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ABSTRACT 

High purity Ni, Ti and Hf elements were used to produce 

Ni50Ti30Hf20 (at%) high temperature shape memory alloy 

via vacuum induction melting under high purity argon 

atmosphere. The material was placed in a mild steel can and 

hot extruded at 9000C for the homogenization of the 

structure. Then, the extruded alloy was inserted in a 

stainless steel can to conduct severe plastic deformation via 

Equal Channel Angular Extrusion (ECAE) following route 

C for 2 passes and 4 passes at 700°C. Transformation 

temperatures of the hot extruded and ECAE processed 

materials were measured using Differential Scanning 

Calorimetry (DSC) to determine the upper and lower cycle 

temperatures which were used in the functional fatigue 

experiments.  Dog bone shape tensile specimens were cut 

using wire electrical discharge machining from extruded 

and ECAEd materials to perform functional fatigue 

experiments under constant stress magnitude.  

Functional fatigue experiments were conducted via utilizing 

a custom-built test setup. Joule heating and forced air 

convection methods were used to heat and cool the material 

and temperature, displacement and number of cycle values 

were measured and recorded by a LabView Program. The 

constant stress was set to 200MPa using dead weights which 

were hung to the samples. Work output was calculated by 

multiplying the applied stress with the actuation strain 

values which were measured in functional fatigue 

experiments. Actuation strain values for extruded and 

ECAE processed samples were very stable throughout the 

cycles, however, ECAE led to an increase in the magnitude 

of the actuation strain as well as the work output. The 

calculated work output values were approximately 3 J/cm3, 

3.8 J/cm3 and 5.4 J/cm3 for the extruded, 2 pass and 4 pass 

ECAE processed samples, respectively. Additionally, 2 

pass ECAE processed sample showed the highest number 

of life cycles which was determined as 2500 and the work 

output values were stable enough for considering this alloy 

as an actuator in many applications. 
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INTRODUCTION 

Shape memory alloys (SMA) are very unique materials 

which have the ability to remember their original shape after 

they have been deformed. If SMA is deformed in martensite 

and heated to the temperature at which the martensite 

transforms to austenite, it recovers the shape change due to 

the deformation before heating. This unique property of 

SMAs leads to use them as actuators in aerospace and 

automotive industries [Singh, 2003], [Strelec, 2003].  

Many studies have been conducted on binary Ni-Ti SMAs, 

since they have good cyclic stability and high actuation 

strain [Kockar, 2008]. However, Ni-Ti alloys show 

transformation temperatures lower than 1000C such that 

using these materials is limited for most of the applications. 

Alloying element addition to Ni-Ti based SMAs is one of 

the methods for the development of HTSMAs. Au, Pt, Pd, 

Zr and Hf are used to produce HTSMAs as additional 

alloying elements in NiTi binary systems [Ma, 2010]. 

Studies are focused on Zr and Hf additions since these 

elements are inexpensive comparing with Au, Pt and Pd. Zr 

addition makes NiTi alloys brittle due to the high oxygen 

affinity of Zr, therefore Hf becomes the most promising 

additional alloying element in NiTi systems [Ma, 2010]. 

There are studies in the literature which are focused on Ni-

rich NiTiHf high temperature SMAs. It was demonstrated 

that the formation of precipitates increases the 

transformation temperatures and thermo-mechanical 

stability in Ni-rich NiTiHf SMAs [Evirgen, 2015]. On the 

other hand, there are not many studies on the equiatomic 

NiTiHf alloys. It has been known that the cyclic stability of 

equiatomic NiTi alloy can be maintained with increasing the 

critical stress for slip via conducting Severe Plastic 

Deformation (SPD) techniques. Therefore, in this study, 

Equal Channel Angular Extrusion process which is a severe 

plastic deformation was utilized in order to increase the 

critical stress for slip and the cyclic stability of Ni50Ti30Hf20 

alloy under constant stress heating cooling experiments. 

 

METHODS 

High purity Ni, Ti and Hf elements were used to produce 

Ni50Ti30Hf20 (at%) high temperature shape memory alloy 

via vacuum induction melting under high purity argon 



atmosphere. The material was placed in a mild steel can and 

hot extruded at 9000C for the homogenization of the 

structure. Then, the extruded alloy was inserted in a 

stainless steel can to conduct SPD via Equal Channel 

Angular Extrusion (ECAE) following route C for 2 passes 

and 4 passes first at 800°C and then at 700°C. 

Transformation temperatures of the hot extruded and ECAE 

processed materials were measured using Differential 

Scanning Calorimetry (DSC) to determine the upper and 

lower cycle temperatures which were used in the functional 

fatigue experiments. Dog bone shape tensile specimens 

were cut using wire electrical discharge machining from 

extruded and ECAEd materials to perform functional 

fatigue experiments under constant stress magnitude.  

Functional fatigue experiments were conducted via utilizing 

a custom-built test setup. Joule heating and forced air 

convection methods were used to heat and cool the material 

and temperature, displacement and number of cycle values 

were measured and recorded by a LabView Program. The 

constant stress was set to 200MPa using dead weights which 

were hung to the samples. Work output was calculated by 

multiplying the applied constant stress with the actuation 

strain values which were measured during functional 

fatigue experiments. Additionally, microstructural analysis 

of the samples was performed using a JEOL transmission 

electron microscope (TEM) to investigate the martensitic 

and twinning structure before and after ECAE process. 

TEM samples were prepared using a focused ion beam 

equipment for thinning the samples down to 10-20nm. 

 

 

Figure 1:  Actuation strain values with the number of 

cycles which were drawn from functional fatigue 

experiments 

RESULTS 

DSC results have shown that, the transformation 

temperatures of the extruded sample were even very stable 

such that only 2-3°C differences in the transformation 

temperatures were determined between the first and the 

third cycle. However, no difference was observed in the 

transformation temperatures between cycles after ECAE 

processes. 

The martensitic structures of the extruded and ECAE 

processed samples which were studied using Transmission 

Electron Microscope represented a very fine internally 

twinned structure. However, the twin structures became 

thinner with the ECAE process such that the twin 

boundaries were not able to be observed clearly which 

might be due to the high dislocation density.  

The shape memory properties such as transformation 

temperatures, thermal hysteresis and the actuation strain 

evolution with the number of cycles for the extruded and 

ECAE processed samples from the functional fatigue 

experiments were also investigated. It was found that all the 

shape memory characteristics were very stable throughout 

the number of cycles, however, ECAE for 4 passes led to an 

increase in the magnitude of the actuation strain as well as 

the work output values. The actuation strain evolution of all 

samples with the number of cycles were given in Figure 1 

and the work output values of the samples were calculated 

with the multiplication of the actuation strain and the 

applied constant stress and found to be approximately 3 

J/cm3, 3.8 J/cm3 and 5.4 J/cm3 for the extruded, 2 pass and 

4 pass ECAE processed samples, respectively.  

CONCLUSION 

2 pass ECAE processed sample showed the highest number 

of life cycles which was determined as 2500 and the work 

output values were stable enough for considering this alloy 

as an actuator in many applications. It was also concluded 

that there was a challenge in achieving good cyclic stability 

and high functional fatigue life of equiatomic NiTiHf 

HTSMAs since 2500 cycles may not be enough for the 

actuator applications in which relatively higher number of 

cycles were necessary in certain high temperature 

applications. 
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