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Abstrakt  
 Tvář ecí technologie založené na využití velkých plastických deformací (SPD) jako je 
ECAP mohou být použity i pro neželezné materially jako vhodné technologie pro modifikaci 
jejich vlastností. Bylo ově ř eno, že zvýšená teplota př i procesu poskytuje vhodné podmínky pro 
získání jemnozrných materiálů . Tento př íspě vek byl zamě ř en na experimentální ově ř ení 
funkč nosti  ECAP technologie u pamě tových materiálů  na bázi Ni-Ti. Krom zmíně ného 
pojednává take o kontinuálních změ nách rezistivity jako funkce teploty u zpracovávaných slitin. 
Jako další bylo mě ř eno deformač ní a následné tepelné zpracování na tě chto teplotách. 
Zpracovávané vzorky byly kruhového prů ř ezu o prů mě ru 12 mm a délky 50 mm.Ni-Ti slitiny 
byly protlač eny dvoustupň ově  a sice př i teplotě  T1= 773 K a T2= 723 K. Bě hem procesu byly 
zaznamenávány deformač ní síly, deformač ní odpor a rychlost deformace  stanoveny. Po každém 
prů chodu byla zjiště na akumulace deformač ního  zpevně ní (až τ3� = 745 Mpa). Mikrostruktura 
závisela na experimentálních podmínkách, obzvláště  na poč tu prů chodů , typu „deformač ní 
cesty“.  

 
 

Abstract 
 SPD techniques as ECAP proces can be used for non-forrous metals like Ti, Cu, Mg, 
Al, etc. to change its properties. It was approved that elvated temperature provide a succefully 
conditions for the fine grained final materials obtaining. This paper was aimed on verification of 
functionality of the ECAP technology at extrusion of the Ni-Ti alloys. This article deals with 
method of continuous change of resistivity as function of temperature of Ni-Ti alloys, and with 
influence of deformation and subsequent heat treatment at these temperatures. Circular cross-
section of original samples was 12 mm in diameter and their length was 50 mm. For the samples 
of Ni-Ti  alloys  was used the two-stage pressing, when the samples were extruded at 
temperature of approx. T1 = 773 K and T2 = 723 K. Deformation forces were measured during 
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extrusion, resistance to deformation was calculated and deformation speed was approximately 
determined. After individual passes there was occurred an accumulation of deformation 
strengthening (τ3� = 745 Mpa). Microstructure depends on experimental conditions, particularly 
on number of passes and on rotation of the sample between individual passes. 

 

Keywords: ECAP technology, Ni-Ti shape memory alloys, mechanical properties 
 
 

1. Introduction 
 The extrusion by ECAP method enables obtaining a fine-grain structure in larger 
volumes. Products made by this technique are characterized by high strength properties (Fig.1), 
and they can be potentially used at subsequent super-plastic forming. Magnitude of deformation, 
development of structure and resulting mechanical properties achieved by this technique depend 
notably on: homologous temperature Th, size of grain dz, deformation speed ε°, homologous 
tension in die�� (σ/Ε)), density of structural failures, on purity, etc. The obtaining required final 
structure depends primarily on geometry of tool, number of passes through die, obtained 
magnitude and speed of deformation, temperature, etc.  

 

 
Fig.1 Predicted dependence of strength on grain size [1] 

 
 

