memory effect [22]. 

2.3.2 Pseudo elasticity:  

Super elasticity or pseudo elasticity of SMA involves stress induced strain 

recovery upon unloading at a temperature above Af . In general super elastic 

thermo mechanical loading path starts at zero stress state where de-twinned 

martensite is stable examples of this characteristic are isothermal (constant 

temperature) and isobaric (constant pressure) loading paths indicated in 

Figure (2-4)&(2-5). For achieving the required constant stress by austenite is 

not shown in the constant pressure path. The point which we remember is the 

constant temperature conditions carry out only by quasi-static loading which 

we can treat as small strain increments. During phase transformation, there is 

a dissipation of latent heat which was generated during quasi-static process. 

For easy understanding this review paper concentrates mostly constant 

pressure and constant temperature loading paths will be considered [23]. 
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Figure (2-4 );phase diagram and two possible[23]. 

 

Figure (2-5 );SMA pseudoelastic loading cycle 

pseudoelastic loading paths [23]. 

During loading at a temperature above Mf the transformation occurred at 

critical stress levels from austenite to martensite that stress is called as 

Transformation stress (a-b). This phase transformation usually occurs during 

(b-c) path. During thermo elastic critical stress level large in elastic strains 

are going to be developed. If the load increased further de twinned martensite 

region (c-d) does not produce any more phase transformation, during multi-

axial loading there may be re-orientation of martensite twins will occur. At 
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point (d) there will be Reverse transformation (RT) from martensite to 

austenite which will leads to recovery of in elastic strains. At point (e) there 

will be a complete transformation from martensite to austenite and the final 

element of the loading path (e-a) is identified by regaining of thermo elastic 

strains which leads to zero macroscopic strains upon completion of the path. 

This transformation process concludes in a hysteresis which returns the 

energy dissipated in the cycle. 

2.3.3 Damping properties:  

       It is very important property for all the materials which are going to use 

in any specific application.SMA having high damping capacity compared to 

the remaining materials. Damping property mainly deals with the dissipation 

of mechanical energy in to heat. The numerous interfaces, which exist during 

martensitic transformation between austenite and martensite, different 

martensite variants, the boundaries obtained during twinning of martensite 

instead of thermo elastic transformation. There will be occurrence of many 

irreversible events like production defects, dislocation movements etc. 

hysteresis observed during pseudo elastic characteristic is one of the energy 

dissipation. The ratio of dissipated energy to the total energy obtained during 

transformation cycle for isotropic materials will develop. This ratio depends 

on excitation frequency, temperature, amplitude. A novel material like SMA 

mainly depends on operating and transformation temperatures as shown  

Figure(2-6).[24] 
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Figure(2-6); Damping factor Vs temperature , Elastic modulus vs. 

temperature for an frequency of 13Hz for an frequency of 13Hz and and 

strain amplitude of 10-4 [24] strain amplitude of 10-4  

 

The properties of SMA are determined by their composition and the most 

commercially adopted shape memory alloys are NiTi (Nitinol) and the Cu-

based alloys like Cu-Zn-Al and Cu-Al-Ni. Some of the typical properties of 

these alloys are listed in below table. [24] 

Table (2-1): Some of the typical properties of these alloys[24]. 

 

2.4 Applications of Shape Memory Alloys 

In 1932 smart alloy or shape memory alloy was first discovered by Arne 

Olander [25], while, Vernon was the first one described the term shape – 

memory in 1941 . However, the importance of shape memory alloys was not 

recognized until the shape memory effect was discovered by William 
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Buehler and Frederick wang in 1962, when they described it in a nickel – 

titanium alloys (nitinol) [26]. Since then, shape memory alloys have been 

used for engineering and technical applications in numerous commercial 

fields; for examples, in automotive [27] , biomedical [28] , aerospace [29], 

robotics [30], consumer products and industrial applications [31] and fashion 

[32]. In general, the SMAs applications can be divided into four groups 

depending on their key function of their unique properties, which are shape 

memory effect and superelasticity [33]. Table (2-1) Shows the types of shape 

memory applications [34]. This review focuses on applications of shape 

memory alloys particularly biomedical, robotic, automotive and aerospace 

applications. 

2.4.1  Biomedical Applications  

 The materials used for vivo application which are touch with human tissue 

should have unique properties to meet this requirements, for example, these 

materials must have biological reliability – biological compatibility, free 

toxicity, perfect corrosion resistance, and accuracy of mechanical properties 

[35]. Since the discovery of shape memory effect in NiTi alloys in 1962, they 

proposed to use this shape memory alloy in biomedical applications [36]. 

Due to the unique properties of Ni-Ti shape memory alloy (SMA), shape 

memory effect (SME), shape effect (SE), and a very good corrosion 

resistance, Ni-Ti shape memory alloys are often used as prosthesis materials 

in the human body[37]. The application areas available with various size and 

shape, range from dental arch wire not directly in tough with blood flow in 

the human organism to stents used to stabilize damaged blood vessels as 

shown in figure (2-7) [38]. Furthermore, shape memory alloys are used in 

medical devices in different areas such as orthopedics [39], neurology[40], 

cardiology and interventional radiology [41]. In addition they are used in 

stents [42], endodontics [43], eyeglass frames [44], guide wires [45], 

aneurism treatments [46] and medical tweezers [47], sutures [48], anchors 
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for attaching tendon to bone [49], implants Figure (2-8) shows example of 

using shape memory alloy in catheter – based surgeries [50]. NiTi shape 

memory alloy coiled spring can be used as a micro – muscle fiber as you can 

see in figure (2-9) [51]. The researchers developed mechanical circulation 

using shape memory alloys fiber to assist patients with heart diseases as you 

can see in figure (2-10) [52]. 

 

Figure (2-7) Potential and existing shape memory alloy applications in 

biomedical domain [38]. 

 

Figure (2-8) Shape memory alloy active catheter [50]. 
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Figure (2-9) Muscle like NiTi shape memory alloy [51]. 

 

Figure (2-10) Artificial heart support device with shape memory fiber 

[52]. 

2.4.2  Robotic Applications 

 Shape memory alloys have been used in robotic application since 1980s 

[53]. However, the robots can be divided into several groups depending on 

their movement techniques and applications, for example jumper, crawler, 
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fish, walker, flower, medical and biomimetic robotic hand [54]. Figure (2-

11) shows the different kinds of shape memory alloys in the robotic 

applications [55]. Today, numerous works carried out on robotics have 

focused on biologically inspired and humanoid robots [56]. These robots can 

be used to solve problems which are challenges for humans, for example can 

be used in underwater, space, air and land to provide pertinent information 

from these environments which is difficult to get by humans [57]. Recently, 

sever flying robots with shape memory alloys have been developed, for 

example Bat Robot [45] and BATMAV Robot [57]. A dragonfly shown in 

figure 6 with a 44 cm length and a 63 cm wingspan was developed by Festo 

Group [48]. The dragonfly is known as BionicOpter see figure (2-12), the 

dragon equipped with four actuators shape memory alloys to control the 

movement dragonfly tail up and down and dragonfly head from side to side 

[58]. The dragonfly has thirteen degrees of freedom, can hover in maneuver 

in all direction and in mid – air [58]. 

 

Figure (2-11) Potential and Existing shape memory alloys applications in 

robotic domain [55]. 
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Figure (2-12) Festo BionicOpter - inspiration dragonfly flight [58]. 

2.4.3 Automotive Applications  

 Nowadays, the number of sensors and actuators are growing tremendously 

due to the request for reliable, convenient and good performance in modern 

vehicles [58]. Therefore, these offer a wide range for shape memory alloys to 

use in the automotive industry as shown in figure (2-13) [59]. There are 

numerous possibility applications for shape memory alloys in automotive 

industry which have been proposed, but very few of them have been used in 

practical applications due to the limited range of operating temperature 

compared with shape memory alloy transformation temperatures [55]. In 

addition, there are other limitations for example hysteresis width, stability 

and lifetime [60]. However, shape memory alloys can be used in the mirror 

system in modern vehicles due to the versatility of shape memory alloy as 

shown in figure (2-14) [61]. Furthermore, figure (2-15) shows the emerging 

General Motors shape memory alloys applications [62]. Recently, several 

other shape memory alloy applications for automotive industry have been 

developed and they can be found in the literature [63- for examples, tumble 

flaps actuator, micro – scanner system, pop – up bonnet and side mirror 

actuator as you can see in figure (2-14) [63]. It is well known that the stander 

transformation temperatures of NiTi shape memory alloy are at range 

temperatures – 40 ◦ C to approximately + 110 ◦ C [63]. In contrast, the 

stander operating temperature range for automotive application is between – 
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40 
◦
 C to approximately +125 ◦ C as shown in figure (2-15) [64]. Therefore, 

the majority of the practical applications of shape memory alloys are covered 

by NiTi shape memory alloy [65]. However, from the figure (2-15) and in 

order to act properly the shape memory alloys should exhibit a martensite 

transformation temperature above maximum operating temperatures as 

shown in the figure (2-14) the red dotted lines. Moreover, there are many 

kinds of high temperatures shape memory alloys. But these alloys are of high 

cost for automotive industry [66]. Although, the Cu-Al-Ni shape memory 

alloys exhibits martensitic transformation temperatures up to 200 ◦ C, these 

materials are unstable, brittle, exhibit low fatigue strength and cannot be used 

for multiple cyclic operations [65] 

 

Figure(2-13) Existing and potential shape memory applications in the 

automotive domain [59]. 
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Figure (2-14) EAGLE mirror prototype [61]. 

 

Figure(2-15) Emerging General Motors Shape Memory Alloy [63]. 

2.4.5  Aerospace Applications  

 SMAs have been used in aerospace since 1970s when used in hydraulic line 

coupling which is used in the F-14 fighter jets [62]. Since this time and due 

to the unique properties of SMAs many aerospace researchers have proposed 

to use this material for solving engineering issues in the aerospace 

manufacture[67]. In the 1990s, numerous works carried out on aerospace 

industry such as Advanced Research Projects Agency (DARPA) program for 

aircraft smart wings [66], the Smart Aircraft and Marine Propulsion System 

Demonstration (SAMPSON) program for jet engines[67] and another 

program can be seen in literatures [68]. The Boeing company has improved 

an active device based on SMA technology programs which is VGC, a 
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variable geometry chevron on a 77-300 ER with GE90-115B jet engine, this 

device has the ability to minimize noise through take- off, figure 12 shows 

Boeing variable geometry chevron [69]. Then, after the VGC success, many 

companies such as Boeing, DARPA, NASA and other have been introduced 

more SMAs based on technology programs in order to use SMAs in 

aerospace industry [70].Figure (2-16) shows the possibility SMAs 

applications in the aerospace industry [66]. 

 

Figure(2-16) Existing and potential shape memory alloys applications in 

the airspace domain [64]. 

