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Abstract

Shape memory alloys (SMA) or intelligent material, which are also called smart material, are a group of metallic alloys that undergo phase transformation from Austenite to Martensite when heated or subjected to appropriate stresses. After cooling or removing the stress, they have the ability to remember their previous structure and return to it.

The concern of this study is on the thermal properties of NiTi thin film and its substrate as an attempt to understand the behavior occurring  in the thin film slide represented by breaking it at certain values of voltage, current and substrate temperature (Ts). We have selected NiTi alloy because of its important medical and industrial applications. 

Thermal conductivity and heat capacity of NiTi thin film have been calculated theoretically and the thermal conductivity and heat capacity of glass substrate are measured experimentally. The cause of breaking in the thin film slide is the result of large difference in the thermal properties represented by thermal conductivity and heat capacity between the NiTi thin film and glass substrate. This is because the glass can not bear the high amount of heating energy resulting during the phase transformation process between Austenite and Martensite which exerts on the thin film slide.  
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	Chapter one                                General principle of shape memory alloy      


1-1    Introduction :
Shape memory alloys are a new material which are able to storage the information which used at a certain time with different ways and represented by (SMA), where the procedure that is affected on the geometrical shape of a certain materials called shape memory effect (SME). 

         The first observation that was recorded on the SMA was done by Change and Read in (1932) [1], since that time many researches have been  worked on this type of alloy, because of the superior memory and the properties of these smart materials that they have the ability to remember their previous shape before deformation and return to principle shape after removing the stress or decreasing the temperature. Alloys exhibited this behavior called two way shape memory alloy that means it has a reversible process, while there  are some alloys transform from Austenite, crystallographically more ordered parent phase to Martensite, crystallographically less ordered product phase and cannot go back to the main phase or in other words it has irreversible process and refered to one way memory effect. NiTi alloys had been consider one of the famous SMA in the present time because it has low transformation temperature in the range of (37- 45)˚C  that  making it applied in a different medical and industrial  technology .  

Really there is a hysteresis during Austenite and Martensite phase transformation yields an acceptable energy loss capacity. Furthermore, lack of residual strains following unloading , that observed in high temperature at the end of conversion of Martensite into Austenite [2], this strain depending upon the material temperature, since it is increasing  and decreasing with temperature.
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         NiTi alloy having non- linear hysterises which is resulted from phase transformation and also the dynamical characteristics of the alloy is 

depend on such parameters as temperature and loading rates. It is well known that shape memory alloys can exhibited shape memory effect and pseudoelastic  behavior,  which is related to  parent  phase  represented by 

solid phase, displacive phase transformation between Austenite  and  Martensite [3].       During a Martensitic transformation, atoms of a highly  ordered  crystal rearrangement in a coordinated manner loading to a new crystalline phase. These transformations which induced by temperature occurs over a wide range of temperatures (37-50) ˚C. In the material science literatures, Martensitic transformations are often further subdivided into those which are reversible or thermoelastic for SMA and those which are irreversible for Martensitic steels. 


         Martensitic transformations are partitioned into two categories called  proper  and reconstructive Martensitic transformations [4]. Proper Martensitic transformations are identified by the Austenite and Martensite crystals having a group- subgroup symmetry relationship . This has been shown to be a necessary feature for a material to exhibit a shape memory effect, since it guarantees that Austenite is a unique configuration to which Martensite can revert [5] . Additionally,  if high  symmetry Austenite and low symmetry Martensite configuration are connected by an infinitesimal deformation,the phase transformation is likely to be reversible upon cooling or heating in some neighborhood of the transformation temperature [6]. In a reconstructive Martensitic transformation by contrast, no group- subgroup relationship exist between the crystal configuration. Reconstructive Martensitic transformations exist in many materials, including steel, CsCl, NaCl and other alkali –halides [7].
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         The transformation SMA can be determined by exothermic and endothermic peaks from differential thermal analysis (DTA) or differential scanning caloremetry (DSC) chart that represent the mechanism of  interaction and phase transformation from one phase to another. The  advancing in the shape memory effect through  many researches done in the world give us more details on the understanding that effect depends on the theories such as Landau theory, since this theory originated as a description of continuous phase transformations and it have a particular importance, because it is a differential form of the Gibbs free energy. The basic ingredients of a Landau model are an order parameter which encodes the atomic configurations through the transformation and the thermodynamic potential energy which is a function of this order parameter [1]. Many alloys that exhibit SMA mentioned in the table (1-1), the most significant of SMA represented by the Nickel and Titanait alloys called Nitinol (nicked titanium naval ordnance laboratory ) [8]. 

         This particular alloy has very good electrical conduction and mechanical properties, long fatigue life and high corrosion resistance as shown in table (1-2) which represented the physical and mechanical properties of NiTi  SMA  [9]. When an electric current is passed directly through NiTi wire, it can generate enough heat to cause the phase transformation due to the influence of electric field applied on electrons, it will move in one direction with components of drift velocity which cause the motion of electrons under the influence of the electric field. The presence of thermal velocity which is the second component of the electrons moving randomly and hence the collision between electrons themselves and the collision with the lattice vibrations that generates 
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 dissipated energy which tends to increase the environment temperature causes the phase transformation. SMA are now practically being used for coupling, actuators, medical guide wires and are hopeful candidate for samrt materials, which are already exist. 

                          Table (1-1): Some early discovered SMA . [1]     
	             Alloy
	         Composition
	      Transformation 

     temperature range    

            deg.CMs            

	           Ag-Cd 
	44 / 49 at % Cd
	-190 to -50

	             Au-Cd
	46.5 / 50 at % Cd
	30  to 100

	           Cu-Al-Ni
	14 / 14 wt% Al 3 / 4.5
	-140 to 100

	 Cu-Zn-X (X= Si, Sn, Al)
	A few wt% of X
	-150 to 200

	            Cu-Zn
	38.5 / 41.5 wt% Zn
	-180 to -10

	            In-Ti
	18 / 23 at % Ti
	60 to 100

	            Ni-Al
	36 / 38 at % Al
	-180 to 100

	            Ni-Ti
	49 / 51 at % Ni
	-50 to 110

	            Fe-Pt
	Approx. 25 at % Pt
	Approx. -130

	            Mn-Cu
	5 / 35 at % Cu
	-250 to 180
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      Table (1-2): Indicates the physical and mechanical properties of NiTi SMA [9].
	                      Property
	                  Values

	Melting point (˚C)
	1250

	Density ( Kg / m
[image: image2.wmf]3

)
	6450

	Electrical resistivity (Ω m 
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-

)
	0.5 – 1.1

	Thermal conductivity, RT                

           (W/ m K) 
	10 – 18

	Thermal expansion coeff.                     

           (10
[image: image5.wmf]6

-

/ K)
	6.6 – 10

	Specific heat (J /Kg K)
	490

	Transformation enthalpy (J /Kg)
	28,000

	Latent heat (J /gm)
	24.2

	Elastic modulus (GPa)
	95

	Ultimate tensile strength (MPa)  
	800 – 1000

	Elongation at fracture (%)
	30 – 50

	Fatigue strength N= 10
[image: image6.wmf]6

 (MPa)
	350

	Grain size (m
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-

)
	20 – 100

	Transformation temp. range (˚C)
	-110  to  +110

	Hysteresis (K)
	30

	Max. one way memory (%)
	7

	Normal two-way memory (%) 
	3.2

	Normal working stress (MPa)
	100 – 130

	Normal number of thermal cycles
	+100 000

	Max. over heating temp. (˚C)
	400

	Damping capacity (SDC%)
	20

	Corrosion resistance 
	Excellent

	Biological compatibility 
	Excelent
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1-2    Shape Memory Alloy
Metal  alloys that can recover apparent permanent strain when they 
are heated to their phase transformation temperature . These materials switch  from  Mrtensite  phase to Austenite  phase upon  heating  and then

back to Martensite upon cooling . When heated the SMA returned to the shape it was formed in , resulting in what is termed the shape memory effect [10]. A two way SMA is one that can alternate repeatedly between two different shapes , whereas one way SMA will change shape once and remained  in  that  form [11]. Shape memory  alloys  have been of interest

