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Shape memory alloys (SMAs) have an extraordinary ability to recover their shape via 

martensitic transformation. That ability provides SMAs to be used as actuators in many 

applications as a result of doing work against load. Superelasticity and shape memory are 

two key phenomena observed in SMAs as a result of the martensitic transformation.

Superleasticity takes place when SMA is in parent phase. Under the applied load, parent 

phase transforms to martensite phase and elongates via martensite reorientation and 

detwinning and martensite transforms back to austenite and the alloy remembers its 

original shape via unloading. On the other hand, shape memory effect is triggered via 

heating the alloy above Austenite Finish (Af) and cooling to Martensite Finish (Mf) 

temperatures. 

  

 Nickel Titanium-based shape memory alloys are the most popular SMAs due to their 

excellent shape memory characteristics however their transformation temperatures are 

limited to 100- -Lean. As Nickel content increases above 50 at. %, 

transformation temperatures decrease. However, many applications require higher
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transformation temperatures. Addition of Hf element effectively strengthens the alloy and 

increases transformation temperatures of NiTi-Based SMAs. However, as service 

temperature increases, cyclic stability of SMAs decreases due to the softening at elevated 

temperatures thus it is crucial to have knowledge about shape memory behavior at these 

temperatures. 

  

In the first part of this thesis, Ni50Ti30Hf20 at. % shape memory alloy was used to 

investigate the heating/cooling rate effect on the shape memory properties. Material was 

purchased from Sophisticated Alloys Inc. and produced with high purity Ni, Ti and Hf 

elements via vacuum induction melting. Melting process was conducted under high purity 

argon atmosphere. Material was sealed within mild steel can and extrusion process with 

an area reduction of 4:1 was conducted. DSC experiments were conducted via Perkin 

Elmer Differential Scanning Calorimetry 800 on extruded specimens to reveal 

heating/cooling rate effect on equiatomic Ni50Ti30Hf20 at. % shape memory alloy. Isobaric 

heating/cooling experiments were run to investigate shape memory effect via following 

different heating/cooling rates which were the same rates used in DSC experiments. 

Thermal stability was investigated via DSC experiments while mechanical stability was 

investigated via isobaric experiments.  

 

Stress-free DSC experiments showed that transformation temperatures were not affected 

by different heating/cooling rates while transformation enthalpy increased as scanning 

rate was increased. Isobaric experiments, which were done under 200 MPa demonstrated 

no variety in terms of shape memory properties such as the transforming volume and 

transformation temperatures with different heating/cooling rates.  

 

In the second part of this thesis, cyclic stability and shape memory characteristics were 

investigated on equiatomic Ni50Ti25Hf25 at. % SMA. Material was produced with the 

same procedure as defined above and purchased from Sophisticated Alloys Inc. Addition 

to the extrusion process, material was subjected to homogenizing heat treatment at 1050 

conducted to characterize transformation behavior of the alloy under no load.  After 

determining transformation characteristics, functional fatigue experiments were 

conducted under pre-determined load on homogenized sample to investigate shape 
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memory behavior of Ni50Ti25Hf25 at. % shape memory alloy. It is known that plastic 

deformation methods are effective way to improve shape memory characteristics of 

SMAs. Cold rolling was applied to homogenized sample with thickness reduction of 5% 

then cold rolled sample was subjected t

minutes to further improve SME behavior. Warm rolling study was also conducted at 500 

 

 

Recoverable strain, transformation temperatures, hysteresis, irrecoverable strain values 

were gathered from the experiments. It was observed that cyclic stability of 

Ni50Ti25Hf25 at. % HTSMA was increased via both cold and warm rolling processes 

although the operating temperatures were very high. 

 

Keywords: Shape Memory Alloys, Cold Rolling, Warm Rolling, Thermo-Mechanical 

treatments, Functional Fatigue 
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1. INTRODUCTION 

Shape memory alloys (SMAs) are able to maintain their shape of parent phase after 

deforming and then heating the alloy to achieve martensite to austenite phase 

transformation.  When SMA is in martensite phase, it can be deformed and shape change 

is accommodated via twinning. If twinned martensite is heated to austenite phase, 

detwinning occurs and SMA remembers its original shape in austenite phase. Material 

exhibits work against an applied load via following the aforementioned route due to 

specific nature of SMAs. Shape change takes place thermo-elastically and the repetition 

of the shape change can be achieved with this thermo-elastic phase transformation.  This 

extraordinary ability provides them to be used as actuators in many industries such as 

aerospace, biomedical and automotive [1 7]. 

 

NiTi binary alloys have great shape memory properties although their transformation 

-

temperature SMAs to be utilized for high-temperature actuation applications in aerospace 

industry. Ternary element addition is necessary to increase transformation temperatures. 

Hf, Zr, Pd, Pt, Au are the most common ternary element candidates. Pd, Pt, and Au are 

more expensive than Hf and Zr. Zr element makes the alloy more brittle than that of Hf 

element. Also Hf increases the transformation temperatures more effectively than that of 

Pd and Zr. Addition to that, Hf added NiTi alloys show better ductility than Zr added ones 

thus Hf is one of the best ternary element addition due to aforementioned reasons [8]. 

 

Superelasticity occurs upon loading forward transformation (parent phase to martensite 

phase transformation) and reverse transformation (martensite phase to parent phase 

transformation) occurs upon unloading while shape memory effect (SME) takes place via 

heating and cooling. Material transforms to parent phase via heating and martensite phase 

via cooling. Superelastic response of NiTi-based SMAs are frequently utilized in medical 

applications while aerospace applications rely on SME. It is possible to do work against 

load via SME since material is able to recover its original shape upon reverse 

transformation against applied load.  
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One of the parameters that affect martensitic transformation behavior has been told as 

heating/cooling rate. There are only few studies that were conducted to investigate 

heating/cooling rate effect on martensitic transformation [9 12]. 

 

Additionally, to the author's best knowledge; there is no study in the literature that shows 

the heating cooling rate effect on the shape memory and actuation properties of 

equiatomic Ni50Ti30Hf20 at. % SMA under constant load. It is important to expand and 

verify the knowledge in the literature considering the thermodynamic via investigation of 

actuation properties and transformation temperatures with applying different 

heating/cooling rates. 

  

The aim of the first section of the thesis is to investigate the cooling rate effect on 

martensitic transformation of Ni50Ti30Hf20 at. % SMA under no load and via applying 

constant load conditions. Controlled heating/cooling rate experiments were conducted to 

observe and investigate the rate effect since it is crucial for the actuation applications. 

  

It is also important for SMAs to have thermal and mechanical stability due to the 

importance of stable behavior in actuation applications. Thermal stability can be 

explained by achieving stable transformation temperatures with thermal cycling and 

mechanical stability can be explained by achieving stable actuation strain behavior with 

thermal-mechanical cycling.  

  

It is possible to improve thermal and mechanical stability via thermo-mechanical 

treatments. Dislocation induction with plastic deformation, grain refinement, 

precipitation hardening and alloying methods are the ones to improve cyclic stability. It 

is known that severe plastic deformation techniques lead to observe grain refinement and 

increase in dislocation density and also lead to increase in cyclic stability although many 

of the Severe Plastic Deformation (SPD) techniques are hard to perform on Hf-rich 

NiTiHf alloys [13,14]. 

 

Precipitation formation is also a way to improve cyclic stability nevertheless precipitation 

formation may not be favorable owing to chemical composition of the alloy. Alloy 

hardening is also a possible method to improve cyclic stability however, additional 
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elements may cause some disadvantages such as unexpected change in transformation 

temperatures and segregation of some intermetallics which lead to have undesirable SME 

behavior [15 18]. 

 

The aim of the second section of the thesis is to investigate the effects of cold and warm 

rolling on shape memory behavior of equiatomic Ni50Ti25Hf25 at. % SMA, which can 

be called as very High Temperature Shape Memory Alloy (HTSMA). Rolling is an 

effective deformation process to improve shape memory properties of SMAs and 

relatively easy to apply. Higher actuation temperatures are huge drawbacks for actuation 

applications due to the instable actuation properties at high temperatures. High Hf content 

NiTiHf HTSMAs soften at high temperatures and lose their stability with the formation 

of dislocations during phase transformations. Thus, investigation and enhancement of 

shape memory behavior of HTSMAs are of great importance for actuation applications.
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2. THEORY AND LITERATURE   

2.1. Martensitic Transformation 

Martensitic transformation (MT) is a phase transformation that occurs without diffusion 

but through shear mechanism. Atoms move cooperatively with a military manner. Parent 

phase which is the stable phase at elevated temperatures is cubic. The martensite phase, 

which is the stable phase at lower temperature, has lower symmetry. At Martensite Start 

(Ms) temperature, forward transformation starts to occur by a shear like mechanism which 

can be seen in Figure 2.1-1. Martensite phase has lower symmetry as aforementioned 

above, therefore low symmetry leads to the formation of numerous martensite variants 

during transformation from parent phase to martensite phase. Above the Austenite Start 

(As) temperature, martensite phase becomes unstable which causes reverse 

transformation due to the instability of martensite at high temperatures. Although the 

atomic movements are small compared to inter-atomic distances, these movements cause 

macroscopic shape change which is the underlying mechanism of both shape memory 

effect (SME) and superelasticity (SE) 

 

Figure 2.1-1 Schematic showing the importance of invariant shear upon martensitic 
transformation (a) shape change via martensitic transformation (b) strain accommodation 
via slip (c) strain accommodation via twinning  [19]. 
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Shape change that caused by martensitic transformation also causes a large strain. There 

are two main mechanisms to accommodate the shape change due to this large strain, 

which is called as lattice invariant shear (LIS). The shape change is accommodated by

slip (Fig. 2.1-1 b) and twinning. (Fig. 2.1-1 c) These Slip leads to the formation of 

dislocations and is irreversible but accommodation of shape change via twinning is 

reversible. Twins and dislocations can be observed by electron microscopes. Twinning 

which is observed in shape memory alloys causes strain to relieve.  