2.5 Phase Diagrams for NiTi Alloy 

   The Ni-Ti phase diagram shows a number of different transformations, a 

few of which are important during the sintering of Ni-Ti alloys. These are the 

eutectoid (β-Ti Æ α-Ti+Ti2Ni) and the eutectic (liquid Æ β-Ti+Ti2Ni) 

transformations which take place at 765 °C and 942°C, respectively Figure 

(2-18). The reaction between Ti and Ni is exothermic, so it has the possibility 

of self-sustaining synthesis. This means that there is an ignition temperature 

at which the reaction can be initiated and then it will continue by itself. 
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Combustion synthesis of NiTi is therefore possible. NiTi shows a relatively 

low heat of formation (ΔHq= 67kJ/mol)6 . Preheating of the sample mixture 

is necessary for self-sustaining synthesis, promoting transient melt 

formation9 . In addition, it has been reported that NiTi synthesis from 

elemental powder mixtures leads to the formation of other intermetallic 

compounds like Ti2Ni, Ni3Ti, Ni4Ti3 and Ni3Ti2 10–12. Among them, 

Ti2Ni and Ni3Ti are relatively more stable than NiTi thermodynamically, and 

therefore it is difficult to avoid their presence in the microstructure during 

the synthesis of a NiTi alloy[71]  

          

 Figure (2.18): Nickel-Titanium Phase Diagram [71]. 

                                  

2.6 Transformation temperatures. 

From the B2 phase stability regime, the B2 structure starts to transform into 

the B19Š martensite phase at Ms (the martensite start temperature) on 

cooling. The volume transformed into the martensite is a function of 
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temperature. Holding at any temperature below Ms for any length of time 

does not cause the formation of more "athermal" martensite. The parent B2 

phase is completely transformed into the product B19 martensite for 

temperatures below Mf (the martensite finish temperature).[72] If the 

transformation process includes the R-phase, the start and the end 

temperatures of the transformation from the austenite to R-phase are denoted 

by Rs and Rf , respectively. On heating, the reverse transformation from B2 

austenite to B19 martensite phase takes place. The temperature, at which the 

reverse transformation begins, is denoted As. Similarly, the last remnant of 

martensite disappears at the temperature Af . There is transformation 

temperature hysteresis such that As > Mf and Af > Ms. If the reverse 

transformation includes the R-phase, corresponding transformation 

temperature are denoted ARS and ARF on heating. The magnitude of thermal 

hysteresis of the B19Š phase transformation is much larger (one order of 

magnitude higher) compared with the magnitude of the thermal hysteresis of 

the R-phase transformation [73]. There is a strong composition dependence 

of the B19Š-Phase transformation temperatures (PTTs), see Figure (2-91) the 

PTTs decrease signiĄcantly with increasing concentration of Ni atoms in the 

Ni-rich NiTi-phase [74]. The PTTs can change by about 20
  ْ
C per added 0.1 

at% Ni [75] 
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Figure (2-19): Relation between nickel content MS, MP temperatures 

[75]. 

martensitic transformations can be triggered by external applied stress 

according to the Clausius-Clapeyron type relationship. The highest 

temperature at which martensite phase can form under applied stress is 

denoted Md [76]. Md is the temperature above which the chemical driving 

force becomes so small that nucleation of martensite cannot be mechanicaly 

induced [75]. In the following section I will introduce a SMA phase diagram 

of one-step martensitic transformation in temperature-stress coordinates, 

where a dependence of transformation temperatures on applied stress can be 

seen. 

2.7 Mechanical properties of NiTi SMA 

Like most SMAs, NiTi alloys show marked differences in mechanical 

behavior depending upon whether they are tested in the martensitic or 

austenitic state. The martensitic stress - strain curve can be divided into three 

well defined regions, see Figure (2.20). An initial low plateau results from 

the stress induced growth of one martensitic orientation at the expense of the 
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adjacent. At higher stresses there is a second region that is linear, although 

not purely elastic [76]. 

         The transition to the third region is a result of the onset of irreversible 

plastic deformation, as in the case of yielding of all conventional metals. The 

length of the martensitic plateau in the stress - strain curve extends typically 

to around 5% - 6%. However, depending on the details of the alloy and its 

prior thermomechanical history. The plateau can vary from a continuous 

curve with an inflection point to a clear horizontal with a sharp yield point.  

 

  

 

 

 

                          

 

 

Fig.( 2.20) Stress-strain curve for a Ni-Ti-10%Cu alloy in the austenitic 

and martensitic conditions [76]. 

2.8 the effect of alloying elements on the shape memory alloys  

2.8.1  Molybedum (Mo) 

Molybdenum metal is usually produced by powder metallurgy techniques in 

which Mo powder is hydrostratically compacted and sintered at about 

2100°C. Hot working is done in the 870-1260°C range. Moly forms a 

volatile oxide when heated in air above about 600°C and therefore high 

temperature applications are limited to non-oxidizing or vacuum 

environments. [77]. The addition of Mo reduces the hardness of the alloy 

compared with the master sample. The porosity percentage decreases with 

increase in Mo  percentage.The corrosion rate decreases with increase in Mo 

percentage in  Ringer solution . [78] 
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2.8.2.Zirconium(Zr). 

Zirconium is a neutral element when dissolved in Ti. Zirconium belongs to 

Group 4 (according to the new IUPAC name) in the Periodic Table, which 

is the same as Titanium and hafnium, have similar chemical structure and 

properties. Thus, they have been recognized as non-toxic and non-allergic. 

Zirconium is a transition metal with an atomic number of 40 and an atomic 

weight of 91.22 amu. As a greyish-white lustrous metal, Zirconium has 

exceptionally high melting (1857 °C) and boiling (4409 °C) points. 

Zirconium has excellent resistance to Corrosion, similar to Titanium and is 

highly biocompatible [79]. Since both metal surfaces form a stable oxide 

layer on their surface within nanoseconds when exposing to oxygen. Thus, 

the oxidation passivates the materials. However, Zirconium could not be 

used in dentistry in its pure form. An extensive review article [98] suggested 

that Zirconium implants had a lesser degree of osseointegration than titanium 

analogue using removal torque tests. Some surface modifications could 

restructure the implant that could remove torque test values comparable with 

the titanium implants.Although the removal torque test values highly depend 

solely on the surface structure (in terms of mechanical retention and 

biological interaction) than on the implant material itself [80], the atomic 

structural arrangement allows the torque performance in metal alloys better 

than in ceramics. The reason for using a zirconia implant is merely due to 

improvement in esthetic qualities in dental restorations. Thus, the 

development of Ti-alloys is still viable and active [81]. 
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2.9 Literature Review  

Vojtěch (2010) [96] studied the influence of heat treatment of shape 

memory NiTi alloy on its mechanical properties , the aim is to determin the 

mechanical properties of nitinol short-time heat treated at around 500°C. The 

temperature of 500°C was selected, because in manufacture of stents, shape 

setting is a step generally performed at about 500°C. It has been found that 

heat treatments of the straight annealed nitinol wire at moderate temperatures 

strongly influences its tensile strength and transformation stress. Annealing 

temperatures between 410-460°C improve the strength to some extent. At 

12 higher temperatures above 485°C, the wire behaves in an opposite 

manner, 

i.e. strength reduces. The observed development of mechanical properties 

and transformation behavior is related to precipitation processes occurring in 

the wire during heat treatment. 

In 2010 Flamini   et.al [97] electrodeposited a polyprypol (PPY) film on to 

Nickel - Titanium alloy (NiTi) employing sodium bis (2- ethylhexyl) 

sulfosuccinate (Aerosol Otor Aot) solutions. The results showed that the 

polymer has improved corrosion performance of the coated samples in 

chloride solution and the polymer improves the corrosion performance at the 

open circuit potential and at potentials where the bare substrate suffers 

pitting attack. The improvement in both adhesion and corrosion performance 

was discussed considering substrate / polymer interaction, over oxidation of  

PPy  and the role played by AOT . 

In 2012 ,. Tawhid Ezaz et al ,. [98] Dislocation slip in B2 NiTi is studied 

with atomistic simulations in conjunction with transmission electron 

microscopy (TEM). The atomistic simulations examine the generalized 

stacking fault energy (GSFE) curves for the {0 1 1}, f211g and {0 0 1} 

planes. The slip directions considered are h100i, h111i and h011i. The results 

show the smallest energy barriers for the (0 1 1)[1 0 0] case, which is 
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consistent with the experimental observations of dislocation slip reported in 

this study. To our knowledge, slip on the (0 1 1)½11 1 system is illustrated 

for the first time in our TEM findings, and atomistic simulations confirm that 

this system has the second lowest energy barrier. Specimens that underwent 

thermal cycling and pseudoelasticity show dislocation slip primarily in the 

austenite domains while the bulk of martensite domains does not display 

dislocations. The results are discussed via calculation of the ideal slip 

nucleation stress levels for the five potential slip systems in austenite  

In 2015 ,. Kamal Kumar et al ,. [99]Nitinol (NiTi) is categorized as a smart 

material which is highly recognized material for medical and other 

engineering applications. The behaviour of NiTi can be modified by altering 

the composition, modifying the porosity and applying external thermal and 

mechanical treatment. Due to high composition sensitivity, there are several 

impediments in fabrication of NiTi with conventional techniques which 

impel the use of additive manufacturing methods. But due to very high cost 

of equipments, these processes have not been commercialized till now. This 

paper presents a review on applications, manufacturing NiTi alloy and its 

various production routes from conventional to rapid prototyping, porous 

NiTi, effect of additives on properties of the alloy and its challenges. 

In 2016 ,. CNaresh et al ,.[100] Shape memory alloys (SMAs) are the 

special materials that have the ability to return to a predetermined shape 

when heated. When this alloy is in below transformation temperature it 

undergoes low yield strength and will deform easily into any new shape 

which it will retain, if this alloy is heated above its transformation 

temperature it changes its crystal lattice structure which returns to its real 

shape .SMAs are remarkably different from other materials are primarily due 

to shape memory effect (SME) and pseudoelasticity which are related with 

the specific way the phase transformation occurs, biocompatibility, high 

specific strength, high corrosion resistance, high wear resistance and high 
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anti-fatigue property. SMA are used in many applications such as aerospace, 

medical, automobile, tubes, controllers for hot water valves in showers, 

petroleum industry, vibration dampers, ball bearings, sensors, actuators, 

miniature grippers, micro valves, pumps, landing gears, eye glass frames, 

Material for helicopter blades, sprinklers in fine alarm systems packaging 

devices for electronic materials, dental materials, etc. This paper focuses on 

introducing shape memory alloy and their applications in past, present and in 

future, also revealed the concept and mechanism of shape memory materials 

for a particular requirement. Properties of SMAs, behaviour and 

characteristics of SMA, summary of recent advances and new application 

opportunities are also discussed. 

In 2016 ,. Aun Nawaz Khan et al ,. [101] Shape Memory Alloys (SMA) are 

unique class of alloys which possess various engineering applications. One 

such SMA is Nickel–Titanium (Nitinol) shape memory alloy. The problem, 

however with Nickel is that the metal may leach out in form of toxic Ni2+ 

ions. The latter may prove costly when used in various applications. To 

increase the corrosion resistant properties of Nitinol and to evaluate its shape 

memory properties, small amount of Zirconium i.e. 5 and 10 at % are added 

into the existing Nitinol system. Buttons of Nitinol and Nickel–Titanium 

with Zirconium additions are made using the button arc furnace. For the 

characterization of the alloys, various techniques including Energy 

Dispersive Spectroscopy (EDS), Back Scattering Electron (BSE) imaging, 

Differential Scanning Calorimetry (DSC) have been performed. Thework 

conducted reveals that addition of Zirconium in Nitinol has marked influence 

on microstructure, shape memory properties, transformation temperature, 

hardness values, and corrosion properties of the alloy. 