 Alloys on the base of Ni-Ti melt usually at the temperature of approx. 1500 K. It is 
possible to measure transformation temperatures by deformation methods, by DSC method 
(differential scanning calorimetry) or DTA method (differential thermal analysis), by 
resistometric methods. Resistometric method enables simple, precise and rapid evaluation of 
transformation temperatures. In dependence on constitution of alloys, or additional alloying or 
heat treatment or mechanical treatment It is possible to get different types of dependence of 
electric resistivity on temperature. 
 The biggest attention (and this is valid till present times) is focused on systems and 
Ti-Ni-Me, where Me represents another alloying component. These alloys are characteristic by 
their structural arrangement at long distance, thermo-elastic martensite and crystallographically 
reversible phase transformation.  
 In the system Ni-Ti  particular attention is paid namely to intermetallic compound 
NiTi, which demonstrates shape memory effect. This effect is, however, highly sensitive to 
stoichiometry of intermetallic phase TiNi, which is connected to specific requirements 
concerning metallurgy of these intermetallic compounds. 
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2. Development of structure 
 Influence of magnitude of plastic deformation on properties of metallic materials is 
connected with increasing internal energy. Internal energy increases right to the limit value, 
which depends on manner of deformation, purity, grain size, temperature, etc. As a result of non-
homogeneity of deformation at ECAP technique the internal energy gain differs at different 
places of formed alloy [1,2]. For example the value of internal energy is different in slip planes, 
at boundaries and inside cells. It is possible to observe higher internal energy also in proximity 
of precipitates, segregates and solid structural phases. For usual techniques, pure metals, 
medium magnitude of deformation and temperatures the value of stored energy is said to be 
approx. around 10 J.mol-1 [3]. 
 Temperatures of phase transformations depend also on magnitude of initial 
deformation. It has been demonstrated that the higher initial deformation (higher density of 
dislocations), the greater temperature interval of beginning and termination of martensitic 
transformation. The interaction of stress field of dislocations with moving phase boundary.  
Transformations temperatures are influenced also due to accumulation of impurities in NiTi 
alloys. These impurities are dragged into the material at production and also at heat treatment. 
This concerns namely nitrogen, oxygen hydrogen or carbon. What concerns structural 
composition there have been noticed changes of inclusion formation, e.g. TiN or Ti4C. In 
consequence of formation of these inclusions there occurs depletion of titanium in parent 
material. 

 
 

3. Experimental material and procedures 
 The experiment was divided into three parts. In the experiment we have been using 
the alloy Ni50.6- Ti49.4 which were subjected 1) forging, 2) ECAP, 3) Heat treatment (HT). 
Cross-section of original samples of Ni-Ti alloys was circular with gauge 12 mm in diameter 
and their length was 50 mm.  These samples were extruded in two-stage pressing, when the 
samples were extruded at temperature of approx. T1 = 773 K and T2= 723 K. In order to increase 
the concentration of deformation in volume of the sample, the samples were turned around their 
longitudinal axis by 90 o after individual passes and they were extruded again [4-6]. Total 
number of pass was 5.  
 The experiments were aimed at determination of extrusion force, pressure necessary 
in individual stages of extrusion, change of strength properties in dependence on number of 
extrusions and change of structure.  
 In the first part of the experiment we have been forging the original samples on the 
ground of the properties enhancement of cast alloy for next extrusion. Original samples were 
processed by hot forging at T = 1143 K and they were afterwards annealed at temperature of 973 
K/3hrs.  
 The samples are ordered from the left to the right according to number of passes 
[7,8,10]. We measured at extrusion the deformation forces and we have also calculated the 
pressure needed for extrusion. We approximately determined the strain rate, which was approx.  
2,3x10-2 s-1. The structure analysis was made by optical microscopy. Initial microstructure of the 
samples as well as its changes after forging and heat treatment are shown in Fig. 3, Fig.4 and 
Fig.5 respectively. 

 
 

3.2  Measurement of transformation characteristics 
 We used for measurement of transformation characteristics of the alloy Ni48.4- 
Ti51,6 the samples after ECAP process (Fig.2). The samples were ground from both contact 
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surface with use of abrasive paper with sharpness 180, etched in hydrofluoric acid in order to 
obtain better contact at point welded contacts from NiCr wire. The contact surface for welding 
of thermocouple was ground with use of sandpaper. Contact wires were tinned in order to 
improve quality of soldering to the measuring device. Thermocouple made of NiCr – NiAl 
alloys with length of 1.5 m was used for measurement of temperature of samples. In order to 
improve quality of welding-on of thermocouples on samples a contact surface was welded-on on 
the ends of thermocouples under protective Ar atmosphere. Thermocouple NiCr - NiAl was 
calibrated and values of deviations at calibration of approx. 0.5 °C at higher temperatures are 
negligible for the needs of measurement of transformation characteristics [11].  