 

Figure 2.1-2 shows the Gibbs free energy evolution with the change in temperature of 

parent and martensite phases. T0 is the equilibrium temperature at which martensite and 

parent phases exist together theoretically while Ms is the temperature where forward 

transformation begins and As is the temperature where reverse transformation begins. 

The difference between Gibbs free energy of martensite and the Gibbs free energy of 

parent phases at Ms and As temperatures represents driving force of martensite nucleation 

or martensite regression.  

 

  

 

Figure 2.1-2 Gibbs free energy curves of martensite and austenite phases [19]. 
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   [19]                                                                                   (Eqn 

1) 

             

The system's Gibbs Free energy change can be written as 

 

  [19]     (Eqn 

2) 

         

Where Gc denotes the chemical energy change from parent to martensite phase, and Gnc 

denotes non-

represents irreversible energy which is related with friction energy which is required for 

represents the elastic energy of martensite.  

 

 term cannot be ignored by reason of the 

tion as it is shown in Fig 2.1-2, also superheating is a 

necessity for the reverse transformation to occur. Martensite has elastic energy around 

itself which is the reason of difference in Ms and Mf hence undercooling is necessary for 

the continuity of the martensitic transformation. 

 

One can categorize martensitic transformations in two main group which are thermo-

elastic and non-thermoelastic. In thermo-elastic transformation, small temperature 

hysteresis indicates that driving force to transform austenite to martensite is small.  The 

parent and martensite interface is mobile and the transformation is crystallographically 

reversible such that martensite withdraws and parent phase appears with the initial 

orientation. 

 

If the non-chemical energy term is high, mobility of martensite austenite interface 

decreases due to especially the increase in friction energy thus driving force becomes very 

large and causes reverse transformation to occur by renucleation of parent phase which 

leads the transformation to occur non-thermoelastically [19,20]. 
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Another factor that influences martensitic transformation is applied stress, which may be 

determined using the Clausius-Clapeyron relationship. Clausius-Clapeyron equation is 

shown below: 

          

  [19]        (Eqn 

3) 

          

 

 

ropy per unit volume. 

 

 

2.2. Shape Memory Effect and Superelasticity 

  

SMAs undergo thermo-elastic martensitic transformation with the help of twinning 

mechanism thus, they have an ability to 'return to' their parent phase shape when heated 

or unloaded. Twinning occurs with the application of certain stress level when martensite 

phase is deformed. Above a certain stress level, slip is induced to the system and leads to 

the formation of irreversible shape changes. In this context, martensite should be formed 

by twinning to observe shape memory effect in SMAs. Self-accommodation occurs while 

parent to martensite transformation under no load condition. Energy change is minimum 

with the twinning formation. Deformation under load condition causes twin boundary 

motion which leads to martensite reorientation. The reorientation occurs in a manner such 

that the most favorable martensite variant grows with the sacrifice of less favorable 

variants under load which was demonstrated in the literature [20]. 

  

There are two mechanisms to induce austenite to martensite phase transformation:

1. Shape Memory Effect 

2. Superelasticity 

  

Transformation via cooling and heating the SMA below Mf temperature and above Af 

temperature, is called shape memory effect. 
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Shape memory effect region in Figure 2.2-1 shows the region where SME behavior can 

be observable. The critical stress for slip (CSS) for two different cases is also shown in 

the same figure and above CSS threshold, irreversible deformation occurs since slip is 

induced to the system.   

 

The shaded region in the figure shows superelastic region. Superelasticity occurs with the 

help of stress, when SMA is in the austenite phase. Austenite to martensite transformation 

takes place via stress which is called stress induced martensitic transformation (SIM). 

The stress should not be able to introduce slip to the system yet should be enough to 

transform austenite to martensite. Transformation from martensite to austenite occurs 

when the material is unloaded since martensite is not the favorable phase at the 

temperature at which the austenite is stable. 

 

Another important parameter is Md temperature. It is the limit temperature that martensite 

can be induced via application of stress.  When the stress is applied above Md 

temperature, however, superelasticity cannot be observed because slip occurs instead of 

twinning. 

Figure 2.2-1  Illustrative figure of shape memory effect and superelasticity [19]. 



 9

 

Fig 2.2-2 represents shape memory effect mechanism. Material is in austenite phase at 

point A and as the material is cooled, self-accommodation of martensite occurs and 

martensite forms with twinning. Then, SMA is loaded at point B and detwinning takes 

place at a certain stress level. Strain increases and the energy increase with the loading is 

spent for detwinning. Material in martensite phase starts to deform elastically when the 

detwinning region ends. Material is unloaded between point C and D. Material is in 

detwinned martensite state at point D until heating is performed. The material fully 

transformed to austenite via heating and martensite to austenite transformation occurs 

thus material fully remembers its original shape if it is not plastically deformed. 

 

 

Figure 2.2-2  Illustrative figure of SME [19]. 

  

There is another effect named as Two-Way Shape Memory Effect (TWSME), in which 

alloy is able to remember both phase shapes. This effect can be observed under certain 

conditions. Internal stress field is a necessity to observe TWSME. Internal stress fields 

can be obtained via applying following procedures: 
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 Plastic deformation [21,22] 

 Constrained Aging [20] 

 Thermal cycling [20] 

 Martensite aging [23] 

 

Dislocations and precipitations that are formed during above thermal and thermo-

mechanical processes causes internal stress fields. Certain martensite variants are formed 

as a result of these stress fields and SMA is able to remember both shapes in austenite 

and martensite. After the discovery of TWSME, various studies have been conducted in 

the literature [24 28]. 

 

2.3. NiTi Based Shape Memory Alloys 

Shape memory properties of NiTi alloy have been found in Naval Ordnance Laboratory 

in 1963. The discovery attracted great attention to shape memory alloys although the 

shape memory effects and diffusionless transformation were found earlier in Au-Cd and 

In-Tl alloys [29 31]. 

 

NiTi shape memory alloys are the most popular alloys among all SMAs because of its 

high work output, great superelastic and shape memory properties, biocompatibility and 

corrosion resistance [2,9,10,11]. 
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Figure 2.3-1  Ni-Ti phase diagram [31]. 

  

Ni-Ti alloys exhibits SME and SE via thermoelastic martensitic transformation. This 

transformation occurs from parent phase called austenite which has B2 crystalline 

structure to martensite which has B19' crystalline structure. This transformation may 

occur in multiple steps. B2 phase transforms to trigonal R-Phase then R-phase transforms 

to B19' although reverse transformation takes place through a single step which is B19' 

to B2. Two step martensitic transformation is shown in Figure 2.3-2 with a Differential 

Scanning Calorimetry experiment result. Ni content, microstructure, aging and thermo-

mechanical treatments are important factors to control shape memory behavior of the 

alloy. For instance, R-phase formation is expected when high internal stress fields exist 

in the matrix. Alloy prefers to transform from austenite phase to R-phase before 

martensite due to the necessity of less energy during austenite to R-phase formation.
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Figure 2.3-2 DSC thermogram of Ti49.8Ni50.2 at. % aged at 773K for 15 minutes[34] 

 

The transformation between B2 to R phase is also martensitic transformation. Two-step 

transformation is observable in Ni-rich Ni-Ti alloys. It is also observable in ternary Ni-

Ti-Fe and Ni-Ti-Al alloys. 

 

In Ni-rich NiTi alloys, Gibbs Free Energy curve of B19' shifts upwards in the presence 

of Ti3Ni4 precipitations thus R-phase transition is triggered before martensitic 

transformation by precipitation formation due to the stress fields around micron-sized 

precipitates.  

 

Nucleation and growth take place when B2 phase transforms to R phase in Ti-48Ni-2Al 

(at. %) alloy on cooling. R-phase diminishes and disappears and B2 austenite phase takes 

its place on heating. This behavior repeats itself as the heating and cooling cycle continues 

[19]. 
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Figure 2.3-3  Thermodynamic explanation of R-Phase of Ni-Rich NiTi alloy [19]. 

 

Mechanical and SM properties of Shape memory alloys are highly reliant on the thermal 

and thermo-mechanical treatments. Thermoelastic alloys can undergo reversible 

transformation. On the other hand, plastic deformation causes slip which is irreversible. 

Therefore, increasing the resistance of these alloys to plastic deformation is critical. 

Increasing the critical stress for slip (CSS) value of these alloys is one way to improve 

their resistance to plastic deformation, and there are four methods to increase CSS and 

these are: 

1) Work hardening.  

2) Precipitation Hardening.  

3) Grain refinement. 

4) Alloy Hardening. 

  

Alloy hardening will be discussed later in the HTSMA Section 

  

1) Work Hardening 
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It is important to have good shape memory properties for shape memory alloys thus 

plastic deformation methods are used to enhance and increase shape memory properties 

and critical stress for slip (CSS) of SMAs.  

 

High amount of plastic deformation is possible for Ni-Ti alloys since the alloy is highly 

ductile due to its low elastic anisotropy. It is relatively easy to introduce dislocation to 

Ni-Ti alloys owing to its high ductility [4]. Dislocation density can be increased by work 

hardening methods. These are rolling, extrusion or thermo-mechanical cycling. 

  

As can be clearly seen from Figure 2.3-4, tensile experiments that were conducted on cold 

y
M value was increased about 2.5 times with 

cold rolling. Besides, SME and PE characteristics were also improved by cold rolling due 

to the strengthening via plastic deformation [35]. 

 

Figure 2.3-4  Effect of cold rolling on strength of the equiatomic TiNi  alloy [35]. 

 

It is shown in the literature that plastic strain development due to thermal cycling under 

constant load also decreases with cold rolling and proper heat treatment [36]. 
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Fig 2.3-5 shows the effects of thermomechanical treatments on superelastic behavior of 

NiTi 

temperature. It can be seen from the Figure 2.3-5 that as cold rolling percentage was 

increased, recovered strain values increased as well. The alloy showed complete recovery 

when cold rolling percentage reached 25%.  