In 2017 ,. Hossein Sina et al ,. [102] The present study focuses on in situ as 

well as ex situ studies on the sintering of pre-compacted powder mixtures of 

50at% Nickel-50at%Titanium. In situ studies were carried out by monitoring 
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the changes in morphology of the fracture surface of the compact 

continuously during heating in the hot stage of an environmental scanning 

electron microscope. Results on the initiation of sintering and its variation 

with the particle size of reactants are presented. Differential Scanning 

Calorimetry and X-ray diffraction studies have also been made to 

characterize the formation of intermetallic compounds during the progress of 

sintering 

In 2017 ,. Yulong Liang et al,.[103] investigated Based on ternary 

Ni45Ti51.8Fe3.2 (at %) shape memory alloy (SMA), Nb and Ta elements 

are added to an NiTiFe SMA by replacing Ni element, and consequently 

quaternary Ni44Ti51.8Fe3.2Nb1 and Ni44Ti51.8Fe3.2Ta1 (at %) SMAs are 

fabricated. The microstructure, mechanical property, and phase 

transformation of NiTiFeNb and NiTiFeTa SMAs are further investigated. 

Ti2Ni and β-Nb phases can be observed in NiTiFeNb SMA, whereas Ti2Ni 

and Ni3Ti phases can be captured in NiTiFeTa SMA. As compared to 

NiTiFe SMA, quaternary NiTiFeNb and NiTiFeTa SMAs possess the higher 

strength, since solution strengthening plays a considerable role. NiTiFeNb 

and NiTiFeTa SMAs exhibit a one-step transformation from B2 austenite to 

B19’ martensite during cooling, but they experience a two-step 

transformation of B19’-R-B2 during heating. 

In 2017 ,. M Losertová et al ,. [104]Superelastic behavior of off-

stoichiometric NiTi alloys is significantly affected by microstructure changes 

due to heat treatment. Applying appropriate thermal treatments important 

effects on microstructural changes, transformation temperatures and 

thermomechanical properties of final NiTi products can be achieved. The 

experimental samples of NiTi alloy with 55.8 wt.% Ni were submitted to 

heat treatment and the microstructures before and after the treatment were 

observed. The thermal regimes consisted of annealing treatment at 600 °C 

for 1 hour followed by water quenching and of ageing at eight different 
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temperatures (250, 270, 290, 300, 350, 400, 450 and 500 °C) for 30 minutes. 

Microstructure features studied by means of optical and scanning electron 

microscopies, EDX microanalyses, X-ray diffraction analyses and 

microhardness measurement, have shown that higher ageing temperatures led 

to microstructure changes and corresponding increase in microhardness. 

In 2017 ,. CENGIZ TATAR and ZÜLKÜF YILDIRIM ,. [105] The effect 

of hydrostatic pressure on the behaviour of reverse and forward 

transformation temperatures and physical properties of NiTi shape memory 

alloy has been investigated. The transformation temperatures and physical 

properties of the alloy change with applied pressure. It has been clearly seen 

from differential scanning calorimetry that with the increase of applied 

pressure, while As, Af and Mf transformation temperatures decrease, Ms 

value increases. Moreover, it is obvious that with the increase of applied 

pressure, Gibbs free energy increases by 5.2883 J, while elastic energy 

increases by 1.4687 J. In addition, entropy of the alloys decreases by 0.2335 

J (g ◦C)-1 with applied pressure. Additionally, it is evident from the scanning 

electron microscopy images of the samples that there is an obvious 

difference in the grain sizes of the unpressured sample and the samples on 

which pressure is applied, the sizes being 10–100 and 30–150 μm, 

respectively 

In 2018 ,. Shih-Fu Ou et al ,.  [106]In this study, an optimal selective laser 

melting (SLM) process for manufacturing dense NiTi alloy with 

pseudoelasticity and shape-memory capability was proposed. The 

microstructure, phase-transformation temperature, shape memory capability, 

and pseudoelasticity were investigated by scanning electron microscopy, X-

ray diffraction, differential scanning calorimetry, and bending and tensile 

tests. NiTi powder with a particle size > 45 µm was selected for the 

subsequent SLM process, because it exhibited a Ni/Ti ratio of ~1 and a lower 

oxygen content than powders with smaller particle sizes. A thin-walled disk 
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(0.48 mm thick) and cuboid samples (5 mm thick) were prepared for 

investigating the variation in the homogeneity of the microstructure. The 

thin-walled SLM-NiTi sample exhibited a marginally inhomogeneous 

microstructure between layers, and defects existed in the previously formed 

side. The cuboid SLM-NiTi sample was fabricated without undesirable 

secondary phases, and it exhibited a 100% shape-recovery rate under 2% 

bending strain and completely pseudoelastic under 3% strain. Also, the 

SLM-NiTi exhibited lower phase-transformation temperatures and a broader 

phase-transformation range than the original NiTi. The phase-transformation 

range can be reduced by annealing. 

In 2019 Lai-Chang Zhang and Liang-Yu Chen [107]  Compared with 

stainless steel and Co–Cr-based alloys, Ti and its alloys are widely used as 

biomedical implants due to many fascinating properties, such as superior 

mechanical properties, strong corrosion resistance, and excellent 

biocompatibility. After briefly introducing several most commonly used 

biomedical materials, this article reviews the recent development in Ti alloys 

and their biomedical applications, especially the low-modulus β-type Ti 

alloys and their design methods. This review also systemically investigates 

the recently attractive progress in preparation of biomedical Ti alloys, 

including additive manufacturing, porous powder metallurgy, and severe 

plastic deformation, applied in the manufacturing and the influenced 

microstructures and properties. Nevertheless, there are still some problems 

with the long-term performance of Ti alloys, and therefore several surface 

modification methods are reviewed to further improve their biological 

activity, wear resistance, and corrosion resistance. Finally, the 

biocompatibility of Ti and its alloys is concluded. Summarizing the findings 

from literature, future prediction is also conducted. 

In 2021 Shahad Raheem ,.[108] Ti-15Mo Alloy is an attractive source for 

use as a biomaterial due to its outstanding corrosion resistance and its good 
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mix of mechanical properties such as fatigue, stiffness, and wear resistance. 

In this work, Ti -15Mo- X(In or Zr ) alloy was processed through powder 

metallurgy to obtain a biomechanically compatible alloy for biomedical 

implantation. First, titanium, molybdenum, and additive (Indium or 

zirconium) powders in different composition (0.5,1, 1.5,2 wt.%)  

However, the Zr additive result to the base alloy gives excellent properties: 

porosity tends to decrease than when adding indium, and their values (10.8- 

15.5%). Also, its show excellent mechanical properties: compressive 

strength increase due to decrease the amount of the porosity in range (374- 

563), and the elastic modulus is around (82-62 Gpa), wear rate resistance its 

show a significant improvement reached to 86.5 % under load 20N load, 

while 76.% at load 40 N, the hardness value in a range (340-420 HB). 

The corrosion of Ti-15Mo alloy showed significant improvement after In 

and Zr's addition in artificial saliva and Hank's solutions. It was 

demonstrated that more considerable progress with the acquisition of the 

2wt% In was 59%, 78% in Hank's and Saliva solution, respectively. While 

with the addition of 2wt.% of Zr, the improvement percentage in Hank's and 

artificial saliva was 73%,91%, respectively . 
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Chapter Two 

Theoretical Part& Literature Review 

 2.1. Introduction. 

            This chapter involves the theoretical part of shape memory alloys in 

many relating fields, these include: NiTi alloy system ; phase diagram and 

martensitic transformations for such alloys; powder metallurgy process and 

its affecting variables on the properties of these alloys; and using of chemical 

machining in preparing of the alloys. 

2.2 The Memory Alloys. 

     Mechanical properties of shape-memory alloys (SMAs) are typically 

represented by the characteristic stress–strain curve, which forms a hysteresis 

loop in a loading, unloading and shaperecovering process. To represent the 

deformation behavior of SMAs, various constitutive equations have been 

developed, and prediction of the macroscopic behavior has been possible 

using finite-element simulations.[10] 

 

Figure (2-1) Schematic illustration of deformation and shape recovery of 

a SMA[10]. 
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The atomistic behavior leading to the deformation and  shape-recovery is 

explained on the basis of the phase transformation between austenite and 

martensite phases and the characteristics of the crystal structure. One well-

known atomistic mechanism is illustrated in Fig. 1a. The stable phase 

depends on the temperature, and phases at high and low temperature are 

body-centered cubic (bcc or B2) and martensite, respectively. The martensite 

phase consists of many variants, and each variant has a directional unit cell. 

In Fig. 1(b), for example, a unit cell of the martensite is illustrated as a box 

leaning in the positive or negative direction along the x-axis. Cells leaning in 

the same direction constitute a layer, and the direction of the lean alternates 

between layers. the layer is called a variant, although a realistic variant is 

defined as a rather larger domain. The martensite phase is generated by 

cooling the B2 structure shown in Figure (2-1) (a). Randomly orientated 

variants are then generated, as shown in Figure (2-1) (b). some of the layers 

change their orientation, as shown in Figure (2-1) (c). This structural change 

induces macroscopic deformation. When the external shear load is released, 

the strain does not return to the original state except for slight elastic 

recovery. When the specimen is heated to the transformation temperature, 

the martensite transforms into the B2 structure, and martensite appears again 

with cooling of the specimen. Since the B2 structure is cubic, the shape of 

the unit cell is independent of the orientation of the martensite layers. 

Therefore, [11] the specimen macroscopically regains its original shape. This 

mechanism is well known but has not been fully verified since direct 

observation of dynamic behavior in a wide range of temperatures is difficult. 

Therefore, computer simulation is expected to provide evidence for and 

further extend the mechanism. The molecular dynamics method has become 

a powerful and effective tool to investigate material properties and dynamic 

behavior on an atomistic scale, and it has also been applied in the case of 
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SMAs. The stable structure of Ni3Al, for instance, was investigated by Foiles 

and Daw [12] using an interatomic potential based on the embeddedatom 

method (EAM) with suitable parameters [13]. The phase stability and 

transformation between B2 and martensite structures in NiAl was also   

reproduced using the EAM potential as reported by Rubini and Ballone [14]. 

then utilized the EAM potential to demonstrate the shape-memory behavior 

of Ni-Al alloy in terms of a small single crystal [15] the size dependency and 

the polycrystalline model Ozgen and Adiguzel also investigated the shape-

memory behavior of Ni-Al alloy using a Lennard-Jones [16]). In addition, for 

Ni-Ti alloy, martensitic transformation was simulated by Sato et al. [17]. It 

was also reported by Kastner [18] that the shape-memory effect can be 

represented even by a two-dimensional model with a general LJ potential on 

the basis of thermodynamical discussion on the effect of temperature on the 

phase transformation. For a more practical purpose, Park et al. demonstrated 

shape-memory and pseudoelastic behavior during uniaxial loading of an fcc 

silver nanowire, and discussed the effect of the initial defects and mechanism 

of twin-boundary propagation [18]. 

