
THE DEFORMATION CYCLING OF THE PSEUDOELASTIC TI-NI ALLOY  
APPLIED IN CARDIOLOGY 

 
Prof. Kaputkin D.E., Ph. Dr. Morozova T.V. 

National University of Science and Technology «MISIS», Moscow, RUSSIA 
 

Abstract :The construction of cardiac implants imposes specific requirements to the complex of mechanical and physical properties 
of involved materials. This is especially important for devices made of alloys with the shape memory effect and super-elasticity which recover 
the shape after an implant has been delivered in a compact form to the destination.  

Basing on the theoretical simulation of the implant delivery process, a schema of squeezing as well as modes of the deformation cycling 
has been designed with the aim to calculate acceptable operating conditions and predict how the mechanical properties of the material can 
change in service. It has been shown that the preliminary deformation cycling in the range of 3-4 percent provides stabilization of the whole 
complex of mechanical properties, and that guarantees the recovery of shape after implant installation. 
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1. Introduction 
The construction of cardiac implants imposes specific 

requirements to the complex of mechanical and physical properties 
of involved materials. This is especially important for medical 
devices made of alloys with the shape memory effect and 
superelasticity which are used for correcting pathologically 
expanded anatomic structures. In this case it is especially 
important to supervise the shape recovery process and mechanical 
properties both before and after a device is inserted. 

In this study it has been researched how the schema and 
value of the squeezing affect properties of an implant while it is 
being endoscopically delivered to a destination, particularly, in the 
coronary sinus of the large vena cava of the heart. An implant is 
delivered to the destination endoscopically [1] so preliminary it 
should be heavily deformed to fit into the delivery catheter.   The 
latest is possible only by using the super-elasticity effect [2]. 

 
2. Experimental Procedure 
For research, the wire from Ti 49,4-Ni 50,6 alloy with the 

shape memory effect and super-elasticity which is applied in 
surgery [3] was used. Martensitic transformation temperatures 
before and after thermo-mechanical cyclic processing have been 
studied by using the differential scanning calorimetry (DSC) 
measurement. DSC showed that the В2→R→В19’ transformation 
occurs in this alloy during cooling. During heating, the inverse 
martensitic transformation (B19’→B2) was expected according to 
the existing data [3]. However the В2→ В19’ transformation does 
not complete up to -110оС, and as the result on heating the R→В2 
transformation is also noticed. From literature, it is also known [4] 
that deformation stimulates the В2→ В19’ transformation and 
suppress the R-phase in such alloys. 

Table 1. Transformation Temperatures 
 for Ti 49,4-Ni 50,6 Alloy (by DSC) 

Temperature Мs (start 
B2R),2оС  

Temperature Мs (start 
RB19'),2оС 

Temperature Мf 

(finish RB19'),2оС
+4 -56 <-110 

Temperature As (start 
B19'B2), 2оС 

Temperature Af 
(finish B19'B2), 

2оС 

Temperature Af' 
(finish RB2), 2оС 

-33 -9 +1 
 
For the implants developed by us, the loading schema with 

total value of relative deformation equal to 4 percent was 
necessary. To simulate stress conditions of the implant in the 
delivery catheter, wire specimens of necessary diameter were 
cyclically tested for drawing using the loading-unloading schema.  
Modes of the deformation cycling (Tab. 2.) were chosen in order 
to identify the maximal values of periodic stress that the implant 
can be exposed to in the process of the delivery, to evaluate change 
of mechanical properties after the delivery, and to study possibility 
of their stabilization. 

Deformation cyclic processing was carried out in 18-70оС  
temperature range which covers temperatures of the implant usage 
as well as its sterilization. Using the received results, the  

 
 

complex of mechanical properties in process of loading that initiates 
martensitic transformation as well as in process of unloading that 
initiates the inverse transformation was determined [3]. Figure 1 
shows the procedure to determine mechanical properties in process of 
thermoelastic transformation. The effective module of elasticity of 
austenite was determined using the tangent method of a rectilinear 
site of a loading curve (ОА), an unloading curve including stress-
induced martensite (ВС), and on the site of a curve corresponding to 
completion of the inverse martensitic transformation (D’D). The 
same sites were used to measure tensile yield strength which was 
treated as the beginning of the corresponding phase transformation as 
well as to estimate the area of curves of the hysteresis characterizing 
specific dispersion of energy of transformation (for a cycle). 