 

Figure 2.3-5  Cold rolling and annealing effect on superelasticity  [19]. 

 

Thermal or thermo-mechanical cycling also leads to observe an increase in dislocation 

density with work hardening addition to the work hardening via applying deformation 

processes. Dislocation density increase with thermal and thermomechanical cycling leads 

to observe less irrecoverable strain values and cyclic stability. 

 

As mentioned before, thermal and thermomechanical cycling change the shape memory 

properties such as the transformation temperatures, actuation, transformation or 
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irrecoverable strain values and thermal hysteresis together with the stability of these 

properties with the number of cycles due to the evolution of the microstructure.   

 

For instance, Figure 2.3-6 shows the loading-unloading cycling effect on the superelastic 

behavior of Ni50.2Ti49.8 at. % alloy. The figure clearly demonstrated that the stress 

levels of upper and lower plateau decrease as number of cycle increases. As a result, the 

difference in stress levels between the upper and lower plateaus, known as mechanical 

hysteresis, reduces as the number of cycles increases. This might be due to the fact that 

the dislocation density increase leads to the formation of internal stresses and thus, lower 

stress magnitude is enough to induce martensite to the alloy. Additionally, the 

irrecoverable strain value, which is noticeable in first cycle after unloading, disappears 

with the cycling. 

 

 

Figure 2.3-6 Mechanical cycling effect on superelasticity [19]. 

 

Fig 2.3-7 shows the results of thermal cycling under constant stress experiment on Ti-

50.2at%Ni alloy. R-phase transformation diminishes after 20 cycles and as cycle number 

increases transformation and irrecoverable strain values together with hysteresis decrease. 

Additionally, transformation temperature change during the first 20 cycles is more than 

that of the change after 20th cycle. This means that the stability of the shape memory 

properties is attained with the thermal cycling under constant load. All these observations 

are due to the formation of dislocations and the increase in the strength of the alloy. As 

the CSS increases all metals and metal alloys show higher strength magnitudes [19]. 



 17 

 

 

Figure 2.3-7 Thermal cycling effect on shape memory behavior [19]. 

 

2) Precipitation Hardening 

  

TTs of NiTi and NiTi-based alloys can be tailored by the change in chemical composition, 

application of various aging procedures and plastic deformation. Nickel content plays an 

important role for transformation temperatures. For instance, if at% of Nickel is higher 

than 50% the transformation temperatures of the alloy decreases [37]. 

 

In Ni-rich NiTi alloy system, various precipitation formation is observed with certain 

aging heat treatments [4]. Ni-rich compositions tends to form precipitations due to their 

instability of B2 compositions at low temperatures. Precipitation formation affects 

diffusionless phase transformation because of the alteration in the local chemical 

composition and stress fields around the coherent precipitates [37]. 

  

Khalil-Allafi et.al. studied the influence of Ni4Ti3 precipitates on MT of 50.7 at. -% Ni-

Ti shape memory alloy. Different aging procedures were compared. Solution annealed 

and aging at 773 K for 100h showed single step transformation such that transformation 
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follows the route B2 to B19' upon cooling and B19' to B2 upon heating. Nevertheless, 

aging at 773K for 1h and 10h specimens demonstrated multiple step transformation both 

upon heating and cooling that is caused by R-phase transformation which became 

prominent with the aging heat treatment. In literature it was told that the transformation 

route became B2 to R to B19' through cooling and B19' to R to B2 through heating 

however it was shown that R-Phase and B19' phases coexist after the first cooling peak

in two step transformation [38]. 

 

It is energetically favorable to follow intermediate R-Phase stage with Ni4Ti3 

precipitation formation which leads to multiple step transformation in the case of aging 

at 773K for 1h and 10h and it is also said in the same study that precipitation nucleation 

is influenced by external and internal stresses. It is said that precipitation formation 

behavior changed from heterogeneous to homogeneous under stress aging condition. 

Three-step transformation that occurred in 10h aged specimen is explained such that first 

peak demonstrates R-phase formation. Second peak demonstrates B19' formation in 

regions which contains precipitates. Third peak demonstrates B2 to B19' transformation 

in regions which are precipitate-free [39]. 

 

Martensitic transformation was not affected by precipitations when precipitates become 

larger as in the 100h aged condition. Large precipitates cause the interparticle space to be 

large as well thus, transformation becomes single step. Also, larger precipitates are not 

able to affect the nucleation process of martensite phase as a consequence of loose 

coherency[38]. 

 

As a summary of the subsection, various precipitation formation (Ti3Ni4, Ti2Ni3 and 

TiNi3, is possible with proper thermal treatment. Ti3Ni4 and Ti2Ni3 precipitates 

significantly improves the strength of the alloy at the cost of embrittlement which causes 

low ductility. Aging is also practical application to modify transformation temperatures 

for desirable application [40]. 

 

3) Grain Refinement 

 

The main problem that is needed to overcome in NiTi-based SMAs is the cyclic instability 

of the shape memory properties such as transformation temperatures, transformation and 
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irrecoverable strains and transformation hysteresis. Therefore, the instability of the 

properties with the number of actuation cycles limits their applications. To tackle with 

this problem, increasing the slip resistance and thus, minimizing the plastic 

accommodation during phase transformation is the main objectives in NiTi-based alloys. 

One method to increase the slip resistance is to obtain smaller grains and the grain 

refinement can be achieved via applying Severe Plastic Deformation (SPD) techniques. 

High pressure torsion (HPT) and equal channel angular extrusion (ECAE) methods are 

among severe plastic deformation methods. It is reported in the literature that HPT and 

ECAE methods improves the mechanical properties due to the   microstructural 

enhancement [41]. 

 

 Kockar et.al. investigated near equiatomic NiTi alloy's shape memory behavior after 

severe ausforming with ECAE and stated that decrease in thermal hysteresis compared to 

cold rolled+ low temperature annealed sample. Isobaric thermal cycling experiments 

were done to investigate mechanical stability and these experiments showed that ECAE 

processed sample demonstrated better stability than that of cold rolled+annealed sample. 

This stability difference became more pronounced under higher stress level. Hysteresis 

values of ECAE'd sample stayed constant under both 100 and 200 MPa stress levels. The 

enhancement of mechanical behavior of equiatomic NiTi alloy was attributed to 

refinement of microstructure which increased the CSS) due to fine deformation twin 

formation during ECAE [42]. Another ECAE study revealed that ECAE procedure at high 

temperatures such as 400 and above leads to nano ranged (100-300 nm) grain refinement. 

[43]. 

 

It can be seen from the Figure 2.3-8 that DSC cycles shift while the alloy was in 

homogenized condition. On the other hand, ECAEd samples' DSC graphs were stable 

throughout three DSC cycles which indicates the increase in thermal stability after ECAE 

processes.  
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Figure 2.3-8 DSC results of 49.8Ni 42.2Ti 8Hf alloy after ECAE and homogenization 
process [43]. 

 

Recoverable transformation and total irrecoverable strain results, which were gathered 

from isobaric experiments conducted under 100 and 200MPa are shown in Figure 2.3-9. 

Comparison between cold drawn + annealed sample and ECAEd sample showed that 

ECAE process decreased the accumulated irrecoverable strain values. The dimensional 

stability was maintained with ECAE while the recoverable transformation strain 

magnitudes stayed constant [42]. 

 

 

Figure 2.3-9 Comparison of (a) recoverable and (b) accumulated irrecoverable strains of 

ECAEd   and cold drawn + annealed samples [42].  
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2.3.1. Ternary Additions to NiTi 

 

Ni-Ti binary alloys' transformation temperatures are limited to 100-

transformation temperatures strongly depend on chemical composition of the alloy. 

Increasing Ni content above equiatomic composition leads to decrease of transformation 

temperatures but changing Ti content barely affects transformation temperatures.  

Limitation of transformation temperatures leads researchers to choose a way investigating 

ternary element addition to NiTi system. It is reported that vanadium, chromium, 

manganese or aluminum substitution with titanium decreases transformation 

temperatures. Similarly, cobalt or iron replacement of Nickel also decreases 

transformation temperatures [19]. Most popular Ni-Ti-based ternary alloys, which are 

frequently emphasized in the literature, will be briefly discussed below.  

 

2.3.1.1. NiTiCu 

  

Cu addition to Ni-Ti alloy led to a decrease in thermal hysteresis since interface 

movement became easier as an effect of Cu addition [19]. 

Hysteresis decrease became more prominent as Cu content increases as shown in Figure 

2.3.1.1-1, which is represented below. 

 

Figure 2.3.1.1-1  Thermal cycling of Ti-Ni-Cu alloy under constant load [19]. 
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Figure 2.3.1.2-1 shows that mechanical hysteresis values also decreased with the addition 

of Cu under same stress level when compared to Ni-Ti and Ni-Ti-Nb alloys [19]. 

  

  

Another effect of Cu addition to binary Ni-Ti alloy is that Cu suppresses aging effects 

therefore prevents Ti3Ni4 formation.  Thus, composition sensitivity of transformation 

temperatures to the composition of NiTi alloy was reduced with addition of Cu.  However, 

Cu addition of more than 10 at. % detoriated formability and caused embrittlement [19].

 

2.3.1.2. Ni-Ti-Nb 

  

Wide mechanical hysteresis is sometimes desirable for applications such as coupling 

devices [19]. Nb addition is effective to widen the mechanical hysteresis. During 

martensitic transformation Nb particles deforms plastically which is the reason of having 

wide thermal hysteresis. 

  

 

 

Figure 2.3.1.2-1  Ternary alloying effect on mechanical hysteresis of binary 30% cold 

[19]. 
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Addition of Pd, Pt, Zr and Hf to NiTi alloy leads to an increase in TTs. Below, ternary 

alloys which show high transformation temperatures are summarized. 