2.3 Properties of SMA:  

2. 3.1 Shape memory effect:  

      During martensitic phase transformation the molecular structure is 

twinned. On a macroscopic scale the size and shape of undeformed 

martensite phase is same as the cubic austenitic phase. The temperature at 

which starting and finishing of both parent austenitic phase and daughter 

martensitic phase has characterized by the following variables Ms, Mf, As, 

Af . Ms is the martensite start temperature upon cooling and Mf is the 

martensite finish temperature upon cooling, during heating AS and Af are the 

temperatures of the austenite starts and finishes. The loading quantity of 

SMA increases with the four variables (Ms, Mf, As& Af ), shape memory 

effect (SME) is noticed when SMA temperature is below Mf , when the alloy 
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is in deformed martensite, SMA will be recovered the original shape by 

heating the specimen above Af as shown figure (2-2) and (2-3). 

 

Figure (2-2)  ;Temperature Hysteresis in SMA [19]. 

 

Figure (2-3) ; Stress-strain temperature of NiTi SMA [20]. 
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Normally SME refers to the one-way SME in which external load makes to 

include de-twinning brings the SMA in to a current distorted structure that 

can be regain on heating above Af .In this type there is no transformation 

strains are induced during cooling, it resumes its original shape and rigidity 

when heated to its higher temperature form (austenite). This is called the 

one-way shape memory effect. The ability of shape memory alloys to 

recover a original shape upon heating above the transformation temperatures 

and to return to a certain alternate Shape upon cooling is known as the two-

way shape memory effect. Two-way SME is the one in which transformation 

strains are persuaded during heating or cooling of SMA Two-way SME is 

not an essential, but a developed characteristic[21]. Two-way memory is 

exceptional. There is also an all-round shape memory effect, which is a 

special case of the two-way shape memory effect [22]. 

2.3.2 Pseudo elasticity:  

Super elasticity or pseudo elasticity of SMA involves stress induced strain 

recovery upon unloading at a temperature above Af . In general super elastic 

thermo mechanical loading path starts at zero stress state where de-twinned 

martensite is stable examples of this characteristic are isothermal (constant 

temperature) and isobaric (constant pressure) loading paths indicated in 

Figure (2-4)&(2-5). For achieving the required constant stress by austenite is 

not shown in the constant pressure path. The point which we remember is the 

constant temperature conditions carry out only by quasi-static loading which 

we can treat as small strain increments. During phase transformation, there is 

a dissipation of latent heat which was generated during quasi-static process. 

For easy understanding this review paper concentrates mostly constant 

pressure and constant temperature loading paths will be considered [23]. 
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Figure (2-4 );phase diagram and two possible[23]. 

 

Figure (2-5 );SMA pseudoelastic loading cycle 

pseudoelastic loading paths [23]. 

During loading at a temperature above Mf the transformation occurred at 

critical stress levels from austenite to martensite that stress is called as 

Transformation stress (a-b). This phase transformation usually occurs during 

(b-c) path. During thermo elastic critical stress level large in elastic strains 

are going to be developed. If the load increased further de twinned martensite 

region (c-d) does not produce any more phase transformation, during multi-

axial loading there may be re-orientation of martensite twins will occur. At 
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point (d) there will be Reverse transformation (RT) from martensite to 

austenite which will leads to recovery of in elastic strains. At point (e) there 

will be a complete transformation from martensite to austenite and the final 

element of the loading path (e-a) is identified by regaining of thermo elastic 

strains which leads to zero macroscopic strains upon completion of the path. 

This transformation process concludes in a hysteresis which returns the 

energy dissipated in the cycle. 

2.3.3 Damping properties:  

       It is very important property for all the materials which are going to use 

in any specific application.SMA having high damping capacity compared to 

the remaining materials. Damping property mainly deals with the dissipation 

of mechanical energy in to heat. The numerous interfaces, which exist during 

martensitic transformation between austenite and martensite, different 

martensite variants, the boundaries obtained during twinning of martensite 

instead of thermo elastic transformation. There will be occurrence of many 

irreversible events like production defects, dislocation movements etc. 

hysteresis observed during pseudo elastic characteristic is one of the energy 

dissipation. The ratio of dissipated energy to the total energy obtained during 

transformation cycle for isotropic materials will develop. This ratio depends 

on excitation frequency, temperature, amplitude. A novel material like SMA 

mainly depends on operating and transformation temperatures as shown  

Figure(2-6).[24] 
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Figure(2-6); Damping factor Vs temperature , Elastic modulus vs. 

temperature for an frequency of 13Hz for an frequency of 13Hz and and 

strain amplitude of 10-4 [24] strain amplitude of 10-4  

 

The properties of SMA are determined by their composition and the most 

commercially adopted shape memory alloys are NiTi (Nitinol) and the Cu-

based alloys like Cu-Zn-Al and Cu-Al-Ni. Some of the typical properties of 

these alloys are listed in below table. [24] 

Table (2-1): Some of the typical properties of these alloys[24]. 

 

2.4 Applications of Shape Memory Alloys 

In 1932 smart alloy or shape memory alloy was first discovered by Arne 

Olander [25], while, Vernon was the first one described the term shape – 

memory in 1941 . However, the importance of shape memory alloys was not 

recognized until the shape memory effect was discovered by William 
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Buehler and Frederick wang in 1962, when they described it in a nickel – 

titanium alloys (nitinol) [26]. Since then, shape memory alloys have been 

used for engineering and technical applications in numerous commercial 

fields; for examples, in automotive [27] , biomedical [28] , aerospace [29], 

robotics [30], consumer products and industrial applications [31] and fashion 

[32]. In general, the SMAs applications can be divided into four groups 

depending on their key function of their unique properties, which are shape 

memory effect and superelasticity [33]. Table (2-1) Shows the types of shape 

memory applications [34]. This review focuses on applications of shape 

memory alloys particularly biomedical, robotic, automotive and aerospace 

applications. 

2.4.1  Biomedical Applications  

 The materials used for vivo application which are touch with human tissue 

should have unique properties to meet this requirements, for example, these 

materials must have biological reliability – biological compatibility, free 

toxicity, perfect corrosion resistance, and accuracy of mechanical properties 

[35]. Since the discovery of shape memory effect in NiTi alloys in 1962, they 

proposed to use this shape memory alloy in biomedical applications [36]. 

Due to the unique properties of Ni-Ti shape memory alloy (SMA), shape 

memory effect (SME), shape effect (SE), and a very good corrosion 

resistance, Ni-Ti shape memory alloys are often used as prosthesis materials 

in the human body[37]. The application areas available with various size and 

shape, range from dental arch wire not directly in tough with blood flow in 

the human organism to stents used to stabilize damaged blood vessels as 

shown in figure (2-7) [38]. Furthermore, shape memory alloys are used in 

medical devices in different areas such as orthopedics [39], neurology[40], 

cardiology and interventional radiology [41]. In addition they are used in 

stents [42], endodontics [43], eyeglass frames [44], guide wires [45], 

aneurism treatments [46] and medical tweezers [47], sutures [48], anchors 
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for attaching tendon to bone [49], implants Figure (2-8) shows example of 

using shape memory alloy in catheter – based surgeries [50]. NiTi shape 

memory alloy coiled spring can be used as a micro – muscle fiber as you can 

see in figure (2-9) [51]. The researchers developed mechanical circulation 

using shape memory alloys fiber to assist patients with heart diseases as you 

can see in figure (2-10) [52]. 

 

Figure (2-7) Potential and existing shape memory alloy applications in 

biomedical domain [38]. 

 

Figure (2-8) Shape memory alloy active catheter [50]. 
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Figure (2-9) Muscle like NiTi shape memory alloy [51]. 

 

Figure (2-10) Artificial heart support device with shape memory fiber 

[52]. 

2.4.2  Robotic Applications 

 Shape memory alloys have been used in robotic application since 1980s 

[53]. However, the robots can be divided into several groups depending on 

their movement techniques and applications, for example jumper, crawler, 
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fish, walker, flower, medical and biomimetic robotic hand [54]. Figure (2-

11) shows the different kinds of shape memory alloys in the robotic 

applications [55]. Today, numerous works carried out on robotics have 

focused on biologically inspired and humanoid robots [56]. These robots can 

be used to solve problems which are challenges for humans, for example can 

be used in underwater, space, air and land to provide pertinent information 

from these environments which is difficult to get by humans [57]. Recently, 

sever flying robots with shape memory alloys have been developed, for 

example Bat Robot [45] and BATMAV Robot [57]. A dragonfly shown in 

figure 6 with a 44 cm length and a 63 cm wingspan was developed by Festo 

Group [48]. The dragonfly is known as BionicOpter see figure (2-12), the 

dragon equipped with four actuators shape memory alloys to control the 

movement dragonfly tail up and down and dragonfly head from side to side 

[58]. The dragonfly has thirteen degrees of freedom, can hover in maneuver 

in all direction and in mid – air [58]. 

 

Figure (2-11) Potential and Existing shape memory alloys applications in 

robotic domain [55]. 
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Figure (2-12) Festo BionicOpter - inspiration dragonfly flight [58]. 

2.4.3 Automotive Applications  

 Nowadays, the number of sensors and actuators are growing tremendously 

due to the request for reliable, convenient and good performance in modern 

vehicles [58]. Therefore, these offer a wide range for shape memory alloys to 

use in the automotive industry as shown in figure (2-13) [59]. There are 

numerous possibility applications for shape memory alloys in automotive 

industry which have been proposed, but very few of them have been used in 

practical applications due to the limited range of operating temperature 

compared with shape memory alloy transformation temperatures [55]. In 

addition, there are other limitations for example hysteresis width, stability 

and lifetime [60]. However, shape memory alloys can be used in the mirror 

system in modern vehicles due to the versatility of shape memory alloy as 

shown in figure (2-14) [61]. Furthermore, figure (2-15) shows the emerging 

General Motors shape memory alloys applications [62]. Recently, several 

other shape memory alloy applications for automotive industry have been 

developed and they can be found in the literature [63- for examples, tumble 

flaps actuator, micro – scanner system, pop – up bonnet and side mirror 

actuator as you can see in figure (2-14) [63]. It is well known that the stander 

transformation temperatures of NiTi shape memory alloy are at range 

temperatures – 40 ◦ C to approximately + 110 ◦ C [63]. In contrast, the 

stander operating temperature range for automotive application is between – 
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40 
◦
 C to approximately +125 ◦ C as shown in figure (2-15) [64]. Therefore, 

the majority of the practical applications of shape memory alloys are covered 

by NiTi shape memory alloy [65]. However, from the figure (2-15) and in 

order to act properly the shape memory alloys should exhibit a martensite 

transformation temperature above maximum operating temperatures as 

shown in the figure (2-14) the red dotted lines. Moreover, there are many 

kinds of high temperatures shape memory alloys. But these alloys are of high 

cost for automotive industry [66]. Although, the Cu-Al-Ni shape memory 

alloys exhibits martensitic transformation temperatures up to 200 ◦ C, these 

materials are unstable, brittle, exhibit low fatigue strength and cannot be used 

for multiple cyclic operations [65] 

 

Figure(2-13) Existing and potential shape memory applications in the 

automotive domain [59]. 
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Figure (2-14) EAGLE mirror prototype [61]. 

 

Figure(2-15) Emerging General Motors Shape Memory Alloy [63]. 