   

 
Fig.2 Scheme of the process equipment for measurement of transformation temperatures 

 
 

4. Experimental results 
 During pressing the press power was moving due to depending on degree of fulling 
the die channel. For the 1th sample was Fmax = 90 kN, for the 2nd sample was Fmax = 95 kN and 
for the 3th sample was Fmax = 125 kN. The press on ejecting punch subject to these powers: 1435 
MPa, 1485 MPa  and 1920 MPa. The press power was going up with growing deformation (the 
hardening sample). The stability properties are going up with size of deformation (e = 3,54) and 
during four passes raise double. The tensibility is going down. It is caused by recovery processes 
which were not passed. The tensibility is going up due to softer seen. UTS after ECAP was 
moving about 910 Mpa whereas in initial state was about 550Mpa. 

 

               
 Fig.3 NiTi original samples, cast state                        Fig.4 Samples after hot forging  

 
 

 
Fig.5 NiTi after hot forging and heat treatment 
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 In the last step of the experiment Ni-Ti alloy was annealed. The temperature of 
annealing was 973 K and the idle period of the anneal temperature was 30 min.  (Fig. 5). After 
forging and over mentioned heat treatment the ECAP pressing ensued. There were used the two-
stage pressing, the samples were extruded at temperature of approx. T1 = 773 K and T2 = 723 K. 
Structure analysis was made by optical microscopy. The metalografical examination of structure 
was made (Fig.6, 7), the tensile test on the pressed samples and the hardness HV. The fortress of 
samples after annealing was moving about 308,7 MPa and the hardness from 100 till 104 HV. 
The structure of Ni-Ti after annealing is more ferrite material with very little grains. The average 
size of seed is moving about 30 � m.  

 

             
 Fig.6 NiTi after ECAP (5 pass) Fig.7 NiTi after ECAP (5 pass) and HT 
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Fig.8 Transformation temperatures of the non - deformed sample  
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Fig.9 Transformation temperatures of ECAPed sample  

 
 

 Character of the cooling curves (Fig.8, 9) indicates that annealing has suppressed 
strong increase of the R-phase, when there does not occur a typical peak of increased relative 
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resistance, but just very slight curvature change of the curve. At this temperature (TR) 
transformation B2→R begins, but at the same time there already occurs also transformation 
B2→B19‘, which straightens the cooling curve coefficient. At the temperature Ms there occurs 
already only transformation R→B19‘, which causes a sharp drop of relative resistance. After 
achievement of the temperature Mf this phase transformation is already accomplished and there 
occurs re-linearisation of the course of martenzite relative resistance. Higher temperature of 
annealing has no distinct influence of transformation temperatures. 

 
 

5. Conclusions 
 The experiments were made on Ni-Ti alloy have confirmed that the ECAP method is 
efficient tool for refining of grain. Microstructure depends on experimental conditions, 
particularly on number of passes and on rotation of the sample between individual passes. The  
angle between  horizontal  and  vertical  part of extrusive channel was for this experiment Ni-Ti 
105°.  Radii of rounding of working parts of extrusive channel must correspond to conditions for 
laminar flow of metal. It can be seen that microstructures after ECAP display much smaller 
grain size then aforetime. Better differential is obvious from Fig.7 (state after fifth pass and HT) 
in comparison with Fig.5 (state after hot forging and HT). 
  The described method of measurement of transformation temperatures of memory 
shape Ni-Ti based alloys was found to be suitable, particularly due to its good reproducibility. 
Character of the cooling curve of the sample is very similar to that of character of curve of non-
deformed sample. It can be seen there again a two-phase transformation B2→R and B2→B19‘ 
with characteristic increase of relative resistance at the temperature TR. Re-achievement of the 
peak with the temperature Ms and smooth decrease of relative resistance down to the 
temperature Mf, means linearisation of the curve of dependence of relative resistance to 
temperature, which means termination of martensitic transformation. At deformation of NiTi 
alloy, i.e. in the sample the size of martensitic plates has increased as a result of forming.  
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