 

2.3.1.3. Ti-Ni-Pd  

 

Pd addition to Ni-Ti binary alloy increases transformation temperatures. It is possible to 

control TTs with controlling the alloy composition. It is stated in the literature that 

austenite finish temperature can be even increased to around 800 K with the addition of 

45 at. % Pd [44]. 

 

The same study also revealed that transformation strain decreased as Pd content was 

increased due to the alloy hardening. Thus, work output decreased under same stress level 

with increasing Pd content. 

 

The drawback of Pd addition is poor SME at high temperatures due to the decrease in 

CSS thus plastic deformation takes place before martensite reorientation. It is possible to 

improve SME behavior of the thermo-mechanically treated alloy such as cold rolling and 

annealing at proper temperatures. Figure 2.3.1.3-1 shows the improvement of superelastic 

recovery via applying thermo mechanical treatments on Ti-Ni-Pd ternary alloy. Contrary 

to this observation, irrecoverable strain decreased with increasing Pd content. 
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Figure 2.3.1.3-1  Improvement achieved by thermomechanical treatment (a) fully 
annealed (b)thermos-mechanically treated Ti50Pd30Ni20 SMA  [19]. 

 

2.3.1.4. NiTiPt  

  

Effect of Pt addition to NiTi alloy was investigated and Pt was found to be another 

element to increase transformation temperatures of binary NiTi alloy [2,3,4]. Pt addition 

is effective to increase transformation temperatures when the content of Pt is above 10 

at% and below 10at%, transformation temperatures barely change [47]. There have been 

also studies on NiTiPt ternary alloy with low Pt content.  Ti-42.5at. %Ni-7.5at. %Pt was 

investigated and compared with NiTi binary alloy. Failure strength of aforementioned 

NiTiPt SMA was found higher than that of NiTi alloy at elevated temperatures. Failure 

strain was also compared and NiTi and NiTiPt alloy revealed similar failure strain levels 

at the same testing temperatures.  Additionally, NiTiPt alloy showed less residual 

elongation values than that of NiTi alloy under 7 MPa stress level and both alloys in this 

study were in the same heat treatment conditions. Besides, NiTiPt alloy showed smaller 

stress hysteresis when compared to NiTi alloy in addition to less temperature dependence 

against increasing stress level [47].  
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2.3.1.5. NiTiZr 

  

Addition of Zr to Ni-Ti binary alloy increases transformation temperatures when Zr 

content is above 10 at.%.  However, transformation strain decreases as Zr content 

increases [48]. 

  

Aging studies were done on Ni-

were investigated from 1 hour up to 200 hours. It is found from the aging studies that 

precipitates which are smaller than 160 nm did not affect martensite growth. Martensite 

variants are able to grow through nano-sized precipitates. On the contrary, aging at 600 

long. These relatively larger precipitates interfered with martensite variants and made 

martensite variants difficult to grow thus the transformation was inhibited. It is reported 

that aged specimens with precipitates that are smaller than 160 nm exhibit great 

dimensional stability up to 300 MPa applied stress level although precipitates with the 

size of several hundred nanometers showed unrecovered strain under 200 MPa and above 

[49]. 

  

Different aging procedures were applied to Ni-Ti-Zr ternary alloy to investigate the 

stability of the alloy. It is found that thermal cycling has notable effects on transformation 

temperatures which are vigorously connected by starting microstructure. Prolonged aging 

duration (1-3) was investigated in order to observe long exposure to working temperatures 

and it is found that prolonged aging suppressed the martensitic transformation of the alloy 

which showed the inadequate nature of NiTiZr ternary alloy at relatively higher working 

[50].  
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2.3.1.6. NiTiHf 

  

Nickel-rich NiTiHf alloys were investigated widely in the literature since they have 

shown very optimistic thermal and dimensional stability and great shape memory 

properties by aging [37]. Increasing Ni content above equiatomic composition, caused 

transformation temperatures to decrease. Precipitation formation becomes possible in Ni-

rich NiTiHf HTSMAs. Transformation temperatures increases via precipitation formation 

which needs proper heat treatment. The nano-sized precipitates which are generated in 

NiTiHf alloys with a Ni content higher than 50 at.%, have been named as H-phase in the 

literature [51]. 

  

H-phase precipitates decrease the nickel content from the matrix therefore the 

transformation temperatures of NiTiHf alloys can be tailored Precipitation not only leads 

transformation temperatures to increase but also strengthens the alloy. Therefore, thermal 

and dimensional stability can be increased with precipitation formation as well [51]. 

 

Saghaian et.al. investigated Ni51.2Ti28.8Hf20 at% alloy in detail. Various aging 

procedures were applied, and materials were tested under compression. It is shown that 

as aging parameters changed, mechanical properties also changed. Alloy showed 

superelasticity up to stress magnitude of 2 GPa. It is stated that strength of the material 

strongly relies on the H-

precipitates to act as obstacles for dislocation motion thus, high level of strengthening 

was observed which cannot be observed when aging temperature was increased since 

interparticular space was widened and dislocation motion became easier [52]. 

 

There are also other studies regarding precipitation hardening. Karaca et.al. investigated 

Ni50.3Ti29.7Hf20 at% alloy via following numerous aging procedures. 

studies were conducted at these temperatures for 5 mins,15 mins,30mins,1 hour, 3 hours 

and 24 hours. Transformation temperatures of aged specimens were shown and isobaric 

thermal cycling experiments were carried out on selected specimens. The shape memory 

properties of as- mens 
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response. Work output values of same specimens were compared and it is shown that, the 

Even though the transformation temperatures increase with precipitation formation, Ni-

rich NiTiHf alloys' transformation temperatures are still lower than that of the equiatomic 

NiTiHf alloys [51]. 

 

Umale et. al. studied effects of compositional changes on MT of NiTiHf SMAs. NiTiHf 

alloys were fabricated via vacuum arc melting with various chemical compositions and

martensitic transformation characteristics were compared. It is stated that transformation 

temperatures of NiTiHf alloys could be tailored from -

nickel and hafnium contents. It is shown that Hf addition to Ni-Lean NiTiHf alloy did not 

increase transformation temperatures up to 10% of Hf addition [8]. 

 

Karakoc et.al. studied the effects of applied stress on functional fatigue behavior of Ni-

rich NiTiHf alloy. Ni50.3Ti29.7Hf20 specimens were ag

were tested under 200,300,400 and 500 MPa stress levels. Martensite strain, accumulated 

austenite strain, and actuation strain values were compared. It is stated that as stress level 

increased, actuation strain values also increased due to the oriented martensite under 

higher stress levels. Actuation strain values decreased at all stress levels as the cycle 

number increased which was attributed to the dislocations generated during thermal 

cycling such that generated dislocations led to pin martensite thus actuation strain values 

decreased. Post-mortem DSC graphs also supported this argument since transformation 

enthalpy values were lowered after functional fatigue experiments [53]. 

  

Karakoc et. Al. also investigated role of Upper Cycle Temperature (UCT) on martensitic 

constant load was applied in the study. It is stated that actuation strain values increased 

as applied stress level was increased and as UCT was increased functional fatigue life 

under same stress level. Also, as stress increased irrecoverable strain increased as well 

while UCT was kept constant. Lower UCT resulted in a drop in actuation strain as the 

number of cycles increased, whereas greater UCT resulted in a rise in actuation strain as 
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the number of cycles increased. It is also stated that higher stress values and UCT led to 

intergranular fracture. On the other hand, lower stress level and higher UCT led to observe 

transgranular fracture [54]. 

 

There are also other studies regarding NiTiHf alloys other than their actuation abilities 

for long cycles. Hite et.al.  investigated NiTiHf SMA in terms of thermal storage 

properties and considered NiTiHf alloy as a promising high temperature Phase Change 

Material (PCM). NiTiHf SMA was compared with other solid PCMs and stated that 10 

times better Figure of Merit (FOM) was displayed by NiTiHf compared to other PCMs. 

Additionally, NiTiHf and NiTi were compared and lower hysteresis and at least 2 times 

better FOM were obtained with NiTiHf [55]. 

 

2.4. Rolling Studies on NiTiHf Alloys 

 

Solid solution hardening is a possible way to improve SME, however, as entropy 

increases, heterogeneities and possibility of segregation become a serious problem in high 

entropy alloys which has been mentioned in the literature [15,16,17,18]. 

 

Aging studies on the literature mentioned earlier in this section. Precipitates are not 

possible to form in equiatomic and Ni-lean NiTiHf SMAs. Aging is not an option to 

improve SME in equiatomic and Ni-lean NiTiHf SMAs. Thus, grain refinement and work 

hardening are the only reasonable options to improve SME of these SMAs. 

 

Work hardening effects on NiTi binary alloys were discussed earlier in this section. It is 

important to study work hardening on SMAs since rolling seriously effects shape memory 

behavior thus work hardening studies of NiTiHf ternary alloys will be briefly mentioned 

below. 

 

Hot rolling studies were conducted in the literature since NiTiHf alloys are hard to deform 

materials at lower temperatures [19,20,21,22]. Belbasi et.al. investigated hot rolling 

effects on microstructure of NiTiHf alloy yet effects on shape memory behavior is not 

mentioned in the study [59]. Belbasi et.al studied hot deformation behavior of 
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Ni49Ti36Hf15 alloy under various strain rates and temperatures and mentioned the 

formation of flow localization for each strain rates and temperatures  [60]. 

 

Kockar et.al studied equal channel angular extrusion effects on Ni-lean Ni49.8Ti42.2Hf8 

shape memory alloy. It is stated that CSS for slip was increased after ECAE process as a 

result of grain refinement, texture formation with ECAE and strain hardening. ECAE 

leads to obtain better thermal stability. It is also mentioned that residual strains were 

decreased and higher actuation strains were obtained under constant stress experiments. 

ECAE is such a great technique to improve shape memory effect of SMAs nevertheless 

it is a challenging process to apply. Grain refinement that is achieved via ECAE may not 

be effective if the actuation takes place at elevated temperatures since it is well known 

that finer grains lead to grain boundary sliding at high temperatures and causes more 

serious creep damage [13]. 