since their discovery in the 1930′s by Olander. Shape memory alloys have desirable properties like high work output per unit volume, superelasticity , and high damping capacity that make them suitable for use in actuators . 
The fact that they can be actuated by joule heating with an electric current or with heat transfer is also a plus, however their shape memory effect that makes them unique compared to other actuator materials . The shape memory effect is the thermally induced transformation between a Martensite phase at low temperature and an Austenite phase at high temperature [12], where as in the Martensite phase the material can be easily deformed in to other shapes with relatively little force. Applying the stress to the SMA reorganizes the twin orientations along the direction of the stress. Upon heating above the austenite temperature, the crystal structure converts back to its highly ordered parent phase and the original SMA structure is recovered. The using of shape memory alloys for specific applications, the materials have to be set or trained to a specific shape. The SMAs are constrained to mandrels or fixtures with the desired shape and are then heat treated for specific period of time. The time and temperature needed to train the SMA depends on the type of SMA that used. The heat treatment is applied, since at that temperature 
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the material remembers to go to that  particular  shape. When heat treating care  must  be  taken to make  sure  the  SMA  reaches  the  required temperature and is held at that temperature for enough time. If heat treatment is too high then there can be an increase in the actuation temperature and the material can have a sharper thermal response. When comparing bulk SMA with SMA thin films, it is clear that SMA thin films are preferred because of their large energy density, high frequency response and long life time at smaller dimensions. SMA thin films can be fabricated in batch, patterned with standard lithographic technique and engineered into micron- size structure .The properties of SMA thin films strongly depend on the metallurgical factors as well as deposition conditions used to fabricate them and their properties have been assumed to be the same as bulk NiTi [13].        

1-3 Mechanism of Shape Memory Effect      
         The shape memory effect is phenomenon that evens though a  specimen is deformed below As (start Austenite temperature). It regains its original shape by virtue of the reverse transformation upon heating to a temperature above Af (finish Austenite temperature). The origin is of course the presence of the reverse transformation upon heating. Shape memory effect occurs when specimens are deformed below Mf (finish Martensite temperature) or at temperature between Mf and Ms (start Martensite temperature) above which the Martensite becomes unstable. Depending upon the temperature regimes, the mechanisms are slightly different. While superelasticity (SE) occurs above Af, where Martensite are completely unstable in the absence of stress.

          It is now clear from the above that the essential conditions for the realization of SMA and SE are the crystallographic reversibility of Martensite transformation and avoidance of slip during deformation.
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        The reason why thermoelastic alloys are favored for SME and SE is due partly to the small driving force for the transformation (which is evidence by a small temperature hysteresis), which avoids the introduction of dislocations and partly to the presence of many mobile twins, thus lead to crystallographic reversibility [14] .    
1-4 Types of Shape Memory
Shape memory effect is broadly categorized into one-way shape memory, superelasticity, and two-way effect. In addition to these properties there are exist of rhombohedral phase transition. All of the above are primarily due to the Martensitic phase transformation.
1-4-1  One-Way Effect

In one-way shape memory effect, also known as pseudoplasticity (PP), the material undergoes permanent deformation and then regains its undeformed shape when the SMA specimen is heated above the transition temperature (TT). The  transformation temperature  depends on the stress 
level of the Martensite phase and hence increases in almost all SMA with corresponding increases in stress. Typically plastic strains up to 8%, or even 11%, can be recovered in one-way SME, there is however a critical stress, above which permanent damage is caused to the SME. This critical  

stress is lower than the true yield stress of the SMA and defines the upper limit to which the SMA can be safely loaded without causing damage to the SME [15]. One-way SME is a one-time phenomenon and hence proper thermomechanical treatment is needed in order to obtain a  complete cycle. Care however has to be taken neither to overload nor overheat  the SMA  specimen, which will lead to degradation in the shape 

memory effect.
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1-4-2   Two-Way Effect
Two-way shape memory (TWSM) can be trained into a SMA by thermomechanical cycling. The process of training will generally result in 

the alloy remembering its low and high temperature shapes. TWSME depends solely on temperature, which means that the change in temperature will cause changes in shape. The SMA will also remember it has intermediate shape in addition to the shapes it assumes at the high and 

low temperatures. In one-way shape memory effect after the completion of individual cycles of deformation and heating, the alloy must be re-  deformed to repeat the SME. In TWSM only temperature must be varied to affect the change in shape. The amount of strain recovery is however lower in TWSM than in one-way SME. Thermomechanical fatigue is quite  necessary for the  completion of the  education of the SMA.  It can, however, have undesirable effects like elevation of the transformation temperatures, widening of the hysteresis loop, and an increase in the levels of residual strains [15].

1-5 Properties of Martensitic Transformation
         Steel in a high temperature Austenite phase when quenched it will generally harden and after polishing and etching the observation with a microscope will show an extremely fine structure, which was first named (Martensite) [14,16]. Martensite is a term used in physical metallurgy to describe any diffusionless transformation product, i.e. any transformation in which form start to completion of the transformation individual  atomic 

movement are less than one inter atomic spacing. Martensite transformation can thus occur in many types of metallic and nonmetallic 
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crystals, minerals and compound [17]. Therefore, the crystals created by such transformation called (Martensitic transformation). Diffusionless Martensitic transformation have been observed in many metals, alloys and compounds other than steel. Martensitic transformation can be defined simply a lattice transformation involving shearing deformation and resulting from cooparative atomic movement.

         The properties listed below follow from the definition of Martensitic transformation [14,17,18,19].

1- The Martensitic phase is a substitutional or interstitial solid solution.

2- The transformation is diffusionless. The concentration of solute atoms dissolved in the Martensite phase is equal to that in the parent phase. 

3- Reversibility of the transformation. Martensitic reactions are very reversible in the sense that an initial atomic configuration can be repeatedly obtained. The reversibility is associated with a temperature hysteresis and the reverse reaction begins at a temperature above Ms. 

4- Effect of applied stress. Plastic deformation is much more important in Martensitic reaction than in nucleation and growth changes. Application of plastic stresses at any temperature in the transformation range usually increase the amount of transformation and the reaction can be completed by this means.

5- Orientation relation. In Martensitic changes, there is always a definite relation between the orientation of the original structure and that of the new phase. As with habit planes it is usual possible to find all crystallographically equivalent of the relation under suitable conditions.
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1-6   Nickel- Titanium

Nickel- Titanium is considered to be the best type of shape memory alloys compared to other popular polycrystalline SMA like  CuZnAl and CuAlNi [11]. The basis of the NiTi system of alloy is the binary equiatomic compound of NiTi, the intermetalic compound is extraordinary because  it has a moderate solubility range for excess nickel 

or titanium, as well as other metallic elements. This solubility allows alloying with many of the elements to modify both the mechanical properties and the transformation properties of the system. Excess nickel in amounts up to about 1% is the most common alloying addition, excess nickel strongly depresses the transformation temperature and increase the yield strength of the Austenite. 

Another element which frequently used are iron and chromium to lower the transformation temperature and copper to decrease the hysteresis and lower the deformation stress of the Martensite. The common contaminants such as oxygen and carbon play an important role in the  shifting the transformation temperature and degrade the mechanical properties, it is also desirable to minimize the amount of these elements [20]. NiTi thin films have small thermal masses and large surface to volume ratio that enable them to reduce the time needed for the SMA thin films to cool down, leading to faster heat transfer .NiTi thin films are known to have superior fatigue, corrosion  resistance, work / weight ratio, 
biocompatibility and ductility. Avery important quality of the thin films  is their large recoverable stress that approach to 500MPa with out permanent deformation [21]. Microactuaters containing the NiTi SMA thin films have large force and actuation , but have slow response times when  the temperature hysteresis is large . A way to increase the response 
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time is by decreasing the thickness of the film. Another advantage of NiTi thin films is that they require low voltage since their resistivity is high . Due to the martensite and austenite phase transformation , NiTi shape memory alloys have more than one value for some of their thermal and mechanical properties appeared in the following table (1-3) [22,23]. 