2.4.5  Aerospace Applications  

 SMAs have been used in aerospace since 1970s when used in hydraulic line 

coupling which is used in the F-14 fighter jets [62]. Since this time and due 

to the unique properties of SMAs many aerospace researchers have proposed 

to use this material for solving engineering issues in the aerospace 

manufacture[67]. In the 1990s, numerous works carried out on aerospace 

industry such as Advanced Research Projects Agency (DARPA) program for 

aircraft smart wings [66], the Smart Aircraft and Marine Propulsion System 

Demonstration (SAMPSON) program for jet engines[67] and another 

program can be seen in literatures [68]. The Boeing company has improved 

an active device based on SMA technology programs which is VGC, a 
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variable geometry chevron on a 77-300 ER with GE90-115B jet engine, this 

device has the ability to minimize noise through take- off, figure 12 shows 

Boeing variable geometry chevron [69]. Then, after the VGC success, many 

companies such as Boeing, DARPA, NASA and other have been introduced 

more SMAs based on technology programs in order to use SMAs in 

aerospace industry [70].Figure (2-16) shows the possibility SMAs 

applications in the aerospace industry [66]. 

 

Figure(2-16) Existing and potential shape memory alloys applications in 

the airspace domain [64]. 

2.5 Phase Diagrams for NiTi Alloy 

   The Ni-Ti phase diagram shows a number of different transformations, a 

few of which are important during the sintering of Ni-Ti alloys. These are the 

eutectoid (β-Ti Æ α-Ti+Ti2Ni) and the eutectic (liquid Æ β-Ti+Ti2Ni) 

transformations which take place at 765 °C and 942°C, respectively Figure 

(2-18). The reaction between Ti and Ni is exothermic, so it has the possibility 

of self-sustaining synthesis. This means that there is an ignition temperature 

at which the reaction can be initiated and then it will continue by itself. 
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Combustion synthesis of NiTi is therefore possible. NiTi shows a relatively 

low heat of formation (ΔHq= 67kJ/mol)6 . Preheating of the sample mixture 

is necessary for self-sustaining synthesis, promoting transient melt 

formation9 . In addition, it has been reported that NiTi synthesis from 

elemental powder mixtures leads to the formation of other intermetallic 

compounds like Ti2Ni, Ni3Ti, Ni4Ti3 and Ni3Ti2 10–12. Among them, 

Ti2Ni and Ni3Ti are relatively more stable than NiTi thermodynamically, and 

therefore it is difficult to avoid their presence in the microstructure during 

the synthesis of a NiTi alloy[71]  

          

 Figure (2.18): Nickel-Titanium Phase Diagram [71]. 

                                  

2.6 Transformation temperatures. 

From the B2 phase stability regime, the B2 structure starts to transform into 

the B19Š martensite phase at Ms (the martensite start temperature) on 

cooling. The volume transformed into the martensite is a function of 
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temperature. Holding at any temperature below Ms for any length of time 

does not cause the formation of more "athermal" martensite. The parent B2 

phase is completely transformed into the product B19 martensite for 

temperatures below Mf (the martensite finish temperature).[72] If the 

transformation process includes the R-phase, the start and the end 

temperatures of the transformation from the austenite to R-phase are denoted 

by Rs and Rf , respectively. On heating, the reverse transformation from B2 

austenite to B19 martensite phase takes place. The temperature, at which the 

reverse transformation begins, is denoted As. Similarly, the last remnant of 

martensite disappears at the temperature Af . There is transformation 

temperature hysteresis such that As > Mf and Af > Ms. If the reverse 

transformation includes the R-phase, corresponding transformation 

temperature are denoted ARS and ARF on heating. The magnitude of thermal 

hysteresis of the B19Š phase transformation is much larger (one order of 

magnitude higher) compared with the magnitude of the thermal hysteresis of 

the R-phase transformation [73]. There is a strong composition dependence 

of the B19Š-Phase transformation temperatures (PTTs), see Figure (2-91) the 

PTTs decrease signiĄcantly with increasing concentration of Ni atoms in the 

Ni-rich NiTi-phase [74]. The PTTs can change by about 20
  ْ
C per added 0.1 

at% Ni [75] 
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Figure (2-19): Relation between nickel content MS, MP temperatures 

[75]. 

martensitic transformations can be triggered by external applied stress 

according to the Clausius-Clapeyron type relationship. The highest 

temperature at which martensite phase can form under applied stress is 

denoted Md [76]. Md is the temperature above which the chemical driving 

force becomes so small that nucleation of martensite cannot be mechanicaly 

induced [75]. In the following section I will introduce a SMA phase diagram 

of one-step martensitic transformation in temperature-stress coordinates, 

where a dependence of transformation temperatures on applied stress can be 

seen. 

2.7 Mechanical properties of NiTi SMA 

Like most SMAs, NiTi alloys show marked differences in mechanical 

behavior depending upon whether they are tested in the martensitic or 

austenitic state. The martensitic stress - strain curve can be divided into three 

well defined regions, see Figure (2.20). An initial low plateau results from 

the stress induced growth of one martensitic orientation at the expense of the 
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adjacent. At higher stresses there is a second region that is linear, although 

not purely elastic [76]. 

         The transition to the third region is a result of the onset of irreversible 

plastic deformation, as in the case of yielding of all conventional metals. The 

length of the martensitic plateau in the stress - strain curve extends typically 

to around 5% - 6%. However, depending on the details of the alloy and its 

prior thermomechanical history. The plateau can vary from a continuous 

curve with an inflection point to a clear horizontal with a sharp yield point.  

 

  

 

 

 

                          

 

 

Fig.( 2.20) Stress-strain curve for a Ni-Ti-10%Cu alloy in the austenitic 

and martensitic conditions [76]. 

2.8 the effect of alloying elements on the shape memory alloys  

2.8.1  Molybedum (Mo) 

Molybdenum metal is usually produced by powder metallurgy techniques in 

which Mo powder is hydrostratically compacted and sintered at about 

2100°C. Hot working is done in the 870-1260°C range. Moly forms a 

volatile oxide when heated in air above about 600°C and therefore high 

temperature applications are limited to non-oxidizing or vacuum 

environments. [77]. The addition of Mo reduces the hardness of the alloy 

compared with the master sample. The porosity percentage decreases with 

increase in Mo  percentage.The corrosion rate decreases with increase in Mo 

percentage in  Ringer solution . [78] 
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2.8.2.Zirconium(Zr). 

Zirconium is a neutral element when dissolved in Ti. Zirconium belongs to 

Group 4 (according to the new IUPAC name) in the Periodic Table, which 

is the same as Titanium and hafnium, have similar chemical structure and 

properties. Thus, they have been recognized as non-toxic and non-allergic. 

Zirconium is a transition metal with an atomic number of 40 and an atomic 

weight of 91.22 amu. As a greyish-white lustrous metal, Zirconium has 

exceptionally high melting (1857 °C) and boiling (4409 °C) points. 

Zirconium has excellent resistance to Corrosion, similar to Titanium and is 

highly biocompatible [79]. Since both metal surfaces form a stable oxide 

layer on their surface within nanoseconds when exposing to oxygen. Thus, 

the oxidation passivates the materials. However, Zirconium could not be 

used in dentistry in its pure form. An extensive review article [98] suggested 

that Zirconium implants had a lesser degree of osseointegration than titanium 

analogue using removal torque tests. Some surface modifications could 

restructure the implant that could remove torque test values comparable with 

the titanium implants.Although the removal torque test values highly depend 

solely on the surface structure (in terms of mechanical retention and 

biological interaction) than on the implant material itself [80], the atomic 

structural arrangement allows the torque performance in metal alloys better 

than in ceramics. The reason for using a zirconia implant is merely due to 

improvement in esthetic qualities in dental restorations. Thus, the 

development of Ti-alloys is still viable and active [81]. 
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2.9 Literature Review  

Vojtěch (2010) [96] studied the influence of heat treatment of shape 

memory NiTi alloy on its mechanical properties , the aim is to determin the 

mechanical properties of nitinol short-time heat treated at around 500°C. The 

temperature of 500°C was selected, because in manufacture of stents, shape 

setting is a step generally performed at about 500°C. It has been found that 

heat treatments of the straight annealed nitinol wire at moderate temperatures 

strongly influences its tensile strength and transformation stress. Annealing 

temperatures between 410-460°C improve the strength to some extent. At 

12 higher temperatures above 485°C, the wire behaves in an opposite 

manner, 

i.e. strength reduces. The observed development of mechanical properties 

and transformation behavior is related to precipitation processes occurring in 

the wire during heat treatment. 

In 2010 Flamini   et.al [97] electrodeposited a polyprypol (PPY) film on to 

Nickel - Titanium alloy (NiTi) employing sodium bis (2- ethylhexyl) 

sulfosuccinate (Aerosol Otor Aot) solutions. The results showed that the 

polymer has improved corrosion performance of the coated samples in 

chloride solution and the polymer improves the corrosion performance at the 

open circuit potential and at potentials where the bare substrate suffers 

pitting attack. The improvement in both adhesion and corrosion performance 

was discussed considering substrate / polymer interaction, over oxidation of  

PPy  and the role played by AOT . 

In 2012 ,. Tawhid Ezaz et al ,. [98] Dislocation slip in B2 NiTi is studied 

with atomistic simulations in conjunction with transmission electron 

microscopy (TEM). The atomistic simulations examine the generalized 

stacking fault energy (GSFE) curves for the {0 1 1}, f211g and {0 0 1} 

planes. The slip directions considered are h100i, h111i and h011i. The results 

show the smallest energy barriers for the (0 1 1)[1 0 0] case, which is 
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consistent with the experimental observations of dislocation slip reported in 

this study. To our knowledge, slip on the (0 1 1)½11 1 system is illustrated 

for the first time in our TEM findings, and atomistic simulations confirm that 

this system has the second lowest energy barrier. Specimens that underwent 

thermal cycling and pseudoelasticity show dislocation slip primarily in the 

austenite domains while the bulk of martensite domains does not display 

dislocations. The results are discussed via calculation of the ideal slip 

nucleation stress levels for the five potential slip systems in austenite  

In 2015 ,. Kamal Kumar et al ,. [99]Nitinol (NiTi) is categorized as a smart 

material which is highly recognized material for medical and other 

engineering applications. The behaviour of NiTi can be modified by altering 

the composition, modifying the porosity and applying external thermal and 

mechanical treatment. Due to high composition sensitivity, there are several 

impediments in fabrication of NiTi with conventional techniques which 

impel the use of additive manufacturing methods. But due to very high cost 

of equipments, these processes have not been commercialized till now. This 

paper presents a review on applications, manufacturing NiTi alloy and its 

various production routes from conventional to rapid prototyping, porous 

NiTi, effect of additives on properties of the alloy and its challenges. 

In 2016 ,. CNaresh et al ,.[100] Shape memory alloys (SMAs) are the 

special materials that have the ability to return to a predetermined shape 

when heated. When this alloy is in below transformation temperature it 

undergoes low yield strength and will deform easily into any new shape 

which it will retain, if this alloy is heated above its transformation 

temperature it changes its crystal lattice structure which returns to its real 

shape .SMAs are remarkably different from other materials are primarily due 

to shape memory effect (SME) and pseudoelasticity which are related with 

the specific way the phase transformation occurs, biocompatibility, high 

specific strength, high corrosion resistance, high wear resistance and high 
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anti-fatigue property. SMA are used in many applications such as aerospace, 

medical, automobile, tubes, controllers for hot water valves in showers, 

petroleum industry, vibration dampers, ball bearings, sensors, actuators, 

miniature grippers, micro valves, pumps, landing gears, eye glass frames, 

Material for helicopter blades, sprinklers in fine alarm systems packaging 

devices for electronic materials, dental materials, etc. This paper focuses on 

introducing shape memory alloy and their applications in past, present and in 

future, also revealed the concept and mechanism of shape memory materials 

for a particular requirement. Properties of SMAs, behaviour and 

characteristics of SMA, summary of recent advances and new application 

opportunities are also discussed. 