 

Babacan et.al investigated cold and warm rolling effects on shape memory effects of 

Ni50Ti30Hf20 shape memory alloy.  In this study, as-cast Ni50Ti30Hf20 alloy was 

subjected to homogenization 

applied and cold rolled specimen showed no transformation before additional heat 

treatment. Cold rolled specimens were subjected to short time annealing at 

ined via warm rolling at temperatures 

No additional heat treatments were applied to warm rolled samples in the study. 

  

All the rolled specimens' transformation temperatures were lower than that of the as-

transformation temperatures. It is stated that better shape memory properties were 

obtained via isobaric experiments which were conducted on the specimen cold rolled for 

warm rolled specimens demonstrated enhanced dimensional stability with respect to as-

extruded specimen in the study [61]. 
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In the study that was discussed above, functional fatigue experiments were done for only 

100th cycle and all the conclusions were done by investigating the first 100 cycles. It is 

important to reveal life-time behavior of SMAs since SMAs can be utilized as actuators 

Studies conducted on NiTiHf SMAs that have higher transformation temperatures are 

limited in the literature to the author's best knowledge and there is no rolling study on 

equiatomic Ni50Ti25Hf25 alloy thus it is important to reveal rolling effects on shape 

memory behavior on an alloy that has higher transformation temperatures since operating 

temperature severely affects shape memory behavior [54]. 

 

2.5. Heating/Cooling Rate Effect 

 

Most of the studies in literature, DSC experiments have been conducted with 

rates were investigated. Wang et.al. studied cooling/heating rate effect on the TiNiCu 

ternary shape memory alloy by DSC and stated that transformation temperatures of the 

SMA depends on heating cooling rate. It is also stated that austenite finish and martensite 

finish temperatures affected by heating cooling rate such that Af was increased while Mf 

was decreased as heating cooling rate was increased. Martensite start and austenite start 

temperatures were said to be not affected by heating cooling rate [9]. Nurveren et al. also 

investigated heating cooling rate effect on NiTi binary alloy and observed that As and Ms 

temperatures did not change while Af and Mf temperatures were affected by the heating 

cooling rate [10]. 

 

Shape memory alloys can be used as actuators thus it is important to determine 

cooling/heating effect on MT behavior. Monteiro et.al. investigated actuation behavior of 

Ni-rich NiTi binary alloy. Different heating rates were applied via joule heating while 

cooling was not controlled in this study and provided via natural convection. Different 

behaviors were observed with different rates although the difference was not clearly 

noticeable. Stress values were changed by around 20 MPa and strain values were obtained 

to be different by about 0.2%. Also, the experiment results did not show a meaningful 

trend [12]. 
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There were other studies regarding cooling rate via applying furnace cooling, water 

quenching, and ice-water quenching after heat treatment process. It was reported that TTs 

of Ni-rich NiTi binary alloys were changed since Ni-rich NiTi alloys have the tendency 

to form precipitates during cooling as well [62,63]. 

 

 These studies were not investigating the heating cooling rate while thermal cycling and 

studies above did not investigate mechanical behavior of an SMA with following 

controlled heating-cooling rates. Thus, it is important to investigate heating cooling rate 

effect under load and no-load conditions to observe the effect of rate change on the 

thermo-mechanical behavior of SMA. The studies, which were discussed above, did not 

take thermodynamical rules into consideration. 
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3. EXPERIMENTAL METHODS 

3.1. Materials 

  

Equiatomic Ni50Ti30Hf20 (at. %) alloy was used to investigate the effect of cooling rate 

on martensitic transformation and shape memory behavior of the alloy and equiatomic 

Ni50Ti25Hf25 (at. %) was used to investigate thermo-mechanical treatments on shape 

memory behavior of very high Hf content HTSMA. It is worth to mention that all 

compositions of the alloys in this study were given in atomic percentage. 

  

Both materials were produced with the same method.  Commercially pure Ni, Ti, Hf were 

melted via vacuum induction melting under the atmosphere of high purity argon. After 

the casting process, materials were sealed in mild steel can and subjected to hot-extrusion 

Ni50Ti25Hf25 C for 2 hours Extruded materials will be referred as 'As-

thesis. 

 

 

Figure 3.1-1 As-Extruded Billets 
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3.2. Heating/Cooling Rate 

The importance of heating/cooling rates was summarized in the light of literature, in 

earlier section of the thesis. The heating/cooling experiments were carried out to 

investigate the rate effect on MT and SM properties of Ni50Ti30Hf20 (at. %) alloy.

  

maintaining the same heating/cooling rates in stress-free DSC experiments and isobaric 

experiments as well. 

 

Heating/cooling rates were provided by custom built heating/cooling unit on UTEST 

universal material testing machine and heating was achieved via conduction with 

resistance heaters that are attached to the grips and cooling was sustained via conduction 

as well, with cycling water through copper tube that wrapped to the grips. Thermal 

blanket was used to insulate grips for minimizing heat transfer to the surroundings. 

 

3.3. Sample Preparation 

 

Differential Scanning Calorimeter (DSC) experiments were done with the aim of 

determining the transformation temperatures and enthalpy values of samples under no 

load condition. 

 

All DSC samples were prepared as follows, 

 

Samples were cut by diamond precision cutter via low speed and without load in order to 

avoid any remnant stress that might be induced during cutting process since 

transformation characteristics change in the presence of stress.  

 

DSC samples were mechanically ground with 400 grid sandpaper to eliminate any stress 

induced regions close to the surfaces of the samples. Additionally, oxide layer that forms 

during thermo-mechanical process was also removed via grinding. 
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Dog bone tensile specimen was used in mechanical experiments. Dimensions of the 

sample were derived from ASTM E8. Sample dimensions were proportionally reduced 

according to standard. Fig 3.3-1 shows the dimensions of the dog-bone tensile test 

specimen that were used in this study.  

 

Figure 3.3-1  Dimensions of dog bone specimen [64]. 

 

Tensile test specimens were cut from the billet via Wire Electrical Discharge Machine 

(W-EDM). W-EDM is chosen for cutting process since W-EDM causes minimal residual 

stress on the surface. 

 

Figure 3.3-2 Cylindrical Furnace that was used for homogenization 
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Ni50Ti30Hf20 specimens were used in 'as-extruded' condition while Ni50Ti25Hf25

alloys were solutionized in cylindrical furnace at 1050 C for 2 hours under high purity 

argon atmosphere to relieve extrusion induced stresses and achieving homogeneous 

microstructure and hence shape memory properties.   

  

Rectangular rolling specimens were cut using W-EDM. Rolling specimens were 

mechanically ground using 400 Grid sandpaper to remove W-EDM residues from the 

surface. Edges and sides of the specimens were also mechanically ground to avoid any 

stress concentration factors on the samples.   

 

3.4. Differential Scanning Calorimeter 

 

DSC experiments were conducted by Perkin Elmer 8000 Differential Scanning 

Calorimeter. TTs and transformation enthalpy values were determined from DSC 

thermograms. 

 

ng rates were changed as 

was done to observe cooling rate effect on the martensitic transformation and shape 

memory properties of the Ni50Ti30Hf20 shape memory alloy.  

 

Thermo-mechanical treatment effects on the shape memory behavior of Ni50Ti25Hf25

SMA were investigated in the second section of this thesis. DSC experiments were done 

on each thermo-mechanical treated samples. The summary of thermo-mechanical 

treatments is given in Table 3.4-1.  Rolling percentages were calculated considering 

reduction in thickness.   

 

 

 

 

Table 3.4-1: The summary of thermo-mechanical treatments that were conducted on 

Ni50Ti25Hf25 shape memory alloy 
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Sample 

Number 

Homogenization Cold Rolling Warm Rolling at 

 

Annealing

1 

hours 

- - - 

2 

hours 

- 5% - 

3 

hours 

5% - 

minutes 

 

  

Four DSC cycles were conducted for all samples. First cycle of DSC experiments was 

not taken into 

[65,66].  Although DSC samples were cut via using low speed and without applying load, 

transformation temperatures and enthalpies may still deviate from the real values during 

the first cycle due to the induced stresses during DSC sample preparation. However, these 

stresses can be relieved especially during the first heating cycles of DSC experiments.  

aluminum pans and were done between 200-550 on Ni50Ti25Hf25 via using copper pans 

since Ni50Ti25Hf25 alloy might have showed higher transformation temperatures 

because of having higher Hf content. The upper cycle temperatures for Ni50Ti25Hf25 in 

Ni50Ti30Hf20 alloy. Therefore, copper pans were preferred since they have higher 

create a problem such as melting of the pans.   
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3.5. Isobaric Experiments 

 

Experiments, which were conducted by cooling-heating the samples under constant 

stress, are called as Isobaric Experiments in the literature [67]. Isobaric experiments were 

done under 200 MPa constant stress magnitude.  200 MPa stress magnitude was chosen 

to investigate the effect of cooling rate on the shape memory properties of Ni50Ti30Hf20 

since higher stress magnitudes led to observe irrecoverable strain, in other terms, plastic 

deformation during cycling. Tensile test specimens which are in the form dog-bone were 

first attached to the grips. Epsilon high temperature extensometer with ceramic rods was 

used to measure displacement values. Three J type thermocouple were used to control 

and monitor the temperature. Two of them were attached to the grips and one of them 

was attached to the middle part of the gauge length of the dog bone specimens. All strain 

vs temperature graphs were drawn using the temperature values that were measured 

directly from the middle of the specimen. 

 

Samples were heated before loading in order to begin the experiment in austenitic state. 

After reaching above austenite finish temperature sample was loaded and cooling/heating 

cycles were started. The temperature, which the samples are heated to is called as Upper 

Cycle Temperature (UCT) [54]. UCT levels were determined according to the 

observation of full austenitic transformation. Three cooling/heating cycles were 

conducted to investigate thermal and mechanical stability under 200 MPa with the change 

of cooling rate. 