         Table (1-3). Showed the properties of equiatomic NiTi SMA for different           

                             substrates  [22,23].
	    Substrate material
	     Young׳ s modulus
	Coefficient of thermal linearexpansion
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K
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	Silicon (single crystal)          
	           190.8
	                2.33

	Gallium Arsenide (bulk)
	            85.5
	               5.73

	Copper (thin film)
	        50 – 130
	              4 – 16

	Glass
	           127.4
	              16.12


Then Austenite phase typically has higher values than  Martensite  phase. 

1-7  Crystal structure  

         In mineralogy and crystallography, a crystal structure is a unique arrangement of atoms in a crystal. A crystal structure is composed of a unit cell, a set of atoms arranged in a particular way; which is periodically repeated in three dimensions on a lattice. The spacing between unit cells in various directions is called its lattice parameters. The symmetry properties of the crystal are embodied in its space group. A crystal's structure and symmetry play a role in determining many of its properties, such as electronic band structure, and optical properties [24].
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         The crystal structure of a material is often discussed in terms of its unit cell. The unit cell is a spatial arrangement of atoms which is tiled in three dimensional space to describe the crystal. The unit cell is given by its lattice parameters, the length of the cell edges and the angles between them, while the positions of the atoms inside the unit cell are described by the set of atomic positions (xi, yi, zi ) measured from a lattice point.

For each crystal structure there is a conventional unit cell, which is the smallest unit that has the full symmetry of the crystal. However, the conventional unit cell is not always the smallest possible choice. A primitive unit cell of a particular crystal structure is the smallest possible unit cell one can construct such that, when tiled, it completely fills space. This primitive unit cell does not, however, display all the symmetries inherent in the crystal [25].
1-8  Cryastal Structure of Solid Material
         The spatial arrangement of atoms in the material plays an important role in determining the properties of material. Materials can be divided into two categories by the way atoms are arranged within a material. An amorphous solid is a material in which there is no order of positioning of atoms within the material. The atomic arrangement in any given section of an amorphous material will look different from the atomic arrangement in any other section of the material. Materials in which atoms are oriented in a high ordered structure are called crystalline. There is also a group called polycrystalline materials, in which there are crystalline subsections that are disoriented to each other.
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         Crystals are categorized by their crystal structure and underlying

lattice. Each lattice point may consist one single atom however with most material,one single atom however with most material, it consists a combination of atoms or molecules. The structure of all crystals can be described in terms of a lattice, with a group of atoms attached to every lattice point [26]. 

1-9    Transformation Thermodynamic 
In order to produce a driving force for any kind of phase transition, 
the chemical  free energy of the  parent phase (G
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)  must be higher than that of the emberio phase (G
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). The transformation  from the Austenite to Martensite phase requires an excess in the strain energy [27]. According to the previous words if the difference between the chemical free energy of both the Austenite and Martensite  phases (
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G) is not  greater than the non- chemical    free energy, then the transformation will not begin as shown in fig. (1-1). The condition of the transformation progress is the specimen must be supercooled  to the  suitable  low  temperature   (
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T
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Martensite starte (M
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) below the equilibrium temperature (T
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), where  the chemical free energy of both phases  are equal. In the reverse  transformation, the  specimen must  be heated to a high temperature above (T
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) (Austenite start temperature A
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). This means that the forward and reveres transformation needs a driving force. 
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     Figure (1-1).Temperature dependence of chemical free energy of the parent and 

                             Martensite phases [1].

1-10    Transformation Temperature 

One of the most important parameters to be considered when designing devices with SMA is the transformation temperature of the SMA. The  transformation  temperature or θ0 is the temperature where the 

chemical free energy of parent phase (Austenite) and Martensite phase are  equal [28]. The Austenite  phase  is  usually above the transformation 

 temperature, and the martensite phase is usually below it, but these observations does not imply that these phases exist stable with each other in both  cases below and above the  transformation  temperature. In  other 
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words the Austenite is stable for θ > θ0 , while the Martensite phase is stable   for  θ <θ0. However   one  often  observed a metastable   Austenite 

 below θ0 and a metastable Martensite above θ0, but the stable phases require energy minimization . Mckelvey and Ritchie [29] estimated that the value of θ0, by suggestion formula :

θ01 = (Ms + As) / 2  ,  θ02 = ( Ms +A
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 ) /2                                      ……(1-1)

where θ01 and θ02 represent two possible values for θ0, Ms,  As and A
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 refers to start Martensite, start Austenite and finish Austenite temperatures respectively .  Seelecke [30] suggested that the temperature θ0 follows from the balance of internal energy of SMA specimen. 

Cp θ˚ = y ( θ- θ0 ) – ( HM
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Relating to the rate of temperature change (θ0) to the heat exchange with the environment of temperature θ0 . Where  X˚ 
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, X˚ M
[image: image32.wmf]+

 are the rates of change of phase fractions, (H
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) is the difference in enthalpies of the M- phase and A- phase. CP and y are specific heat and heat exchange coefficients respectively. 
1-11 Theory of Thermal Properties
         In general the basic thermal properties of all matter are specific heat and thermal conductivity. The following discussion focuses on only these three basic properties:
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1-11-1    Specific Heat

         When the specific heat of a solid is measured, the measurements are usually carried  out  at a certain  pressure;  thus the measured  value is the 

constant pressure specific heat Cp. The specific heat calculated theoretically is, however, the constant volume specific heat Cv. The difference between these two specific heats is given by equation (1-3):

Cp – Cv = (
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 EMBED Equation.3  [image: image36.wmf]2

V
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                                            ………………….(1-3)

Where (
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) is the volume thermal expansion coefficient, (V
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) is the molar volume, (T) the absolute temperature and (
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) is the compressibility, where [(
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 = -dV / V) dP]. According to the first law of thermodynamics, if the heat energy supplied externally is (dQ), the increase in internal energy in the matter due to it is (dU), the thermal expansion is (dV), and the external pressure is P, then :

dQ = dU + PdV                                                               …………(1-4)


The constant volume specific heat is given by the changes in the internal energy due to temperature, as in equation (1-5):

CV = (
[image: image43.wmf]¶

U / 
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T )                                                             ……………(1-5)  

In contrast, for the constant pressure specific heat, the amount of increase in the internal energy through work carried out outside and through thermally expansion must be added to the value calculated with equation (1-5). Thus, as is shown in equation (1-3), there is a difference between constant pressure specific heat and constant volume specific heat.
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Each atom in a solid thermally oscillates around its equilibrium point. These oscillations are called lattice vibrations. Lattice vibrations are the major part of the solid's internal energy that changes according to temperature. In solids particularly in metals, there free electrons matching 

the atoms in number. Their kinetic energy makes a great contribution to the solid's internal energy, but since the electrons follow the Fermi-Dirac statistics, the internal energy changes very little in response to changes in temperature. Thus the specific heat of ordinary solids can be regarded as being due to the lattice vibration alone. 


When the atoms are in harmonic oscillation around their equilibrium points, according to the law of equipartition of energy, for one degree of freedom the average kinetic energy and the average potential energy will both be (1/2 KB T). Thus if the number of atoms is (N) and the oscillation is three dimensional, the energy of the whole body will be given by equation (1-6):

U = 3 N
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 KB T                                                               …………..(1-6)                          

Therefore if Avogadro's number is denoted by NA, the constant volume specific heat is found with equation (1-7):

Cv = (
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U / 
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T ) = 3 N
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 24.9 ( J / deg . mol)           …………(1-7)  
That is called Dulong – Petit's law. In the region of room temperature, the specific heat of monatomic solids does indeed have this value. When the temperature drops, however, the specific heat declines; near absolute zero the specific heats of all solids are known to vary as the cube of the absolute temperature [31].     
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1-11-2   Thermal Conductivity
         The amount of thermal conduction within a solid depends on the number of carriers which carry the heat energy and the degree of resistance to their movement within the solid. In solids the most important carriers are lattice vibrations (phonons) and the motion of electrons. Excluding metals and metallic alloys, however, in electrical insulators  and  most  semiconductors, the  contribution of electrons to the 

conduction of heat is small. Lattice vibrations become waves and transmit the heat. The energy of lattice vibrations can take on only discrete values. Thus, when those become waves and are transmitted, the wave with wave number vector (q) is excited and quieted in energy quantum units [hw(q)]. That is when the lattice vibration waves collide with each other and when lattice vibrations and electrons reciprocally exchange energy, the energy is in [hw(q)] quantum units. The quanta of lattice vibration waves are called phonons. These are quite similar to photons, which are quantized electromagnetic waves.