In 2016 ,. Aun Nawaz Khan et al ,. [101] Shape Memory Alloys (SMA) are 

unique class of alloys which possess various engineering applications. One 

such SMA is Nickel–Titanium (Nitinol) shape memory alloy. The problem, 

however with Nickel is that the metal may leach out in form of toxic Ni2+ 

ions. The latter may prove costly when used in various applications. To 

increase the corrosion resistant properties of Nitinol and to evaluate its shape 

memory properties, small amount of Zirconium i.e. 5 and 10 at % are added 

into the existing Nitinol system. Buttons of Nitinol and Nickel–Titanium 

with Zirconium additions are made using the button arc furnace. For the 

characterization of the alloys, various techniques including Energy 

Dispersive Spectroscopy (EDS), Back Scattering Electron (BSE) imaging, 

Differential Scanning Calorimetry (DSC) have been performed. Thework 

conducted reveals that addition of Zirconium in Nitinol has marked influence 

on microstructure, shape memory properties, transformation temperature, 

hardness values, and corrosion properties of the alloy. 

In 2017 ,. Hossein Sina et al ,. [102] The present study focuses on in situ as 

well as ex situ studies on the sintering of pre-compacted powder mixtures of 

50at% Nickel-50at%Titanium. In situ studies were carried out by monitoring 
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the changes in morphology of the fracture surface of the compact 

continuously during heating in the hot stage of an environmental scanning 

electron microscope. Results on the initiation of sintering and its variation 

with the particle size of reactants are presented. Differential Scanning 

Calorimetry and X-ray diffraction studies have also been made to 

characterize the formation of intermetallic compounds during the progress of 

sintering 

In 2017 ,. Yulong Liang et al,.[103] investigated Based on ternary 

Ni45Ti51.8Fe3.2 (at %) shape memory alloy (SMA), Nb and Ta elements 

are added to an NiTiFe SMA by replacing Ni element, and consequently 

quaternary Ni44Ti51.8Fe3.2Nb1 and Ni44Ti51.8Fe3.2Ta1 (at %) SMAs are 

fabricated. The microstructure, mechanical property, and phase 

transformation of NiTiFeNb and NiTiFeTa SMAs are further investigated. 

Ti2Ni and β-Nb phases can be observed in NiTiFeNb SMA, whereas Ti2Ni 

and Ni3Ti phases can be captured in NiTiFeTa SMA. As compared to 

NiTiFe SMA, quaternary NiTiFeNb and NiTiFeTa SMAs possess the higher 

strength, since solution strengthening plays a considerable role. NiTiFeNb 

and NiTiFeTa SMAs exhibit a one-step transformation from B2 austenite to 

B19’ martensite during cooling, but they experience a two-step 

transformation of B19’-R-B2 during heating. 

In 2017 ,. M Losertová et al ,. [104]Superelastic behavior of off-

stoichiometric NiTi alloys is significantly affected by microstructure changes 

due to heat treatment. Applying appropriate thermal treatments important 

effects on microstructural changes, transformation temperatures and 

thermomechanical properties of final NiTi products can be achieved. The 

experimental samples of NiTi alloy with 55.8 wt.% Ni were submitted to 

heat treatment and the microstructures before and after the treatment were 

observed. The thermal regimes consisted of annealing treatment at 600 °C 

for 1 hour followed by water quenching and of ageing at eight different 
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temperatures (250, 270, 290, 300, 350, 400, 450 and 500 °C) for 30 minutes. 

Microstructure features studied by means of optical and scanning electron 

microscopies, EDX microanalyses, X-ray diffraction analyses and 

microhardness measurement, have shown that higher ageing temperatures led 

to microstructure changes and corresponding increase in microhardness. 

In 2017 ,. CENGIZ TATAR and ZÜLKÜF YILDIRIM ,. [105] The effect 

of hydrostatic pressure on the behaviour of reverse and forward 

transformation temperatures and physical properties of NiTi shape memory 

alloy has been investigated. The transformation temperatures and physical 

properties of the alloy change with applied pressure. It has been clearly seen 

from differential scanning calorimetry that with the increase of applied 

pressure, while As, Af and Mf transformation temperatures decrease, Ms 

value increases. Moreover, it is obvious that with the increase of applied 

pressure, Gibbs free energy increases by 5.2883 J, while elastic energy 

increases by 1.4687 J. In addition, entropy of the alloys decreases by 0.2335 

J (g ◦C)-1 with applied pressure. Additionally, it is evident from the scanning 

electron microscopy images of the samples that there is an obvious 

difference in the grain sizes of the unpressured sample and the samples on 

which pressure is applied, the sizes being 10–100 and 30–150 μm, 

respectively 

In 2018 ,. Shih-Fu Ou et al ,.  [106]In this study, an optimal selective laser 

melting (SLM) process for manufacturing dense NiTi alloy with 

pseudoelasticity and shape-memory capability was proposed. The 

microstructure, phase-transformation temperature, shape memory capability, 

and pseudoelasticity were investigated by scanning electron microscopy, X-

ray diffraction, differential scanning calorimetry, and bending and tensile 

tests. NiTi powder with a particle size > 45 µm was selected for the 

subsequent SLM process, because it exhibited a Ni/Ti ratio of ~1 and a lower 

oxygen content than powders with smaller particle sizes. A thin-walled disk 
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(0.48 mm thick) and cuboid samples (5 mm thick) were prepared for 

investigating the variation in the homogeneity of the microstructure. The 

thin-walled SLM-NiTi sample exhibited a marginally inhomogeneous 

microstructure between layers, and defects existed in the previously formed 

side. The cuboid SLM-NiTi sample was fabricated without undesirable 

secondary phases, and it exhibited a 100% shape-recovery rate under 2% 

bending strain and completely pseudoelastic under 3% strain. Also, the 

SLM-NiTi exhibited lower phase-transformation temperatures and a broader 

phase-transformation range than the original NiTi. The phase-transformation 

range can be reduced by annealing. 

In 2019 Lai-Chang Zhang and Liang-Yu Chen [107]  Compared with 

stainless steel and Co–Cr-based alloys, Ti and its alloys are widely used as 

biomedical implants due to many fascinating properties, such as superior 

mechanical properties, strong corrosion resistance, and excellent 

biocompatibility. After briefly introducing several most commonly used 

biomedical materials, this article reviews the recent development in Ti alloys 

and their biomedical applications, especially the low-modulus β-type Ti 

alloys and their design methods. This review also systemically investigates 

the recently attractive progress in preparation of biomedical Ti alloys, 

including additive manufacturing, porous powder metallurgy, and severe 

plastic deformation, applied in the manufacturing and the influenced 

microstructures and properties. Nevertheless, there are still some problems 

with the long-term performance of Ti alloys, and therefore several surface 

modification methods are reviewed to further improve their biological 

activity, wear resistance, and corrosion resistance. Finally, the 

biocompatibility of Ti and its alloys is concluded. Summarizing the findings 

from literature, future prediction is also conducted. 

In 2021 Shahad Raheem ,.[108] Ti-15Mo Alloy is an attractive source for 

use as a biomaterial due to its outstanding corrosion resistance and its good 
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mix of mechanical properties such as fatigue, stiffness, and wear resistance. 

In this work, Ti -15Mo- X(In or Zr ) alloy was processed through powder 

metallurgy to obtain a biomechanically compatible alloy for biomedical 

implantation. First, titanium, molybdenum, and additive (Indium or 

zirconium) powders in different composition (0.5,1, 1.5,2 wt.%)  

However, the Zr additive result to the base alloy gives excellent properties: 

porosity tends to decrease than when adding indium, and their values (10.8- 

15.5%). Also, its show excellent mechanical properties: compressive 

strength increase due to decrease the amount of the porosity in range (374- 

563), and the elastic modulus is around (82-62 Gpa), wear rate resistance its 

show a significant improvement reached to 86.5 % under load 20N load, 

while 76.% at load 40 N, the hardness value in a range (340-420 HB). 

The corrosion of Ti-15Mo alloy showed significant improvement after In 

and Zr's addition in artificial saliva and Hank's solutions. It was 

demonstrated that more considerable progress with the acquisition of the 

2wt% In was 59%, 78% in Hank's and Saliva solution, respectively. While 

with the addition of 2wt.% of Zr, the improvement percentage in Hank's and 

artificial saliva was 73%,91%, respectively . 



Chapter Four                                             Results and Discussion 
 

 48 

 Chapter Four 

Results and Discussion 
 

4.1 Introduction 
   
This chapter presents the experimental results and their discussion 

which involves the properties related to the NiTi alloy samples prepared 

by powder metallurgy technique. This includes the effect of physical and 

mechanical properties It includes microstructure analysis done by SEM, phases 

analysis results from XRD technique, electrochemical test (Open Circuit 

Potential, Potentiodynamic polarization), mechanical properties tests which 

involved hardness, wear test . 

4.2 Results Of The Metallography  

4.2.1 X-Ray Diffraction  

X-ray diffraction technique is one of analytical techniques that reveals 

information about the crystallographic structure, chemical composition, and 

physical properties of materials. This technique is based on observing the 

scattered intensity of an X-ray beam hitting a sample. An important parameter is 

the wavelengths; X-rays have wavelengths in the order of angstroms, in the 

range of typical interatomic distances in crystalline solids. For this reason, X-

ray diffraction (XRD) has provided information regarding the crystallographic 

structures in material. But also, it can be used to determine molecular structures. 

X-ray diffraction provided important evidence of atoms. XRD directed at the 

solid provides the simplest way to determine interring atomic spacing. The 

intensity of the diffracted beams depends on the arrangement and atomic 

number, but also on the other parameters. 

  XRD   can be used to describe the NiTi alloys as shown in figures 

[(4.1)-(4.4)] resulted in a three-phase structure through examination, they found 
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that the important phases that appeared are NiTi monoclinic phase, NiTi cubic 

phase and hexagonal Ni3Ti phase for all alloys. 

(the phases are determined manually, by referring to reference cards and 

literatures)  shown in appendix. 

The formation of Ni3Ti might be attributed to the slow cooling of the samples 

inside furnace whereas, in the sintering conditions used throughout this work, 

the Gibbs free energies for Ni3Ti was less than that for NiTi [114]. The 

suggested reactions during the process are as follows [115]. 

Ni+ Ti →   NiTi       ∆G: - 67 KJ / mol ………..   (4.1)  

Ni + Ti →   Ni3Ti   ∆G: - 140 KJ / mol ………..   (4.2) 

According to the binary phase diagram of NiTi system as shown in figure 

(2.19), NiTi and Ni3Ti are stable compounds and reaction (4.2) is more 

thermodynamically favored than reaction (4.1).  

Phases produced as a result of the sintering process which were 

investigated using the XRD technique. It can be seen from the figures that there 

are probably no pure metals present. This proves that the sintering time and 

temperature used in this work result in complete sintering reaction.  