 

Figure 3.5-1 Utest universal material testing machine equipped with heating/cooling unit 

that was used for isobaric heating/cooling experiments. 
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3.6. Rolling 

 

Rolling studies were conducted using laboratory sized rolling mills which is driven by 

electrical motors. 5% thickness reduction was achieved in both cold and warm rolling 

procedures.  

 

Before warm rolling process the sample was heated non-

Protherm PLF 100/3 cubic furnace. Sample was held in the furnace for 10 minutes at 

 roller. These steps were repeated around 5 times to achieve 5% 

deformation since the alloy is a hard to deform material due to high Hf content. 

 

It is known from the literature that short time annealing after cold rolling improves the 

shape memory behavio

was conducted for cold rolled sample to observe stable shape memory behavior in

functional fatigue experiments [61]. 

Figure 3.6-1 Cubic Furnace and Rolling Machine 
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3.7. Functional Fatigue  

 

In second study of the thesis, functional fatigue experiments were conducted on thermo-

mechanically treated Hf rich Ni50Ti25Hf25. The samples were heated to UCT by joule 

heating which utilizes electricity that is provided by programmable DC power supply and 

heating/cooling rate control was obtained via using PI controller. LabView program was 

used to control the functional fatigue setup. Detailed information about the setup could 

be found in a previous study [68]. 

 

Natural convection was enough to cool the specimen to the lower cycle temperature. 

Addition to natural convection, forced air cooling was applied to achieve desired cooling 

rate during the thermal cycles.  

 

Temperature was measured with Optris Ctlasr LTF-CF1 infrared thermometer. Laser was 

focused to the middle of the gauge section of the samples. Emissivity of the specimen is 

important to measure the correct temperature from the surface. Therefore, all samples 

were painted with a paint, which is resistant to high temperature applications (MOTIP 

Heat Resistant Paint) to gather consistent temperature measurements throughout thermal 

cycles. High temperature paint was applied at the end of every 50 cycles to avoid any 

paint peeling due to high temperature and high elongation of the sample.  

  

Displacement values were measured using Linear potentiometric displacement sensor 

(LPDS) and dead weight was used to apply 200 MPa stress magnitude. Heating/Cooling 

rate was 

experiments that is used by our research group. Samples were heated up to UCT and 

loading was done in austenitic phase. 
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Figure 3.7-1  Functional fatigue diagram [68].
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4. RESULTS AND DISCUSSION 

 

4.1. Cooling Rate Effect on Shape Memory Properties of Equiatomic 

Ni50Ti30Hf20 (at. %) alloy 

 

To investigate the effect of cooling rate on SM properties such as TTs and enthalpies 

under no load cooling-heating experiments together with actuation strain, thermal 

hysteresis and transformation temperatures under constant stress cooling-heating 

experiments, DSC and Isobaric Experiments were conducted.  DSC experiments were run 

ate in the literature. Three DSC samples which were 

around 6 mg of weight, were thermally cycled using DSC. Temperature interval for DSC 

experiments were selected as 100-

of the alloy. Four thermal cycles were conducted for each case and the first cycles were 

avoided due to the first cycle effect [65,66]. 

 

For simplifying the DSC results, only the second thermal cycles are presented in Figure 

4.1-1. Heat flow values were normalized by dividing the data to the weight of the samples. 

Figure 4.1-2 presents the schematic of a thermal cycle which shows how the 

transformation temperatures and enthalpies and thermal hysteresis were determined from 

DSC curves.  Transformation temperatures, enthalpies and thermal hysteresis that were 

determined from DSC curves are presented in Table 4.1-1. 
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Figure 4.1-1  Second thermal cycles of DSC experiments which were run on 

Ni50Ti30Hf20 (at. %) alloy with cooling rates of  

 

 

 

Figure 4.1-2  Schematic of a thermal cycle which shows the evaluation of TTs and 

transformation enthalpy [69]. 
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Table 4.1-1: TTs, thermal hysteresis and transformation enthalpy values which were 

evaluated from DSC thermograms. 

 

 5  10 15 

Af ( ) 331 330 331 

As ( ) 278 278 277 

Ms ( ) 286 287 287 

Mf ( ) 226 226 225 

Hysteresis ( ) 45 43 44 

 (J/g) 23.6 24.1 27.1 

  (J/g) 24.7 24.5 24.3 

 

It is clearly seen from Figure 4.1-1 and Table 4.1-1 that the transformation temperature 

values do not differ with the change in cooling rate which is the reason of attaining almost 

constant hysteresis values. Transformation enthalpy values of martensite to austenite 

transformation stay constant, despite the fact that transformation enthalpy increases as 

cooling rate increases on austenite to martensite transformation. 0.5 J/g and 3 J/g of 

in. 

 

After investigating the cooling rate effect on the transformation characteristics of 

Ni50Ti30Hf20 (at. %) alloy with DSC experiments, isobaric cooling-heating experiments 

were conducted to determine the cooling rate effect with the application of constant stress. 

Figure 4.1-4 shows strain vs temperature curves, which were obtained from isobaric 

nvestigate 

mechanical stability with the change of the cooling rate as well. Transformation 

temperatures, hysteresis, actuation strain and irrecoverable strain values were determined 

for each cycles. Table 4.1-2 shows the transformation temperatures, actuation strain 

values and thermal hysteresis gathered from second cycles of each isobaric thermal cycles 
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via The schematic, which presents the procedure to determine the aforementioned shape 

memory properties is shown in Figure 4.1-3. 

 

Figure 4.1-3  Schematic of isobaric experiment showing transformation strain, thermal 
hysteresis , irrecoverable strain and TTs [70]. 
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Figure 4.1-4 Strain vs Temperature Curves, which were obtained from Isobaric 

Experiments conducted on Ni50Ti30Hf20 (at. %) alloy with  cooling 

rates.  
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Table 4.1-2: Transformation temperatures, actuation strain and hysteresis evolution with 

the change in the cooling rate. 

Cooling Rate 

 

5 10 15 

Af  ) 330 333 334 

As ) 290 287 287 

Ms ) 274 275 278 

Mf ) 239 238 240 

Actuation Strain 2.1 2.1 2.1 

Hysteresis ) 55 55 54 

  

As it can be deduced from Table 4.1-2 that the transformation temperatures did not differ 

in Isobaric experiments with the change in the cooling rates likewise it was observed in 

DSC experiments thus, hysteresis stayed constant as well. Actuation strain values also 

did not differ although the cooling rates were changed. 

  

Irrecoverable strain values could not be determined from the experiments since there was 

almost no irrecoverable strain through all the thermal cycles. 200 MPa stress magnitude 

is not sufficient to observe irrecoverable strain which was also observed in a previous 

study [71]. 

  

Controlled DSC experiments showed that there was no dependency of cooling rate since 

there was almost no change in transformation temperatures as cooling rate changes. 

Transformation hysteresis stayed almost constant due to the stable transformation 

temperatures. Controlled DSC experiments showed that transformation enthalpy on 

heating stayed constant since heating rate was kept  

Transformation enthalpy on the other hand, was increased as cooling rate was increased 

as aforementioned. Net transformation enthalpy change is given as [72]: 
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=- ch  -Ee  + Efr               (Eqn 4) 

  

And 

  

- =- ch  -Ee  + Efr
                (Eqn 

5) 

 

 : Enthalpy change of martensite to austenite transformation 

: Enthalpy change of austenite to martensite transformation 

ch: Chemical energy change 

Ee: Elastic strain energy 

Efr: Frictional (irreversible) energy 

 

Difference between forward and reverse transformation in terms of transformation 

enthalpy was  

mentioned. Chemical composition of the alloy was the same since DSC samples were cut 

from the same batch thus there should be no difference in chemical energy. Elastic strain 

energy is the energy that is stored between starting and ending point of martensitic 

transformation since transformation temperatures were not changed there should be also 

no change in elastic strain energy. Lastly, Efr term is related frictional energy, which is 

dissipated during transformation. Hysteresis term is directly related with this irreversible 

energy. As it is stated, there were also no change in hysteresis. These statements all 

together concludes that there should be no difference in transformation enthalpy between 

forward and reverse transformation thus, the increase in enthalpy values of Ni50Ti30Ti20 

at% SMA with different cooling rates cannot be attributed to rate sensitivity contrary to 

literature. Enthalpy values increased due to the increased measurement sensitivity of 

differential scanning calorimeter equipment as cooling rate increases [73].  

 

Transformation temperatures, especially martensite start temperature, increased under 

load due to Clausius-Clapeyron relation as it was mentioned in literature section 

nevertheless transformation temperatures that were measured from DSC experiments and 

isobaric experiments did not follow the above statement.  Lower Ms temperature values 

under load condition was explained previously on NiTi binary alloys in the literature. The 

difference in transformation temperatures can be attributed to measurement methods. 
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DSC measures the exothermic or endothermic heat change while strain measurements on 

isobaric experiments were done according to macroscopic shape change. It was also 

shown by neutron diffraction studies that transformation takes place before macroscopic 

shape change [74] thus different transformation temperatures were observed under load 

and under no load conditions. 

  

Thermal hysteresis values gathered from Isobaric Experiments were higher than that of 

obtained from DSC experiments and this can be attributed to dislocation formation with 

the application of load since defects and dislocations lead to have higher friction during 

the movement of martensite-austenite phase boundary.  
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4.2. Functional Fatigue Behavior of Ni50Ti25Hf25 (at. %) 

 DSC experiments were conducted on thermo-mechanically treated Ni50Ti25Hf25 (at. 

%) alloy before Functional Fatigue experiments since the TTs of SMAs are highly 

dependent on the deformation and heat treatment operations. The heating and cooling 

rates in DSC experiments were 10 /min. Figure 4.2-2 shows the comparison of DSC 

curves of homogenized, cold rolled, cold rolled and annealed and warm rolled samples. 