Thus the carriers of thermal conduction in insulators and semiconductors are phonons. Consider the behavior of phonons in a solid at a certain temperature. Phonons are constantly being born and disappearing, but their average number is fixed. The wave number (q) are given by:

n
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 = 1 / exp [( hw(q) / K
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T) – 1]                                       …………(1-8)              

If no temperature gradient exist in the test material, this amount will be the same throughout the crystal, and no flow of heat will occur. If, however,  there is a temperature gradient in the test material, there will be  
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a difference in the energy distribution in the phonons according to their location  within  the  crystal. To equalize this difference, the phonons will 

spread from a location of high density to one of low density. This phenomenon is the mechanism of thermal conductivity. While spreading, phonons will collide with other phonons, be scattered by impurities and lattice defects and will move with a repeated zigzag motion. The average distance from one collision to the next is the mean free path, (
[image: image53.wmf]l

). Using that variable, the average velocity of the phonons, ν, and the specific heat (C) for a unit volume yields the thermal conductivity given by equation  

(1-9):
K = (1/3) Cv 
[image: image54.wmf]l

                                                             ……………..(1-9)
This equation is derived for the thermal conductivity of a gaseous molecule, but phonons can be regarded as collections of particles, just as collections of molecules, so that equation (1-9) can be applied as is [31].  
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1-12  Thermal Phenomena in SMA Behavior         
The first principle of thermodynamics written in a variation form is 
adopted as a starting point, conservation of the internal energy in an elementary reference volume:
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∫ ρ de dΩ = 
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∫ (σ : d
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) dΩ + Q                                      .......……(1-10)
where  (ρ) is the  material density, (de)  is the  elementary variation of the 

specific internal energy, (
[image: image58.wmf]Î

) and (σ) are respectively strain and stress tensors. In case of SMA, the characteristic size of a representative microscopic volume (Ω ) corresponds to the average size of the Martensite plates (~6
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-

). It is supposed  that within this representative volume, all internal parameters  can be homogenized. The first term in the right hand of last equation describes the mechanical energy corresponding to the internal stress state,while the second term represents 

a heat  received or evolved  by the  material  because of  internal (r)    and  external (q) thermal sources.

Q = 
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∫ r dΩ + 
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¶

∫ (q. n) dΓ                                                  …….… (1-11)
      According to the second principle of thermodynamics, the energy            relative to entropy variations  within  any characteristic volume is always 
superior or  equal  to  the  amount of   heat   received  by  this  volume :
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∫ ρ ds dΩ ≥ 
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∫ (r ∕ T) dΩ + 
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¶

∫ (q . n) ∕ dΓ                         ………(1-12)

where (ds) is the  specific entropy  variation. By using  the  divergence 

theorem  to the  second  term in  the right  hand of  the equation (1-12) we 

obtain the following inequality : 
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∫ [ ρ ds – r ∕  T + 
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q  ∕  T ] dΩ  ≥ 0                                   ……..…(1-13)

where T, r, q and s denotes respectively temperature , intensity of the internal heat sources , external heat flow and specific entropy. Then we introduce the specific free energy Ψ=e-ST, since (e) is the specific internal energy, (S) is the specific entropy, (T) temperature. Using equation  (1-10)  and  (1-11),  the  inequality (1-13) takes the final form ,      
named inequality of Clausius –Duhem :
 ε2
    ∫ σ ∕ dε – ρ [dΨ + s dT ]- [q. 
[image: image68.wmf]Ñ

T ] ∕ T  ≥ 0                          ….(1-14)

   ε1                                                                         
This inequality means that the total dissipated energy within an elementary  volume  should  always  be non –negative at each moment  of 

time and everywhere in the material .The first term in equation (1-14) denotes to the internal mechanical energy accumulated during transition from the state (
[image: image69.wmf]Î

1) to the state (
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2) as in fig. (1-2) [32]. 
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            Fig.(1-2): The internal mechanical energy between states [image: image72.wmf]Î

1 and 
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1-13   Energy Dissipation Generated by Phase Transformation
When only energy generated by phase transformation is taken into 

         account, the following phenomena can be neglected:

·  Inelastic strain contribution.

· Thermomechanical coupling.

· Thermal conductivity variations.

Then the heat transfer equation can be represented as follows:
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 T ] = ρ С dT + ρ Π
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 df - T [ρ C(T) (∂Π
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 ∕ ∂t) df]     …..…(1-15)                
In this case Clausius –Duhem inequality takes a simplified form, i.e, it contains only a term corresponding to the dissipated energy generated by phase transformation.

Π
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( f , T ). df  ≥  0                                                                      …………………..(1-16)

This inequality should be verified for all df, which means that       Π
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(f,T) = 0 . Consequently by assuming that the specific heat is constant

 C = C
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 = T  [ ∂s  ∕  ∂T ] 
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                                           ……………..(1-17) 

The  second term in Clausius – Duhem inequality containing df  vanishes, then the equation of heat transfer as follows:
K ∆T = ρ C
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 dT - T ( ∂Π
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 ∕ ∂ t ) df  – r                        …..……..…..(1-18)

The  second term in the right part of this equation represents the latent 

heat of phase transformation. It can be also written in terms of specific 

heat variations: 

 T ( ∂Π
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∕  ∂T )  df  =  ρ C(T)  dT                                  ………………(1-19)
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The  last expression seems to be advantageous because it allows to replace the use of the Martensite content an internal variable by experimental results obtained from differential scanning  calorimetry testing (DSC). Finally, equation (1-18) may be rewritten  in the  following simplified way [32]:

K ∆T =  ρ [ C
[image: image85.wmf]Î

 -  C(T) ]                                               …..…..…….(1-20)
 1-14   Literature Survey of NiTi Shape   Memory Alloys 
Depending on the importance of this subject in the practical field especially in  the medical and industrial applications it becomes necessary 

to cover the developments on the NiTi SMA and Martensitic transformation, on which SME is based, is concisely revewed :

Hashemi and Khadem [2] studlied the behavior of   NiTi  suporelastic alloy and analyzed  the dynamical behavior of simply supported and clamped– free beams. The observation of the system response or different conditions showed the following results: 

  1) Temperature  increase  cause an increment  in  stresses of  start and                                          

      finish of  transformation  as well as a decrease  in  hysteresis level .

  2) The  superelastic  leads to  diminished  response  amplitude  up  to                                                                                                                                                     

       approaching the elastic limit.

   3) Increasing of  stress plateaus  presents a higher rate of  decreasing  in             

       response amplitude.

  4) The  decreasing  the  response  of  the  system tends to increasing of       

       loading amplitude of that system.                                                                    

  5) The presence of different elastic modules at Austenite and Martensite 

       phases  causes a  change  in  system   stiffness    and  consequently                        

      variation in  natural  frequencies, which  leads to  an  escape   from 
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     resonance condition.

6) Under  superelastic  conditions,  no  residual  stresses  at  the  end of 

     loading are observed.  

Landau [33] developed a phenomenological theory of phase  transitions  including  Martensitic transformation . This  theory  had  been 

successfully  modeled  the  properties of known  phase transitions through 

the concept of free energy of the crystal is expanded as a polynomial function with  temperature  dependent  coefficient  of  an  order parameter 

that measures the extent of transformation . The form of free  energy is constrained to satisfy a certain symmetry relations for the crystal of interest .Phase transformation is assumed to occur at the  temperature  where the free energy of Austenitie phase becomes equal to the free energy of the Martensite phase .

Shao et all [34] presented study at the molecular scale.   They have applied molecular dynamics (MD) methods to the atomistic study of SMA    providing valuable insight into the elastic properties of SMA, the dynamic behavior of atoms in the crystal and the mechanisms leading to initiate and a propagate of phase transformation.        