  When zirconium was added at a rate of 3%, a compound appeared, which is 

Ni7Zr2    as shown in figure (4.2). 

 

 

 

 



Chapter Four                                             Results and Discussion 
 

 50 

 

 

 
 

figure (4.1): X-Ray Diffraction A, B alloys 
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figure (4.2): X-Ray Diffraction C, D alloys 
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figure (4.3): X-Ray Diffraction E, F alloys 
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figure (4.4): X-Ray Diffraction G alloy 

 
 

4.2.2 Optical Microscope  

The microstructure of these alloys are fine grains for specimens. 

Sometime , reinforcement particle has been clear but others are not clear due to 

fine structures and probably due to type of used etching.  

Figure (4.5), shows the microstructure in each samples with two 

magnifications. It is clear that the emergence of martensite phase B19 which is 

represented by the bright areas, while the shaded areas represent the appearance 

of the austenite phase B2, and the dark areas represent the presence of spaces or 

pores between the phases, and this is expected because the sample preparation 

process was done using powder metallurgical. 

  Microstructure of the sample however , varies greatly among different 

alloys and cannot be resolved by LOM Figure (4.5) indicated the optical 

microscopy images of bare samples which show the light optical microscopy 
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after etching. This image shows some features of the surface such as open pores 

and grain boundaries and also the phases NiTi and  Ni3Ti can be 

distinguished.[116] 
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 Fig(4.5) Shows optical microscopy alloys (A,B,C,D,E,F and G) after etching  

4.2.3 Scanning Electron Microscopy  

In SEM, a beam of relatively high-energy electrons is scanned across the 

sample’s surface. The primary electrons penetrate the surface and transfer 
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energy to the material in a manner analogous to the way X rays and ions act in 

XPS and SIMS, respectively. In SEM, the incident electrons transfer sufficient 

energy for electrons (secondary electrons) to be emitted from the sample figures 

( 4.6). The intensity of the secondary electrons primarily depends on the 

topography of the surface. By scanning the electron beam across the samples 

and determining the current generated from secondary electrons, images of the 

surface are obtained figures  (4.6) Thus, in contrast to the methods described 

previously, which provide surface chemical information SEM generally gives 

images reflecting surface topography.  

The microstructure image by (SEM) for prepared samples by powder 

metallurgy process has been shown in figure (4.6) . 

The results appeared that reinforcement phase(NiTi) is formed near the pores in 

all specimen microstructures.  
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Figure (4-6): SEM Images for (A,B,C,D,E,F, and G) alloys. 

4.2.4 Energy Dispersive X-Ray Analyzer (EDX) 

The punctual chemical analysis by EDX aimed to determine 

microstructural details, quantitatively, through percentage values in 

weight, based on the choice of the best analysis points that would allow an 

understanding of the results obtained in terms of hardness. EDS technique was 

used to determine the mean value of chemical composition for micrograph of A 

alloy. Figure (4.7) shows the EDS spectrum and chemical composition of the A 

alloy . In the present study, A alloy sample was prepared to have % (45at Ti-

55at Ni) which equates at %( 34.10 Ni and 65.90 Ti) in EDS results as shown in 

figure (4.7). As can be seen, the results of EDS analysis were relatively close 

from the percentage of addition, because the values gained from EDS analysis 

do not cover the total area , only the spot where the electron stroke . Also the 

EDS shows no evidence of elements other than Ni and Ti. 
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Figure (4-7): EDX for (A) alloy 

Table (4-1) illustrated the chemical composition for A alloy. 

Element  Wt.% At.% Wt% 

Ti 65.90 70.32 1.81 

Ni 34.10 29.68 2.34 

 

Furthermore, the EDS results aid in verifying the purity of the initial elemental 

powders as well as the prevention of contamination of the powders during 

mixing and the production of sintering samples. The  EDS Figs(4.8) to 

(4.9),(4.10) show no evidence of elements other  than  Ni , Ti and Zr EDS 

results indicate that there are no element present other than Ni ,Ti and Zr. These 
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results may be attributed to characteristic of EDS analysis which does not cover 

the total area, only the spot where the electron stroke. While Figures EDS (4.11) 

, (4.12)and(4.13). show no evidence of elements other  than  Ni , Ti and Mo 

EDS results indicate that there are no element present other than Ni ,Ti and Mo. 

 

 

Figure (4-8): EDX for (B) alloy 

Table (4-2) illustrated the chemical composition for B alloy. 

 

 

 

 

Element Wt% At% Wt% 

Ti 57.72  63.13  1.75 

Ni 39.59  35.33  2.07 

Zr 2.69  1.54  0.28 
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Figure (4-9): EDX for (C) alloy 

Table (4-3) illustrated the chemical composition for C alloy. 

 

 

Element Wt% At% Wt% 

Ti 49.15  55.17 1.32 

Ni 45.55 41.71  2.19 

Zr 5.30 3.12 0.29 
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Figure (4-10): EDX for (D) alloy 

Table (4-4) illustrated the chemical composition for D alloy. 

 Element Wt% At% Wt% 

Ti 50.98  57.07 1.82 

Ni 43.39 39.62  3.12 

Zr 5.63 3.31 0.44 
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Figure (4-11): EDX for (E) alloy 

 

Table (4-5) illustrated the chemical composition for E alloy. 

 Element Wt% At% Wt% 

Ti 36.14  41.01 1.09 

Ni 63.47 58.76  2.37 

Mo 0.39 0.22 0.10 
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Figure (4-12): EDX for (F) alloy. 

Table (4-6) illustrated the chemical composition for F alloy. 

 Element Wt% At% Wt% 

Ti 30.69  35.27 1.08 

Ni 68.66 64.36  3.35 

Mo 0.65 0.37 0.13 
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Figure (4-13): EDX for (G) alloy 

Table (4-7) illustrated the chemical composition for G alloy. 

 

 

 

 

 

 Such results were conclusive in determining the applicability of the 

(A,B,C,D,E,F and G ) alloy as a biomaterial. 

 

 

 

 

Element Wt% At% Wt% 

Ti 64.08  68.97 2.09 

Ni 34.41 30.21         2.68 

Mo 1.51 0.81 0.21 
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4.3 Results Mechanical Tests 

4.3.1 Hardness Test 

      The microhardness measurements have been made for the samples produced 

by powder metallurgy  by taking the average of 3 readings at each point. The 

results obtained are represented graphically in figure (4-14 ). 

 

Figure (4.14): Hardness test for alloys (A,B,C,D,E,E,F and G). 

hardness test was conducted using Brinell hardness machine. It was observed 

that as the Mo content is increased, the hardness values,  increased.  which 

increased significantly as Mo content was increased to 40at%. The hardness of 

the base alloy (Alloy A) equal to 127.05 increased when Zr was added by (1% 

B alloy, 2% C alloy and 3% D alloy) equal to)177.4,232.005,241.615). While 

when Mo was added by (1% E alloy, 2% F alloy, and 3% G alloy), the hardness 

increased, respectively, to)270.23,368.24,396.35). 

4.3.2 Wear resistance for prepared specimens  

Specimens with (13.24) mm diameter and thickness (6.16)mm subjected to dry 

wear test under  load (15) N and with different times (5,10,15) min at constant 

sliding speeds of 6.5 cm  Figures (4-15),(4-16) show the relationship between 

Volume loss weight  & with (1, 2, and 3wt%  at  Zr and Mo) with time different 

. From these figures, it's clear that weight loss increased with increasing applied 

time. In general, the weight loss increased slightly with load for all alloys 

.These results may be attributed to the presence of carbonaceous layer on the 

surface of all alloys at normal load of 15N which may Aid lubrication and 

reduction of wear.  The alloys Mo added (E,F and G alloys)had a lower weight 

loss than that Zr added alloys (B,C and D alloys), could be attributed to higher 

0
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hardness. The result is shown in the Figure (4.15, 4.16): This is Attributable to 

the hardness of this alloy, so, it is subjected to Archard's law which States 

"weight loss for materials that is inversely proportional to the material hardness 

value", Also, the thickness of the oxide film formed on the surface of the 

specimen due to high hardness which is difficult to remove during the time 

[118].In addition, The wear rate in the base alloy is higher than the wear rate 

when molybdenum and zirconium are added ,The wear rate of the base alloy 

was equal to (0.609mV), it decreased when zirconium was added by (1%,2% 

and 3%) to (0.293mV,0.387mVand0.377mV), While the addition of 

molybdenum in a percentage of (1%, 2%, and 3%) decreased by more 

percentages to (0.546mV, 0.230mV and 0.251mV), respectively . The wear rate 

of NiTi improved when adding zirconium by 1%, 2% and 3% to 51%, 36% and 

38%, respectively, while the wear rate improved when adding molybdenum by 

1%, 2%, 3% to 10%, 62% and 58%, respectively. 

 

Figure (4.15): Wear resistance weight  loss (g) test for alloys (A,B,C and D). 
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Figure (4.16): Wear resistance weight  loss (g) test for alloy (A,E,F and G). 

 

4.4 Electrochemical Tests 

 

4.4.1 Open Circuit Potential (OCP)-Time Measurement. 
 

The OCP-time is measured concerning SCE in Ringer Solution at (37) oC±1 for 

tested alloys. Figures (4.17) display the evolution of the alloys' corrosion 

potential throughout time. The time from (0 up to 240 min) and with an interval 

of 5 min were potentially reported. The values of the OCP were recorded by 

using all specimens for each alloy . The open circuit corrosion potential 

measurements were carried out to examine the variation in time of corrosion 

behavior of the materials in simulated human body conditions. Figure (4.17) 

shows the variations of potential with time of immersion and the tendency to a 

steady-state value. The examples are shown in this figure; the stable behavior in 

simulated body fluid can be attributed to the formation of oxides. From Figure 

(4.17), all starting potentials are in the negative direction.  
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Figures (4-17): The OCP-Time of (A,B,C,D,E,F and G ) alloys in Ringer 

Solution. 
 

4.4.2 polarization 
 

The corrosion behavior of (A,B,C,D,E,F,G  ) alloys in Ringer solutions has been 

studied using Potentiodynamic polarization to give estimation about the 

corrosion behavior of alloys. The corrosion parameters are corrosion current 

(Icorr.) , and corrosion rate (C.R.) resulted from corrosion test for samples in 

Ringer solution at 37±1
o
C were illustrated in table (4- 8) .  

Table (4-8): Corrosion Current (Icorr.), and Corrosion Rate (C.R.) for All 

Alloys in Ringer Solution at 37±1
o
C 

Samples OCP 

mV 

Ecorr. 

Mv 

Icorr. 