Transformation characteristics under no load condition were seriously affected from 

thermo-mechanical treatments which can be clearly seen from the Figure 4.2-1 

 

 

Figure 4.2-1 Comparison of DSC curves of homogenized, cold rolled, cold rolled + 

annealed and warm rolled Ni50Ti25Hf25 (at. %) samples 
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Table 4.2-1 shows the TTs, thermal hysteresis and transformation enthalpy values that 

were measured by DSC.  

 

It has been already known that transformation temperatures decrease with the increase in 

dislocation density. Rolling led DSC curves to broaden thus transformation temperatures, 

especially Af and Ms were affected from this broadening. Transformation temperatures 

were determined according to ASTM F2004, which defines tangent method.  Higher 

transformation temperatures were observed due to lower slope of broadened curves. 

 

Table 4.2-1: TTs, thermal hysteresis and transformation enthalpy values that were 

evaluated from DSC thermograms of thermo-mechanical treated Ni50Ti25Hf25 (at. %) 

samples. 

 

  

  

rolling operations, respectively. Annealing did not cause to a change in hysteresis values 

due to short time annealing since time was not enough to annihilate the dislocations 

similar to the measured hysteresis value for the cold rolled sample since 500 

relatively lower deformation temperature for high Hf NiTiHf alloys.  

  

  As 

 

Af 

 

Ms 

 

Mf 

 

Hysteresis (Af-

 (J/g) 

Homogenized 399 426 368 294 58 24.72 

Cold Rolled 383 459 381 294 78 5.19 

Cold Rolled + 

Annealed 

372 482 404 287 78 6.05 

Warm Rolled  383 440 365 293 75 10.26 
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Cold and warm rolling led to observe lower transformation enthalpy values due to 

dislocations induced during rolling processes. Homogenized specimen has an enthalpy 

value of 24.72 J/g while cold rolled, cold rolled and annealed, warm rolled have 5.19, 

6.05, 10.26 J/g, respectively. Annealing effect is much clear when transformation 

enthalpies are considered since annealing led to an increase in transformation enthalpy 

yet not enough to decrease transformation hysteresis since short term annealing actually 

helps to relieve stress and rearrange dislocation forests, which were induced during cold 

rolling operation. 

 

Functional Fatigue experiments of Ni50Ti25Hf25 

200MPa stress magnitude. Figure 4.2-2 shows the Strain Vs Temperature graph for the 

homogenized sample including all the cycles up to failure. Transformation temperatures, 

martensite and austenite strain, actuation strain and hysteresis values were gathered from 

the graphs. Total of 550 cycle was shown in the figure since the sample deformed 

plastically through cycles and cross-sectional area was reduced as a result of plastic 

deformation. Joule heating was utilized in the experiments as aforementioned in the 

experimental procedure section. Reduced cross sectional area of the gauge section due to 

plastic deformation was not enough to apply heating procedure and PI controller could 

not control the temperature.  Therefore, thermal cycling and experiment were stopped if 

the control was not possible. Optical examination of the sample surface will be given in 

appendix section. 



 52 

Figure 4.2-2 Strain vs Temperature curves obtained from the functional fatigue 

experiment of Homogenized Ni50Ti25Hf25 (at. %) sample. 

  

It can be seen from the Figure 4.2-2 that, transformation induced plasticity (TRIP) and 

martensite pinning occurred with the dislocation formation via cycling under stress and 

caused strain vs temperature curves to shift upwards since the irrecoverable strain values 

accumulated throughout the cycles. As cycle number increased, TRIP+ martensite 

pinning effects were increased as well, which can be seen from the figure that initial 

cycles were close to each other such that it denotes TRIP+martensite pinning were small 

compared to later cycles which were clearly apart from each other. Irrecoverable strain is 

defined as the strain value which is not recovered upon the end of the heating, thus these 

values at each cycles were measured to be very small. However, austenite strain is the 

accumulation of each irrecoverable strain values, thus the total plastic deformation which 

is expressed with austenite strain is extremely very high. Additionally, actuation strain is 

calculated by the difference of martensite and austenite strain. The procedure, which is 

followed to find out, austenite, martensite and actuation strain together with 

transformation temperatures and thermal hysteresis is given in Figure 4.2-3.   
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Figure 4.2-3 Schematic of constant load heating/cooling curve showing transformation 

temperatures, martensite, austenite, actuation, irrecoverable strains and thermal hysteresis 

[54]. 

 

Fig 4.2-4 shows the Strain vs Temperature curves, which were obtained from functional 

fatigue experiment of homogenized +cold rolled and annealed sample. Total of 542 cycles 

were conducted and experiment was stopped at 543rd cycle by the same reason as 

described above. Transformation temperatures, hysteresis, actuation strain, accumulated 

martensite and austenite strains were also determined from the graphs and will be given 

later in this section. Curves also shifted upwards as it was observed in the results of 

homogenized sample which is the indication of TRIP + martensite pinning due to 

dislocations which were induced during fatigue cycles.  
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Figure 4.2-4 Strain vs Temperature curves obtained from the functional fatigue 

experiment of Homogenized and then cold rolled and annealed Ni50Ti25Hf25 (at. %) 

sample 

 

Strain vs Temperature curves from the functional fatigue experiment of the sample, which 

was warm r 4.2-5. Total of 490 cycles were 

conducted and experiment was stopped thereafter as was done in earlier experiments with 

the same reasons. Similar to the previous results, curves shifted upwards in this 

experiment as well.  

Figure 4.2-5 Strain vs Temperature curves obtained from the functional fatigue 

experiment of warm rolled Ni50Ti25Hf25 (at. %) sample. 
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TTs, which were evaluated from Strain vs Temperature curves of the Functional Fatigue 

experiment which was conducted on homogenized Ni50Ti25Hf25 (at. %) sample, were 

shown in the Figure 4.2-6. A slight increase was observed for Austenite Finish (Af) 

temperature with the number of cycles. However, Austenite Start (As), Martensite Start 

(Ms) and Martensite Finish (Mf

respectively throughout the cycles and transformation temperatures apart from Af

temperature were quite stable since the slope of these temperatures were lower than the 

slope of austenite finish temperature. Increasing trend of Af was due to the dislocation 

accumulation during thermal cycles.  

 

 

Figure 4.2-6 Evolution of transformation temperatures, which were determined from 

Functional Fatigue experiment conducted on homogenized Ni50Ti25Hf25 (at. %) 

sample. 

 

Transformation temperatures of Homogenized+ cold rolled, and annealed sample were 

more stable than that of the homogenized sample as expected.  During functional fatigue 

causes transformation temperatures to decrease which was the reason of observing lower 

TTs for homogenized + cold rolled + annealed sample than that of only homogenized 

sample. Strain hardening that was achieved during cold rolling, led the dislocation 
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formation more difficult during phase transformation in fatigue experiment, thus change 

in transformation temperatures was not realized as was attained in homogenized sample.  

 

 

Figure 4.2-7 Evolution of transformation temperatures, which were determined from 

Functional Fatigue experiment conducted on homogenized and then cold rolled and 

annealed Ni50Ti25Hf25 (at. %) sample. 

 

Evolution of the transformation temperatures of 5% warm rolled sample is shown in Fig 

4.2-8. Trend of the change in the TTs of cold rolled specimen was also observed in the 

warm rolled specimen. Transformation temperatures were determined to be nearly stable 

throughout cycles. Af, As, Ms and Mf 

rolled specimen due to the higher deformation temperature. Rolling which was conducted 

room temperature rolling operation. Nevertheless, induced dislocations in warm rolling 

process were enough to stabilize transformation temperatures throughout the cycles. 

Therefore, TTs of warm rolled specimen were more stable than homogenized one.  

 



 57 

 

Figure 4.2-8 Evolution of transformation temperatures, which were determined from 

Functional Fatigue experiment conducted on warm rolled Ni50Ti25Hf25 (at. %) sample.

 

Martensite, austenite and actuation strain together with thermal hysteresis values which 

were determined from Strain vs Temperature curves were first drawn for each samples 

separately and then the comparison of the aforementioned values of all samples was 

shown.   

 

Figure 4.2-9 demonstrates martensite and austenite strains, which were gathered from the 

functional fatigue experiment of homogenized Ni50Ti25Hf25 (at%) sample, exhibited 

increasing trend with the number of cycles. It is important to mention that austenite strain 

is the accumulated irrecoverable strain values throughout the fatigue cycles. Increasing 

trend of martensite strain and austenite strain were observed which was similar with the 

literature. Additionally, incremental increase in the strain values was determined. On the 

other hand, the rate of the increase in the accumulated irrecoverable strain (austenite 

strain) values decreases for most of the other NiTiHf alloys since strain hardening takes 

place via cycling under stress. In this experiment thermal cycles were conducted between 

that of the UCT values which are used for NiTiHf alloys containing less Hf strain 

hardening might not take place [54]. 
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Figure 4.2-9 Martensite and Austenite Strain values, which were determined from Strain 

vs Temperature Curves obtained from Functional Fatigue experiment of Homogenized 

Ni50Ti25Hf25 (at%) sample 

 

Actuation strain evolution with the number of cycles of homogenized sample was shown

in Figure 4.2-10. Increasing trend of actuation strain values throughout cycles was 

observed. Actuation strain values of homogenized sample was started from 0.55% and 

increased to 1.7%.  

 



 59 

 

Figure 4.2-10 Actuation Strain values, which were determined from Strain vs 

Temperature Curves obtained from Functional Fatigue experiment of Homogenized 

Ni50Ti25Hf25 (at%) sample. 

 

Hysteresis values of the homogenized sample are shown in Figure 4.2-11. It can be 

deduced from the figure that the thermal hysteresis value 
th cycle, the values almost stayed constant and 

Hysteresis is directly related with dislocations and pinned martensite due to these 

dislocations such that higher energy should be supplied for the phase transformation. It 

can be said that dislocation formation was increased after 300th cycle 
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Figure 4.2-11 Thermal Hysteresis values, which were determined from Strain vs 

Temperature Curves obtained from Functional Fatigue experiment of Homogenized 

Ni50Ti25Hf25 (at%) sample. 