Kaack et al [35] showed that the dislocation are induced in polycrystalline NiTi SMA by thermal and mechanical cycling and measured the variation of the ultrasonic velocity and the attenuation with frequency in the range of (2-60) MHz at room temperature, the frequency dependent experimental data are well described in the frame of a vibrating string model. The fits yield length and density of the dislocation    
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in cycled and non-cycled samples. Depositing the sample at (300)K  for  a   

couple of days leads to reduction the dislocation density a compained with an increase of the transition temperature. 

Nasser and Guo [36] performed a series of both quasi- static and dynamic uniaxial compression tests on cylindrical samples to characterize the  thermomechanical response,  especially the superelastic behavior  of NiTi -SMA at  various temperature and  strain rates. They  examined  that the  influence of  the  annealing  temperature on the fatigue response, they concluded that:  
   1)  The transformation  stress and the dissipated energy of NiTi - SMA 

   depend on the annealing temperature.  

   2) The dissipated  energy over cycle  loading tends to a minimum stable 

    value of about (7.8 J ⁄ m
[image: image86.wmf]3

-

 ) as appeared in fig.(1-3) and cyclic   loading   

    leads to a stable superelastic behavior of the alloy. 

   3) Repeated dynamic  tests of the alloy produce smaller changes in the 

   shape of superelastic loop and in the dissipated enerqy than the quasi –   

     static cyclic tests.

   4) The superelastic behavior of this material has stronger sensitivity to 

   temperature than the strain rate, at very high loading rates, NiTi SMA 

   shows properties similar to ordinary steel. 

	Chapter one                                General principle of shape memory alloy      


[image: image87.jpg]Dissipated Energy Ed (J/m)

20

(R.8) R.8)
15 .
10
5
0
0300 400 500 600 700 s00  s00

Annealing Temperature (K)

1000



            

         Fig.(1-3): Dissipated energy as a function of annealing temperature [38].  
Huang [37] investigated the angle between the transformation front and  the applied stress of some typical SMA analytically and numerically. He found that the angle (θ) against the applied stress varies from material to material  depends on  the transformation strain of a particular SMA, by suggesting  that  (θ =45˚)  may be  used  as a parameter   to classify  plane stress  problem, if  (θ > 45˚)  there is no slip line, if  (θ =45˚) there  is  one  slip line, if (θ < 45˚) there are two slip lines. 

Wan et al [38] they calculated the driving force of premartensitic transformation (PT) based on the electron transverse acoustic (TA) phonon interaction Hamiltonian. The driving force of  Ni2MnGa alloy is about 172.2Mev, larger than that of NiTi-Fe (52.2Mev) or Ni-Al alloy (17Mev). They investigated that the nucleation rate of premartensitic transformation  in  the  interaction  system  by  considering   the   electron 
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 phonon interaction and the condensation of transverse acoustic phonon. The following double sine- Gordon equation of atomic phase angle proposed to study the nonlinear characteristics of premartensitic transformation as :    

θι = 4 arctan [λ . exp(ι-γ)] + 4 arctan [λ . exp(ι+γ) ]            ………..(1-21) 

Where λ  and  γ  are parameters, θι  atomic phase angle, ι  denotes of   the 

number of atoms.   

Allafi et al [39] they showed that the stress free ageing of Ni- rich NiTi  alloy   between   ( 400  and  500 )  ˚C   resulting   in   heterogeneous 

precipitation of Ni- rich particles near grain boundaries. There are an evolution of DSC chart features with ageing time, they exhibited that the behavior is even more complex than previously assumed and may well have a 1-2-3-2-1 (i.e 1,2,3,2,1 indicates to the number of transformation steps one- step ,two- step ,…etc) characteristic and not just a 2-3-2 evolution as previously suggested . Several ageing treatments were characterized by larger and widely spaced precipitates. These particles no longer directly interact with the Martensitic transformation and affected on the transformation behavior through the decrease in Ni- concentration which they cause in the matrix. Therefore one step transformations are observed after very long ageing treatments.     

Schüller et al [40] they determined the phase transformation temperature  (PTT) of  NiTi  samples  prepared by  hot  isostatic  pressing 
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 (HIP) and metal injection molding (MIM) from two prealloyed  powders with a different Ni content and compared to the phase transformation temperature of the starting powders and samples sintered from loose powders. The impurity content in the samples is influence by the processing. Deviation of up to (50) K were found between the measured phase transformation temperature and values given for samples with the same nominal Ni -content. These differences was explained preferentially the formation of  Ti- consuming oxides was assumed to change the Ni-content of the transformation matrix based on the oxygen content of the samples determined by chemical analysis . The Ni -content was recalculated and the measured PTT where correlated to the nominal and the calculated Ni -content. It has been shown that the oxygen content itself is not sufficient to explain the influence of the manufacturing rout on the PTT of powder metallurgical (PM) NiTi samples .

Gibkes et al [41] investigated the local changes of the phase transformation  by  time  dependent  IR  thermography . The   quantitative 

interpretation of the thermographical measurements information about the 

IR emissivity is important because the modulated IR amplitude essentially  depends on  this  quality. They  showed  a new  thermal  wave 

method  based  on  two detection technique which can be used to measure 

both the IR emissivity and the thermal transport properties , since this method  based on the  concept of thermal  waves . The sample  is    heated 

periodically  by  a modulated  laser  beam, the heat diffuses to the  sample 

and leads to a time  and space dependent temperature distribution and can 

be considered as a thermal wave. The new method to determine the emissivity  relies on  the  measurement of  this temperature oscillation  by 

combining two different detection techniques for thermal waves, namely 

IR detection and photoacoustic detection of thermal waves.     

	Chapter one                                General principle of shape memory alloy      


Weinert and Petzoldt [42] they examined that the machinability of NiTi based SMA, starting with turning experiments, cutting parameters represented by cutting speed and feed rate or cooling lubricant were varied within a wide range . They investigated the influence of the cooling lubricant concept and found that the machinability distinctly depends on the cooling lubricant which should be chosen emulsion consisting of more than 5% coolant and 95% water. Furtheremore, first examination regarding deep hole drilling of tubes from NiTi SMA were carried out. The  machining process was optimized with respect to environmental and commercial aspects with minimal influence on the characteristics of the SMA. The machining process was evaluated in terms of the tool wear, cutting forces and machining quality and also analyzed  the  tool  wear with  a scanning  electron  microscope  and  they 

were investigated that the influence of the machining on the subsurface zone by micro hardness measurements .    

KuiLai and Kahn [43] studied the transformation in near equiatomic NiTi SMA thin films and the phase fraction evolutions were quantitatively correlated to the stress and resistivity of the films. TiNi  thin films with composition of 50.1, 51.1 and 51.7 at % Ti all exhibited transformation temperature  between (65-100)˚C, low residual stresses  at 

room temperature, and high recoverable stresses, thus making them suitable for microactuators in microelectromechanical systems. Low residual stresses at room temperature less than 50MPa, can be obtained even when only a small quantity of Martensite, less than 30% is present. Phase fraction evolution during complete thermal cycles, heating and cooling was studied using elevated temperature x- ray diffraction, combined with quantitative Rietveld analysis, which is a refinement method for crystal determination of samples under study. 
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 It was clear that the rhombohedral phase always appeared in these equiatomic NiTi thin films during cooling but did not have a noticeable effect on the stress- temperature hysteresis curves, which mainly depend on the phase fraction evolution of Martensite. On the other hand, the occurrence of rhombohedral phase determined the variation of the film resistivity of Martensite, Austenite and rhombohedral phase coexisting within a single grain were observed using transmission electron microscopy.
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The aim of the work:

We have problem in the thin film shape memory alloy like NiTi represented by the breaking of the thin film slide under a certain voltage applied. The focusing on this behavior takes our interest, that imply a thermal study for thin film shape memory alloy like NiTi  compounds was done theoretically to give in details the thermal properties of these compounds and their effect on the phase transformation from Austenite to Martensite and vice versa in order to overcome on this problem.  

Chapter
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Chapter two
Experimental and theoretical details

2-1: Introduction :-
In this chapter the experimental and theoretical methods that were used in our measurements will be described. The Lees disc experiment  consider a best method for the thermal conductivity measurements for insulator and using another experiment to measure the specific heat capacity by the method of cooling  in addition to the theoretical methods that will be explained .
2-2: Experimental part.