μA/cm
2 

Corrosion 

rate 

(C.R.)mpy 

Improvemnt 

Percentage

% 

A -451.1 -242.6 2.51 0.0145 - 

B -111.9 -334.4   0.417 0.0018 87 

C -278.2 -818.6 0.428 0.0015 89 

D -120.1 -486.2 1.70 0.0061 57 

E -273.2 -313.1 1.28 0.0072 50 

F -418.5 -329.8 2.09 0.0121 16 

G -288.1 -247.2 2.46 0.0132 8 
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Table (4-8) shows that there are significant improvements in corrosion 

resistance of the alloys with different additives of Mo and Zr in Ringer  

solution. The Icorr. for specimens with Zr (B ,C  and D)alloys ranges from 

(0.417μA/cm
2
 ) to (1.70μA/cm2 ) which are lower than Icorr. For A alloy, 

which is (2.51 μA/cm2 ). Zr addition, the Ecorr. value for alloys with Zr 

addition is ranged from (-334.4 mV ) to (-486.2mV) which are lower than 

Ecorr. for A alloy which is (-242.6 mV), which means that Zr addition made the 

A alloy nobler. The same behavior can observe in (F,E and G)alloys; the Icorr 

reduce from 2.51μA/cm
2
 for the A alloy to 1.28 μA/cm

2
 when the Mo addition 

reached to 1wt.%, reached to 2.09 μA/cm
2
 When the Mo addition to 2wt.% and 

reached to 2.46 μA/cm
2
 When the Mo addition to 3wt.%,Also the Ecorr. 

increase from -313.1 Mv When the Mo addition to 1wt.%  to -247.2Mv When 

the Mo addition to 3wt.%.in Ringer solution, From Table (4-8), it can be noted 

that the improvement of corrosion resistance for A alloy when increasing the 

addition of Mo and Zr. Icorr for (B,C and D) specimens alloy are graded 

from0.417 to1.70( μA/ m²) which are lower that (E,F and G) alloys that graded 

from1.28 to 2.46 (μA/ m²) , and both of specimens its lower that the base alloy 

(A alloy),which is around 2.51(μA/ m²).However, the Ecorr value for the alloys 

(B,C,D)is lower than the other alloy that content Mo or base alloy, and graded 

from -334.4to -486.2MV ,and Ecorr value for (E,F and G)alloy was range from 

 -313.1to -247.2 MV which is also lower than the base alloy( A) value that was -

242.6 Mv .Figures (4-18),(4-19)and(4-20) show the polarization curve for 

(A,B,C,D,E,F and G ) alloys in Ringer solution . In cathodic polarization, the 

corrosion current density decreases with increasing voltage until it reaches the 

lowest possible value. In anodic polarization, the corrosion current increases 

with increasing voltage indicating active anodic polarization [119]. 
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Figure (4-18): Potentiodynamic Polarization for the alloys(A,B,C)in Ringer 

Solution . 
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Figure (4-19): Potentiodynamic Polarization for the alloy(D,E,F) in Ringer 

Solution . 
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Figure (4-20): Potentiodynamic Polarization for the alloy(G) in Ringer 

Solution. 

In addition, the corrosion resistance increases as the Zr and Mo content increase 

in Ringer Solution, this can be attributed to the collective effect of Zr and Mo, 

such as passivity, oxide film, and noble elements which will lead to protection 

corrosion in the surface layer However, for the specimens to tend to passivation, 

they must undergo 

several active-passive transitions. Therefore, until the low current density is 

obtained, the submerged specimen's protective layer must be sufficiently 

integrated [120]. Accordingly, as alloying elements (Mo &Zr) increase, the 

protective layer increases.  

4.5 Shape Memory Effect 

In the present study the method used to determine the shape 

memory effect properties of the prepared samples is Macro Brinell 

hardness test. Figure(4.21) for all prepared alloy samples. The value obtained 

equal to 8.23% at compacting pressure 800MPa.This value close to the those of 

dense nitinol compacts which reach to (8-10%) [121].  

 



Chapter Four                                             Results and Discussion 
 

 74 

 

Fig. (4.21) Effect of  alloys on SME properties obtained from Brinell 

Hardness test. 
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Chapter Five 

CONCIUSIONS&RECOMMENDATIONS 

5.1 Conclusions 

     

Where the results obtained from the research appeared, where we reached 

the following conclusions:- 

1-It was found that sintering the alloy at a temperature of 950 ° C for a 

period of 6 hours is effective to fully satisfy the sintering and converting Ni 

Ti into alloy structure. 

2-The sample (cooling in furnace) compressed at 800 MPa and sintering at 

950°C for 6 hours caused in a three phase structure (hexagonal Ni3Ti 

phase, NiTi monoclinic phase and NiTi cubic phase) at room temperature . 

 

3-The microstructure was obtained explain accuracy the phases that found 

in X-ray analysis. 

 

4- The corrosion of  NiTi alloy showed significant improvement      

with addition of mo and Zr in ringer solution It was shown that higher 

improvement with the addition of the 1wt%,2wt%and 3wt% Zr was87%, 

89% and57% in ringer solution, respectively. while with addition of 

1wt%,2wt%and 3wt% of  Mo, the improvement percentage in ringer 

solution  was 50% ,16% and 8% respectively . 

 

5- The improvement of wear rate for NiTi alloys under load15N when 

adding Mo than with alloys which zr added Because of the high hardness of 

Mo 

 

 

 

 

 



Chapter Five                               Conclusions& Recommendations 
 

 
76 

5.2 Recommendations 

 

1-Using other ratios of added elements and studying their effect on 

properties. 

2- Transmission electron microscopy is necessary for detailed analysis. 

3-Studying the other properties to alloys that used in this study such as 

creep and fatigue property. 

4-Conducting the casting process for this alloy and comparing the results 

obtained from powder metallurgy. 
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Fig. (1): X-Ray Diffraction of Phase NiTi standard 

 

 
 

Fig (2): X-Ray Diffraction of  Phase NiTi standard. 
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Fig (3):X-Ray Diffraction of Phase Ni3Ti standard. 
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  الخلاصة 
 

( لأٗه ٍشة فٜ أٗائو اىسخْٞٞبث ، حٞث مبُ NiTiسببئل رامشة اىشنو ىيْٞنو حٞخبًّٞ٘ ) ٘اصحٌ امخشبف خ

بشنو ٍخضاٝذ فٜ الأجٖضة اىطبٞت اىحٞ٘ٝت  NiTiسببئل  سخخذاً حٌ ا،ىعذٝذ ٍِ اىخطبٞقبثىسببئل رامشة اىشنو ا

اىخبسجٞت ٗاىذاخيٞت ، عيٚ سبٞو اىَثبه أسلاك دعبٍت اىقيب ، ٗحقٌ٘ٝ الأسْبُ ، ٗمس٘س الأٗعٞت اىذٍ٘ٝت 

 NiTiحٌ ححضٞش سببئل رامشة اىشنو  .ٗاىعظبً ، ٗى٘حبث اىخثبٞج ٗ ٍسبٍٞش اىَسبىل اىب٘ىٞت اىزاحٞت اىخ٘سع

ٍٞجب ببسنبه ،  088، عْذ ضغظ  ٍٞخبى٘سجٞب اىَسبحٞقٗىٞت ب٘اسطت بًّٞ٘ الأٍِ ٍسبحٞق اىْٞنو ٗاىخٞخ

08دسجت ٍئ٘ٝت ٗ 058ٗدسجت حشاسة 
-3

 حٌ اعخَبد عيٚ، داء ٕزٓ اىسبٞنٔ . ٍِ أجو حقٌٞٞ أفشاغ  ج٘ ح٘س فٜ 

( SEMٗاىَسح اىَجٖشٛ الإىنخشّٜٗ ) XRDاىعذٝذ ٍِ اىخ٘طٞفبث ٍثو ححيٞو حٞ٘د الأشعت اىسْٞٞت 

أُ  XRD. مشفج اىْخبئج عْذ ححيٞو سّنش ٗالاخخببس اىنٖشٗمَٞٞبئٜ فٜ ٍحي٘ه ٗاىظلادٓ EDSذاً ببسخخ

Ni-Ti  ٚقذ حٌ حغٞٞشٓ ببىنبٍو إىNiTi ( ٛفٜ اىط٘س اىَنعب ٗالاحبد ٗ ) Ni3Ti   ٗىنِ عْذ إضبفت

 .Ni7Zr2٪ ظٖش ٍشمب ٕٗ٘ 3اىضسمًّ٘ٞ٘ بَعذه 

ٝخٌ طحِ اىعْٞبث فٜ ج٘ جبف ٗٝخٌ طقو اىعْٞبث بعذ حيبٞذٕب. اىفحض اىَجٖشٛ اىبظشٛ ، حقْٞبث حٞ٘د  

،  Zr. ى٘حع أّٔ ٍع صٝبدة ٍحخ٘ٙ بشْٝو دٓببسخخذاً آىت اىظلا دٓاىسْٞٞت. حٌ إجشاء اخخببس اىظلاالأشعت 

ٗاىخٜ  85..00قذسٕب  دٓطلاحٞث مبّج  NiTi٪ ٍِ 38  حسبٗٛ . عيٚ سبٞو اىَثبه ،دٓحضداد قٌٞ اىظلا

حشٞش إىٚ قببيٞت اىخشغٞو. ى٘حع أّٔ  دٓ. صٝبدة اىظلا٪38 عْذ إىٚ Zrصادث بشنو ٍيح٘ظ ٍع صٝبدة ٍحخ٘ٙ 

 85..00قذسٕب  دٓطلا NiTi. عيٚ سبٞو اىَثبه ، مبُ ىذٙ دٓ، حضداد قٌٞ اىظلا Moٍع صٝبدة ٍحخ٘ٙ 

. ٕزا ٝؤمذ SEMحظٖش اىَْبطق اىَضٞئت ٗاىَْبطق اىَظيَت فٜ اىَجٖش اىبظشٛ ٗ . ٪08ٗاىخٜ صادث إىٚ 

بسبب ٗ .NiTi ٗاىَْبطق اىغبٍقٔ Ni3Tiت اىفبحح، ٕٜٗ فٜ اىَْبطق XRDاىَشاحو اىخٜ حظٖش 

َفخ٘حت ٗحذٗد اى ٞٔذًْٝ٘ ، ٝنشف اىفحض اىَجٖشٛ اىبظشٛ عِ خظبئض اىسطح ٍثو اىَسبٍبٞاىَ٘ى

 .NiTi  ٗNi3Ti الاط٘اس، ببلإضبفت إىٚ اىخَٞٞض بِٞ  بٞببثاىح

ش. حٌ إثببث أُ اىخقذً اىنبٞش فٜ ٍحي٘ه سْٝج Mo  ٗZrححسْبً ٍيح٘ظًب بعذ إضبفت  NiTiأظٖش حآمو سببئل 

اىخ٘اىٜ فٜ ٍحي٘ه سْٝجش. ٪ عيٚ .5٪ ٗ 00٪ ٗ .0مبُ  Zr ٗصُ ٍِ ٪3٪  ٗ 0ٗ ٪ 0 عْذ فٜ اىخحسِ

فٜ  ٪ عيٚ اىخ٘اى0ٜ٪ ٗ 01ٗ  ٪50 ، مبّج ّسبت اىخحسِ Mo ٗصُ ٪ 3ٍِ ٪ 0ٗ٪ ٗ 0إضبفت  بَْٞب عْذ

ححسِٞ ٍعذه  الأسبسٞت حعطٜ خظبئض ٍَخبصة. ىيسبٞنٔ Zrّخٞجٔ اضبفٔ ٍٗع رىل ، فئُ  ٍحي٘ه سْٝجش .

، ٝنُ٘ فقذاُ اى٘صُ أقو ٍَب ٕ٘  Mo، عْذ إضبفت N05ححج اىحَو  Mo  ٗZrعْذ إضبفت  NiTiاىبيٚ ىـ 

 اى٘قج. ٍع صٝبدٓٗٝضداد فقذاُ اى٘صُ  Zrعْذ إضبفت 
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