 

Martensite and Austenite Strain evolutions of Homogenized + Cold Rolled and Annealed 

sample were similar to homogenized sample which can be seen in Figure 4.2-12. Strain 

hardening effect was not observed in cold rolled and annealed sample as well since UCT 

sample. High UCT prevented dislocation formation [54].  
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Figure 4.2-12 Martensite and Austenite Strain values, which were determined from Strain 

vs Temperature Curves obtained from Functional Fatigue experiment of cold rolled and 

annealed Ni50Ti25Hf25 (at%) sample 

 

Homogenized + Cold Rolled and Annealed sample demonstrated increasing actuation 

strain values as it is shown in Figure 4.2-13, although the increase in the values with the 

number of cycles was much lower than cold rolled sample. Additionally, the magnitudes 

of the actuation strain of cold rolled samples were also lower than homogenized sample 

due to the high dislocation density.  Actuation strain value at the beginning was around 

0.5% and increased to 0.8%. 
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Figure 4.2-13 Actuation Strain values, which were determined from Strain vs 

Temperature Curves obtained from functional fatigue experiment of cold rolled and 

annealed Ni50Ti25Hf25 (at%) sample. 

 

Fig 4.2-14 shows the hysteresis values of homogenized + cold rolled and annealed 

sample. Hysteresis values were higher compared to homogenized sample due to the 

dislocation formation during cold rolling, also values were slightly more stable than 

homogenized sample for the same reason as above. Hysteresis stayed constant around 80 
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Figure 4.2-14 Thermal Hysteresis values, which were determined from Strain vs 

Temperature Curves obtained from Functional Fatigue experiment of Homogenized 

Ni50Ti25Hf25 (at%) sample. 

 

Fig 4.2-15 

Almost a linear increase was observed in warm rolled specimen as well. 

 

Figure 4.2-15 Martensite and Austenite Strain values, which were determined from Strain 

vs Temperature Curves obtained from functional fatigue experiment of Warm Rolled 

Ni50Ti25Hf25 (at%) sample. 
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Actuation strain evolution through the functional fatigue experiment of warm rolled 

sample is shown in Figure 4.2-16. The stability in the actuation strain values were attained 

in this sample like was achieved in the cold rolled sample. However, actuation strain 

values were slightly decreasing as number of cycles increased which might be due to 

martensite pinning as a result of dislocation formation.  

 

Figure 4.2-16 Actuation Strain values, which were determined from Strain vs 

Temperature Curves obtained from functional fatigue experiment of warm rolled 

Ni50Ti25Hf25 (at%) sample. 

 

Fig 4.2-17 

hysteresis was lower in the warm rolled case than homogenized and cold rolled +annealed 

specimen.  
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Figure 4.2-17 Thermal Hysteresis values, which were determined from Strain vs 

Temperature Curves obtained from functional fatigue experiment of warm rolled 

Ni50Ti25Hf25 (at%) sample. 

 

Fig 4.2-18 demonstrates the comparison of martensite and austenite strain values of 

homogenized, cold rolled + annealed and warm rolled samples. It can be clearly seen 

from the figure that, warm rolled specimen showed the highest martensite and austenite 

strain values and failed earlier than others as expected from this behavior. Homogenized 

sample and cold rolled sample demonstrated similar behaviors in terms of martensite and 

austenite strains and they failed 550th and 540th cycle, respectively. Warm rolling at 

effectively. The rolling temperature was relatively high but the percent of the deformation 

was low. The influence of the deformation might be cancelled with the rolling 

temperature. 
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Figure 4.2-18 Comparison of Martensite and Austenite Strain values of homogenized, 

cold rolled and annealed and Warm Rolled Ni50Ti25Hf25 (at%) samples 

 

The comparison of actuation strain values of all samples can be seen in Figure 4.2-19. 

Homogenized specimen showed an increasing trend of actuation strain while cold rolled 

and warm rolled specimens demonstrated more stable actuation strain behavior during 

functional fatigue experiments. It is worth to mention that the actuation strain values were 

calculated by taking the difference between martensite strain and austenite strain. 

 

Actuation strain values were not stable for homogenized sample since most of the 

dislocations were annihilated during homogenization process. Actuation strain values of 

warm rolled specimen were higher than that of cold rolled specimen since rolling was 

done at elevated temperature which causes no or less dislocation formation than that of 

obtained in cold rolled specimen. Additionally, actuation strain values of warm rolled 

specimen were higher than the cold rolled + annealed specimens. This might be attributed 

to texture formation during the application of warm rolling. Furthermore, the actuation 

strain of warm rolled sample decreased with the cycles due to gradual vanishing of the 

minutes might lead to the diminish of the texture, which might be formed at the surface 

of the thin cold rolled sample. However, annealing time was enough to partly annihilate 



 67 

dislocations that were induced during cold rolling thus, lower actuation strain values were 

observed during functional fatigue. 

 

 

Figure 4.2-19 Comparison of Actuation Strain values of homogenized, cold rolled + 

annealed and Warm Rolled Ni50Ti25Hf25 (at%) samples. 

 

Hysteresis comparison was shown in Figure 4.2-20. Homogenized sample demonstrated 

the lowest hysteresis values throughout the experiments since the martensite-austenite 

boundary should be mobile due to the lack of dislocations. On the other hand, the 

hysteresis values of warm rolled and cold rolled + annealed samples were very similar to 

each other. Higher hysteresis values of CR5 and 500WR5 specimens were attributed to 

plastic deformation procedure which led to induce dislocations during rolling and these 

dislocations contributed to obtain higher hysteresis values with respect to the values of 

homogenized sample as aforementioned earlier. 
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Figure 4.2-20 Comparison of Hysteresis values of homogenized, cold rolled + annealed 

and Warm Rolled Ni50Ti25Hf25 (at%) samples. 

 

Last comparison was done on Af and Ms temperatures of all samples and shown in Figure 

4.2-21. It can be seen from the figure that CR5 specimen demonstrated lowest 

transformation temperatures due to the increase in dislocation density. Higher 

overcooling is necessary to fully transform the alloy to martensite. On the other hand, 

homogenized and 500WR5 specimen demonstrated almost the same transformation 

temperature behavior which is the indication of rolling at relatively higher temperature.  

The influence of deformation via rolling might not be effective to noticeable change the 

dislocation density.  
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Figure 4.2-21 Comparison of Af and Ms values of homogenized, cold rolled +annealed 

and warm rolled Ni50Ti25Hf25 (at%) specimens 
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5. CONCLUSION 

First section of the study was the investigation of the cooling rate effect on martensitic 

transformation of equiatomic Ni50Ti30Hf20 at% shape memory alloy. 

  

DSC experiments demonstrated that transformation temperatures and transformation 

hysteresis values were not heating/cooling rate dependent since almost no difference was 

observed in both parameters. 

 

Increase in transformation enthalpy with the increase in cooling rate cannot be attributed 

to transformation volume instead the increase in transformation enthalpy was due to 

increased measurement sensitivity of the DSC equipment thus scanning rates should be 

taken into consideration while comparing enthalpy values on different scanning rates. 

Additionally, the transformation enthalpy change is not possible from thermodynamical 

point of view since there is no change in energy parameters which were discussed

previously in Results and Discussion section. 

 

Isobaric experiments demonstrated the same transformation strain values under 200MPa 

via following different cooling rates since transformation strain mainly depends on the 

applied external stress magnitude which basically leads to a change in transforming 

volume. 

As a summary, it is concluded that transformation enthalpy and strain do not depend on 

heating/cooling rate.  

 

Second part of the study was the investigation of the effects of thermo-mechanical 

treatments on Ni50Ti25Hf25 at% SMA. Extruded specimens were homogenized and 

homogenized sample were subjected to cold and warm rolling processes. Thickness 

reduction for both cold and warm rolled specimen was 5%. Cold rolled specimen was 

subjected to annealing  

 

Shape memory alloys can be used as actuators as stated. Mechanical and thermal 

stabilities are important factors for actuation applications. Therefore, improving the 

thermo-mechanical stabilities of shape memory alloys is the main focus in this part of the 
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study. Cold and warm rolling processes were conducted to increase the strength of the 

alloy via dislocation induction with work hardening.  

Functional fatigue experiments were conducted on homogenized, cold rolled + annealed 

and warm rolled samples and the results were shared. Transformation temperatures were 

quite stable for all samples through the functional fatigue experiment which revealed that 

thermal stability of the Ni50Ti25Hf25 shape memory alloy was promising with or without 

any thermo-

was observed in cold rolled specimen as stated in the result section although almost no 

change was observed in warm rolled case.   

 

 Functional fatigue experiments revealed that homogenized specimen showed unstable 

actuation strain. On the other hand, cold rolled + annealed and warm rolled samples 

exhibited noticeable stability in terms of actuation strain values throughout the number 

of cycles.  Thus, it is possible to improve mechanical stability of very high temperature 

Ni50Ti25Hf25 SMA by applying thermo-mechanical treatments. 

  

Cold rolling led to a decrease in actuation strain. Dislocations that were induced during 

cold rolling were partly annihilated during annealing procedure and cold rolled + 

annealed specimen demonstrated quite stable actuation strain behavior although the upper 

also demonstrated stable actuation strain behavior with higher actuation strain values 

compared to cold rolled and annealed specimen. Achieving higher actuation strain values 

may be attributed to the possible texture formation during warm rolling operation.

  

Low percentage of rolling can be applicable to high Hf content NiTiHf alloys to improve 

thermo-mechanical stability. Both cold rolling and warm rolling procedures are effective 

way to improve shape memory behavior.  However, further studies should be done on the 

microstructural evolution with the rolling processes to better understand the reason of 

achieving high stability. 
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