2-2-1: Lees disc experiments :

The simple set up of Lees disc apparatus is shown in figure (2-1), this experiment include a measuring of the thermal conductivity of  glass that was used as a substrate in the NiTi thin film design . The upper half of the apparatus is cylindrical metal steam chest A and the lower half is a cylindrical disc of metal (steel) C of known specific heat capacity, with the same diameter. A circular slab of glass B with the same diameter of the cylindrical disc is placed between the two halves of the main apparatus. The whole is suspended from a heavy stand and clamps   by non- conducting strings attached to the lower metal slab. Also required a steam heater, rubber tubing, two thermometers (0-100) ˚C T1 and T2. Weight the lower metal disc. The experiment consist of two separate parts: 
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             [image: image88.jpg]



                         Fig.(2-1): simple form of Lees disc experiments.
a) The statical experiments : 

Smear a little glycerine evenly on the two surfaces of the insulator to ensure a good thermal contact with the two metal faces with which they are to be in contact. Similarly dip the bulbs of the two thermometers T1 and T2 in glycerine to ensure good thermal contact. Assemble the apparatus and suspend it from the heavy stand and clamps. Pass steam in through the inlet tube and condense the steam issuing from the outlet by leading it beneath the surface of some cold water in a beaker . Protect the apparatus from receiving heat direct from the bunsen under the steam heater by using asbestos screens. Continue to pass steam until the lower thermometer T2 records a steady temperature θ2. Record also the temperature θ1  of the upper thermometer T1. The following parameters
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are determined in this part:

diameter of lees disc = D.

mass of lower metal disc = m.

specific heat capacity of steel =C.

thickness of glass disc = d.

steady state temperature for the upper disc = θ1.

steady state temperature for the lower disc = θ2.

b) The dynamical experiment : remove the upper half A of the apparatus but leave the insulator (glass) resting on the lower steel disc. Using a low bunsen flame raise the temperature of the lower disc to about 10˚C above the steady temperature θ2  recorded in part(a). Allow it to cool to about 10˚C below θ2, record the temperature at minute intervals. Plot a cooling curve with values of temperature /K as coordinates against corresponding values of time /min. and take the slope from graph (dθ2 /dt) the relation used to calculate the thermal conductivity in this part of experiment is given as follows:

 m C (dθ2 /dt ) = (1/4)  π  D
[image: image89.wmf]2

( (θ1 – θ2) / d)  K
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                   …………..(2-1)

  2-2-3: The specific heat capacity measurement :- 

In this experiment we used a blackened copper calorimeter with copper lid to fit, bored with two holes to take a thermometer (0-100)˚C. The calorimeter should stand on insulating supports inside an outer jacket 

which should be sufficiently large to ensure that the calorimeter is surrounded  by  air at a reasonably constant  temperature. If  possible   the 

outer  jacket  should  be double - walled and  should  contain a mixture of 

water and ice. 
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The  procedure  that  was used in the determination of specific heat  
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capacity represented by taken into account the weigh of  the calorimeter with the lid, heating up the bad insulator (glass) to above 90˚C and remove the calorimeter from the apparatus and put the heated glass, then replace the thermometer and lid and put the whole back into the cooling chamber. Record the temperature within the minute intervals down to 30˚C, re-weigh the calorimeter and its contents, including the lid, after rinsing thoroughly many times repeat the same procedure as mentioned above and determine the following parameters: 

the mass of water = mw .

the mass of glass =mg . 

and recorded the readings of time against temperature of water θw and of glass θg , then use the following relation to determine the heat capacity of glass:      
 m
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                            ………….(2-2)

where (dθ / dt) is the slopes taken from the graph between temperature of water and glass respectively with the time. The values of  mass of water mw, mass of glass mg and heat capacity of water Cw are known.

2-3:  Theoretical calculations:  

From the I-V characteristic of NiTi samples prepared in previous study [44], we determine the heat capacity and thermal conductivity of NiTi thin film SMA of concentrations (Ni50Ti50) and (Ni49.7Ti50.3) at various temperatures by using the following relations : 

Thermal conductivity :

Ke = Power / (length of specimen
[image: image97.wmf]´

temperature)   W/mk         ……….(2-3)

Power = IV                                                             Watt        …………(2-4)

Heat capacity:

C = Energy / (mass of thin film
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 temperature)  J /Kg.K        …….…..(2-5)

Energy (J) = Energy (ev) / (6.242
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)                               …………(2-6)

Energy (ev) =V  (ev / ev) = V (ev /1.6
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 v) =  E(ev)     ………….(2-7)

Then we determined the thermal conductivity in another method by using Lorentz equation [45]:

 Ke = 3 (K
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/ e)
[image: image104.wmf]2

 σ T (π
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/ 3)                                               ……..…..(2-8)
where: 

KB = Boltzman constant =1.3 
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 (J /K).
e = electron charge = 1.6 
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 (C).
σ = electrical conductivity of thin film (Ω /m)
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 .

T = temperature (K).

The value of (σ T) was taken from previous experimental study [44], which is representing the area of the loop in the graph between σ (of thin film) against temperature.  
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Chapter 

                 Three
Chapter Three

Results and Discussion
3-1 Introduction                                                                                                                                                                                                       

This chapter includes the results and discussion of the  following 
  calculations:

 1) Thermal conductivity of the glass that was measured experimentally. 

 2) Heat capacity of the glass that measured experimentally.

 3) Thermal calculations of NiTi thin films for two compositions Ni50Ti50 

      and Ni49.7Ti50.3.
3-2 Thermal conductivity measurements of glass substrate :
The simple set up of the experiment as well as known Lees disc experiment; consider a basic experiment to study the thermal conductivity for any insulator. The out put of this experiment represented by measuring the stability of temperature with time duration of the experiment. The aim of the experiment is to calculate the average value of thermal conductivity coefficient ke by using the following equation:
 m C (dθ2 / dt) =( 1/4)  π D
[image: image111.wmf]2

( (θ1 – θ2) / d)  ke                        ………..(3-1)
where m, C, D and d are constant parameters as well define by the mass of lower metal disc m = 0.65 Kg, heat capacity of steel C = 500 J/ Kg.K,   diameter of Lees disc D = 0.089 m and the thickness of glass disc                   d = 1
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m. θ1 and θ2 are the steady state temperature for both discs, upper and lower respectively, the difference between them are dependent constant. The plotting between both parameters, temperature and time tend to produce the thermal conductivity of glass through the slope of the 

curve   produced  .  The   resultant   out  put  of   thermal   conductivity    

represented by fig.(3-1), which explain the variation of temperature with time by the following equation:

y = 47.003 exp (-x / 12.6755) + 979.813 exp (-x / 2266.4593) + 

        (-656.65)                                                                 ……………(3-2)

Then we conclude the value of the slope which was (0.1625 K/sec.), then by application equation (3-1), we concluded the thermal conductivity of glass that was used as a substrate which is equal to K
[image: image114.wmf]e

= 0.8465 W/m.K, this value of thermal conductivity agrees with the standard value which is in the range (0.5-1.4) W/m.K for all types of glass. The reason for the decreasing temperature with respect to time, related to the reducing the phonon energy of the lattice vibration in the glass. 
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          Figure (3-1). Variation of temperature with time of glass during cooling.
3-3 Heat capacity measurement of glass substrate :
The set up of simple experiment that was done in our laboratory is to measure the heat capacity of glass substrate. The aim of this experiment is to compare the result concluded with that calculated for                                                                                                                                                  thin film  coated on the same type of glass. The out put of this experiment is translated by the following equation :
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 C
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 (dθ/dt)
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 = m
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 C
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 (dθ/dt)
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                                      ………….(3-3)

The parameters in this equation are defined as follows:

Mass of water m
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= 55
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Kg, heat capacity of water C
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= 4181 J/Kg.K, mass of glass m
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= 29 
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Kg. The application of  the above equation consider a good tools to identify the heat capacity of glass that was used in the film production. Figure (3-2) represents the relation of temperature with time for both water and glass which explain by  equations (3-4) and (3-5) for water and glass respectively:

y = 30.659 exp (-x / 15.5397) + 30.6947 exp (-x / 26.967) + 

      307.4469                                                                   ……………..(3-4)

y = 1.6883 exp (-x / 0.6278) + 74.8227 exp (-x / 5.6362) +  

       292.7112                                                             ……………..(3-5)

Then fitting curve tend to produce the thermal behavior equation for both water and glass. (dθ/dt)
[image: image129.wmf]w

= 2 K/sec. and (dθ/dt)
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= 16 K/sec. The substituting of these slopes in the theoretical equation (3-3) one concluded the heat capacity of glass which was about (C
[image: image131.wmf]g

= 991.185 J/Kg..K), this result of heat capacity agrees with the standard value  which is in the range (800-1000) J/Kg.K. One notice that figures (3-1) and (3-2) has the same behavior this is due to the fact that the two figures represented the behavior of temperature with time during cooling, since when removing the heat source the temperature decrease with time, therefore fitting equations also has the same form except the coefficient values.      
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        Figure (3-2). Variation of temperature of water (upper curve) and glass             

                                   (lower curve) with time.   
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 3-4 Thermal calculation of thin films :

3-4-1 Thermal conductivity from I-V characteristics:

As we mentioned previously that our study is a complementary study for the experimental study that was done previously, the problem that was appeared in the previous experimental study was the breaking of the thin film slide which was discussed previously as a result of the phase transformation from Martensite to Austenite, then in order to overcome on this problem it is necessary to imply a thermal calculation on the thin film produced through the I-V characteristics that were measured previously.  The purpose for that is to make a focusing on the breaking points as mentioned in figures (3-3) and (3-4) and tables (3-1) and (3-2) in order to calculate the energy evolved or absorbed by the samples under
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study at a certain substrate temperature (T
[image: image133.wmf]s

). The last two tables (3-3) and (3-4)  represented the resultant scientific calculations for both tables (3-1) and (3-2) respectively, which give us more details on the thermal properties of a certain composition of thin films represented by heat capacity and thermal conductivity as a function of substrate temperature.   
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  Figure (3-3): I-V characteristics of Ni
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thin film at different                  

                             substrate temperatures [44].
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         Figure (3-4): I-V characteristics of Ni
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 thin film at different                  
                             substrate temperatures [44].
                 Table (3-1). Values of I, V and T
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	        T
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 (K)
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               Table (3-2). Values of I, V and T
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	      T
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                             Table (3-3). Results of Ni
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 thin film SMA

	T
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	  E(J)
	P(W)
	C(J/Kg.K) 
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	  423
	  16.021
	   1.28
	  10500
	     0.055

	  473
	 14.018
	   1.134
	  8300
	    0.0436

	   698
	 11.014
	   1.111
	  4400
	    0.0289


                             Table (3-4). Results of Ni
[image: image151.wmf]7

.

49

Ti
[image: image152.wmf]3

.

50

 thin film SMA
	Chapter Three                                                                            Results and discussion

	  T
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 (K)
	   E(J)
	  P(W) 
	C(J/Kg.K) 
	Ke(W/m.K) 

	   373
	 21.027
	  2.982
	  15700
	 0.145

	   423
	 16.021
	  1.28
	  10500
	 0.055

	   473
	 14.018
	  1.134
	  8300
	 0.044


One could note from tables (3-1) and (3-2) and the figures of (I-V) characteristic (3-3) and (3-4) that as the (T
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) increase the (I-V) values at which the breaking takes place become lower, thus one could conclude a relation between the structure of the films and the crystallization temperature or in other words the indirectly with (I-V) values. At higher substrate temperature and low voltage the breaking of the samples occurs after a short period of measurement. But at low substrate temperature and higher voltage, the breaking of samples takes place at longer period measurement. 

It was clear for both Ni
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 and Ni
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 thin films that there is a decreasing in  the heat capacity and  thermal conductivity  as mentioned 
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in tables(3-3) and (3-4). The previous study showed the investigation of the crystallization of the like NiTi alloy with the increasing of substrate temperatures, which will help us in the attribution of the behavior in the above figures. It was clear that the ability of the amorphous phase to imply a diffusing of the phonon energy through the lattice vibration is more simpler than that of the pure crystalline due to the presence of long range and short range order within the structure of polycrystalline thin film, that imply to spend a part of phonon energy with the grain and grain boundaries. For this reason the decreasing in the heat capacity and thermal conductivity is valid with increasing the crystallization in the NiTi thin film.                     
3-4-2 Thermal conductivity by the hysterises loop:
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These calculations were done from the application of Lorentz equation on the hysterises loop of electrical conductivity as a function of temperature for both heating and cooling cycles with two different composition as shown in figures (3-5) up to (3-10). The purpose from this method that was taken into account the area of hysterises loop between the heating and cooling cycles and then transfer this area in terms of thermal conductivity depends on the Lorentz equation as follows:
K
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 = (π k
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 σ T                                                       ……………..(3-6)
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where the parameter (σ T) explain the area of the hysteresis loop in the conductivity of the film having a reversible process between Martensite and Austenite phases. As it was well known, NiTi SMA thin films presented shape memory effect due to thermoelastic Martensitic transformation. This thermoelastic Martensitic transformation may be induced either by stress or by effect of temperature. The calculations of (σ T) and thermal conductivity by this method listed in tables (3-5) for Ni
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 and (3-6) for Ni
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 respectively. The values of (σ T) taken from figures (3-5), (3-6) and (3-7) for Ni
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 and figures (3-8), (3-9) ,(3-10) for Ni
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                       Table (3-5). Calculations for Ni
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thin film SMA.

	        Ts (K)
	σ T(Ohm.m)
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	   Ke (W/mK)  

	         423
	           8054    
	        0.059

	         473 
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	       0.049
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                       Table (3-6). Calculations for Ni
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	      Ts (K)
	σ T(Ohm.m)
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	   Ke (W/mK)  

	        373
	         1.332  
	       0.097

	        423  
	        32.135  
	       2.357 

	        473 
	         157.39  
	      11.545
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     Figure (3-5). Influence of electrical conductivity measurement as a function of 

                       temperature for Ni
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at substrate temperature Ts = 423 K [44].
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    Figure (3-6). Influence of electrical conductivity measurement as a function of  

                       temperature for Ni
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Ti
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at substrate temperature Ts = 473 K [44]. 
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     Figure (3-7). Influence of electrical conductivity measurement as a function of 

                        temperature for Ni
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Ti
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at substrate temperature Ts = 698 K [44].
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   Figure (3-8). Influence of electrical conductivity measurement as a function of  

                    temperature for Ni
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at substrate temperature Ts = 373 K [44].
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  Figure (3-9). Influence of electrical conductivity measurement as a function of       

                       temperature for Ni
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at substrate temperature Ts = 423 K [44].
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   Figure (3-10). Influence of electrical conductivity measurement as a function of      

                      temperature for Ni
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at substrate temperature Ts = 473 K [44].

         Table (3-5) and (3-6) for the compositions Ni
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 and Ni
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 respectively showed that when the substrate temperature increase, the value of (σ T) which represent the area of the hysteresis loop decrease and then decreasing the thermal conductivity of thin film Ni
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, while for Ni
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 when the substrate temperature increase the value of (σ T) increase and hence increasing the thermal conductivity of thin film, the behavior of this film denoted to the change in the structure of the two films. Also this behavior agrees with the theoretical application of Lorentz equation, since from this equation one noticed that the thermal conductivity is proportional to (σ T). 
The above results of glass substrate and thin films appeared that the thermal properties represented by heat capacity and thermal conductivity of thin films which are greater than that of glass substrate. 
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In general the breaking in the thin film slide occur in glass substrate due to the high  amount of heating energy resulting from the phase transformation process between Austenite and Martensite which exerts on the thin film slide, since the heat capacity of glass is lower than that of  thin  films, hence it is can not bear this heating energy. Our results    
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differ from that in reference [44] which states that the breaking occur in glass due to the losing of heat from glass.   

Chapter 

                  Four             

Chapter Four

Conclusion and Future Work 
4-1 Conclusion and Future Work :
we try to understand what is the reason for breaking of the thin film slide NiTi -SMA that was appeared in previous study. The thermal measurements and calculations of the sample under study for both glass and thin films give us a more prediction on the behavior of thin film with respect to glass as a function of the phase transformation for the thin films Ni
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 and Ni
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.
It was clear that the phase transformation has a negative effect on the glass slide because the thermal quantity of thin film represented by heat capacity and thermal conductivity were greater than that of the glass slide. This inequality in the thermal quantity between thin film and glass substrate tend to produce a huge quantity of thermal energy in the sandwich region (the meeting region between glass and thin film) that play very important parameter in the breaking of the slide.

	Chapter Four                                                                Conclusion and Future Work  


         To avoid the problem that occurs in the thin film slide, which represented by the breaking of the slide and depending on the obtainable results from our study the following statements must be followed whch also can be considered a recommended for future works:   
1) The  crystalline  metal  should  be use as a substrate, is favor than the       

amorphous glass because the breaking in the crystalline phase is harder than that in the amorphous phase.     

2) Thermal parameters of any substrate that should be applied whether it is crystalline or amorphous must be higher than or at least  equal to thermal parameters of NiTi thin film, such as steel, aluminum and diamond in order to avoid the breaking occur in substrate. In this case these substrates are  able to contains the thermal energy evolved  
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       from  the  NiTi   shape   memory   thin   film  through  the   phase    

        transformation from Austenite to Martensite.
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الخـلاصـه
سبائك ذاكرة الشكل  (SMA) shape memory alloyاو ما يسمى بالمواد الذكيه هي نوع من السبائك المعدنيه التي تعاني تحولات طور من الاوستنايت الى المارتنسايت عند تعرضها الى حراره او اجهاد كافي للتحول ولها القدره على الرجوع الى نفس حالة الشبيكه قبل التحول عند زوال المؤثر .

لقد تم التركيز في هذه الدراسه على الخواص الحراريه كمحاوله لفهم التصرف الذي يحدث في الغشاء الرقيق والذي يتمثل بكسر شريحة الفلم عند تسليط قيمه معينه من الفولطيه والتيار وعند قيمه معينه من حرارة الاساس . وقد اخترنا دراسة غشاء NiTi  لان له دور مهم في التطبيقات الطبيه والصناعيه .

لقد تم حساب التوصيل الحراري والسعه الحراريه لغشاء NiTi  نظـريا وكذلك تم حساب التوصيل الحراري والسعه الحراريه للزجاج المستخدم كاساس للغشاء عمليا وبعدها تمت مقارنة نتاءج هذه الحسابات للغشاء والزجاج وتفسير سبب الكسر في شريحة الغشاء والذي تبين انه يحدث في الزجاج نتيجة للفرق الكبير في الخواص الحراريه بين الغشاء والزجاج وهذا بسبب عدم تحمل الزجاج للطاقه الحراريه العاليه الناتجه خلال عملية تحول الطور بين الاوستنايت والمارتنسايت في الغشاء الرقيق والتي تسلط على الشريحة الزجاجيه للغشاء.  
جمهورية العراق

وزارة التعليم العالي والبحث العلمي

جامعة النهرين

كلية العلوم

دراسة الخواص الحراريه للاغشيه الرقيقه الذكيه نوع نيكل- تيتانيوم

رساله

مقدمه الى كلية العلوم في جامعة النهرين

كجزء من متطلبات نيل درجة الماجستير 

في الفيزياء

من قبل

هديل ثامر خضير

بكلوريوس ٢٠٠٣ 
المشرف

د. عماد خضير الشكرچي
اذار ٢٠٠٨                                                      ربيع الاول ١٤٢٨
_1265227712.unknown

_1276357636.unknown

_1276358665.unknown

_1276790281.unknown

_1276791379.unknown

_1276805122.unknown

_1276805146.unknown

_1276806172.unknown

_1276791745.unknown

_1276791089.unknown

_1276791359.unknown

_1276790304.unknown

_1276359065.unknown

_1276790169.unknown

_1276790232.unknown

_1276359270.unknown

_1276688483.unknown

_1276688497.unknown

_1276359183.unknown

_1276358962.unknown

_1276359014.unknown

_1276358743.unknown

_1276358197.unknown

_1276358560.unknown

_1276358643.unknown

_1276358519.unknown

_1276357711.unknown

_1276358167.unknown

_1276357664.unknown

_1265644586.unknown

_1265742140.unknown

_1270917436.unknown

_1276357555.unknown

_1276357615.unknown

_1270917456.unknown

_1267625227.unknown

_1267879233.unknown

_1267879541.unknown

_1268309116.unknown

_1267877799.bin

_1267878562.bin

_1267626786.unknown

_1265742180.unknown

_1265896388.unknown

_1265742154.unknown

_1265717935.unknown

_1265718711.unknown

_1265718723.unknown

_1265718647.unknown

_1265647522.unknown

_1265654989.unknown

_1265717818.unknown

_1265717829.unknown

_1265717097.unknown

_1265655001.unknown

_1265654961.unknown

_1265654976.unknown

_1265650653.unknown

_1265647552.unknown

_1265647562.unknown

_1265647530.unknown

_1265645445.bin

_1265645641.bin

_1265644644.unknown

_1265487832.unknown

_1265573997.unknown

_1265575216.unknown

_1265575291.unknown

_1265643326.bin

_1265644338.unknown

_1265644352.unknown

_1265643121.bin

_1265627958.unknown

_1265627973.unknown

_1265626091.unknown

_1265575279.unknown

_1265574314.unknown

_1265575207.unknown

_1265574324.unknown

_1265573395.unknown

_1265573416.unknown

_1265573642.unknown

_1265573796.unknown

_1265573405.unknown

_1265543253.unknown

_1265573381.unknown

_1265543118.unknown

_1265228718.unknown

_1265476976.unknown

_1265487798.unknown

_1265487822.unknown

_1265487788.unknown

_1265229155.unknown

_1265229901.unknown

_1265229919.unknown

_1265230038.unknown

_1265229242.unknown

_1265229141.unknown

_1265228157.unknown

_1265228494.unknown

_1265228578.unknown

_1265228469.unknown

_1265227848.unknown

_1265227915.unknown

_1265227747.unknown

_1265140437.unknown

_1265205236.unknown

_1265225163.unknown

_1265225334.unknown

_1265225592.unknown

_1265225602.unknown

_1265225347.unknown

_1265225210.unknown

_1265225312.unknown

_1265225175.unknown

_1265224905.unknown

_1265224947.unknown

_1265225132.unknown

_1265224924.unknown

_1265224868.unknown

_1265224891.unknown

_1265224842.unknown

_1265141109.unknown

_1265141322.unknown

_1265204941.unknown

_1265205222.unknown

_1265141382.unknown

_1265141293.unknown

_1265141314.unknown

_1265141279.unknown

_1265140949.unknown

_1265141064.unknown

_1265141091.unknown

_1265140962.unknown

_1265140896.unknown

_1265140902.unknown

_1265140809.unknown

_1265100042.unknown

_1265115367.unknown

_1265140268.unknown

_1265140314.unknown

_1265140399.unknown

_1265140291.unknown

_1265138841.unknown

_1265140238.unknown

_1265117349.unknown

_1265100282.unknown

_1265100535.unknown

_1265100619.unknown

_1265115346.unknown

_1265100703.unknown

_1265100556.unknown

_1265100407.unknown

_1265100437.unknown

_1265100332.unknown

_1265100074.unknown

_1265100094.unknown

_1265100057.unknown

_1265055801.unknown

_1265098787.unknown

_1265098865.unknown

_1265099168.unknown

_1265098844.unknown

_1265055962.unknown

_1265056155.unknown

_1265098749.unknown

_1265056212.unknown

_1265055975.unknown

_1265056049.unknown

_1265055947.unknown

_1265053818.unknown

_1265055555.unknown

_1265055786.unknown

_1265055445.unknown

_1265053129.unknown

_1265053159.unknown

_1265053076.unknown

_1265052953.unknown

_1265053010.unknown