Table 2. Mode of Deformation Cyclic Processing 
Deformation by 

stretching 
Temperature of the 

cycling 
Number of 

cycles 
up to 4,3% 18,23,32,50,60,70 up to 50 

 

 
Fig.1. Schema of Mechanical Properties Measurement 
DС’ – deformation after stress induced transformation 
ОD  - unrecoverable strain 
tg - The effective module of elasticity (loading) 
tg' - The effective module of elasticity (loading, start of 
transformation) 
tg  - The effective module of elasticity (unloading, finish of 
transformation) 

 
3. Results 
The deformation cycling doesn't render essential influence on 

the start and finish temperatures of transformation during either 
heating or cooling (Table 3), which corresponds the results received 
by authors [5, 6]. It can be only noticed that the temperature of the 
beginning of direct RB19' transformation slightly increased and the 
temperature of the inverse martensitic  B19'B2 transformation 
slightly decreased. Also, temperature of the peak of thermal emission 
increases at the beginning of the cycling and moves to normal as 
number of cycles grows. In view of the fact that the temperature of 
finish of the RB19' transformation was very low, the martensitic 
transformation did not complete so it was impossible to measure 
warmth of transformation, however the form of the DSC curve does 
not allow expecting essential change of this parameter during 
termocyclicing which corresponds results [5, 6]. 
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Table 3. Phase Transformations Temperatures After 
Deformation Cycling 

Temperature of the cycling, 
1оС 

18 32 70 

Number of cycles after DSC 0 6/30/50 6/30/50 
Temperature Мs (start 
B2R) , 2оС 

+4 +1/+1/+1 -1/+1/-3 

Rp –temperature of peak on 
DSC (start B2R), 2оС 

-33 -33/-30/-31 -33/-34/-31 

Temperature Мs (start 
RB19' ), 2оС 

-56 -54/-47/-58 -58/-58/-57 

Mp – temperature of peak on 
DSC (start RB19'), 2оС 

-76 -79/-80/-76 -76/-75/-76 

Temperature As (start 
B19'B2), 2оС 

-33 -38/-37/-33 -33/-33/-33 

Temperature Af (finish 
B19'B2), 2оС 

-9 -10/-7/-9 -9/-9/-9 

 
Fig.2. Change of the Specific Energy Disseminated per Stress-
Induced Transformation Cycle at Various Temperatures 

 
Fig.3. Dependence of the Phase Yield Strength on the Number of 
Cycles 

 
Fig.4. Dependence of the Tensile Yield Strength on the Start (a) and 
End (b) of Unloading on the Number of Cycles 

 
However, the deformation cycling in the specified temperature 

interval affected all parameters determined by deformation curves. 

 
Fig. 5. Change of Residual Deformation on the Number of Cycles 
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Fig.6. Dependence of the Tensile Yield Strength on the 
Temperature 
а) at loading; b)at the start of unloading; c ) at the end of 
unloading  

 
Fig. 2 shows change of the specific energy disseminated per 

a cycle during transformation induced by the deformation cycling 
process.  Apparently, the decrease in the specific disseminated 
energy speaks about the structural relaxation related to the 
mobility of inter-phase borders [7,8] which occurs in each 
subsequent cycle of transformations.  

The relaxation is greater in initial cycles, then the value of 
specific disseminated energy per a cycle becomes stable as the 
number of cycles increases. 

Results of researching characteristics of mechanical 
properties during cycling are shown on charts (Fig. 3-5). Cyclic 
tests lead to stabilization of whole complex of mechanical 
characteristics after 10-15 cycles, while the further cycling does 
not cause considerable changes.  

 

 

 
 
Fig. 7. Change of Temperature at which the Tensile Yield Strength 
Equals Zero 
а) at loading; b) at the start of unloading; c ) at the end of unloading 
 

While testing, the increase of temperature is accompanied by 
some increase of the tension which causes not elastic deformation (a 
phase yield strength 0,2 (В2 В19’)). This can be evidently 
explained by increase of the level of tension necessary for initiating 
the phase transformation. Additionally, it should be noted that at 
temperatures from +23 to +70оС the residual deformation per a cycle 
becomes equal to zero (to within 0,01 %) after 7-10 cycles, while at 
lower temperatures it is positive even after 50 cycles (Fig. 7).   

The temperature dependence of the tensile yield strength 
corresponding to the beginning and end of the phase transformation 
is of special interest and is shown on Fig.6. It can be seen that by the 
10-th cycle the tension corresponding to the start of the direct  В2 
В19’ transformation decreases, while the tensions corresponding to 
the start and finish of the inverse В19’ В2 transformation increase. 
These characteristics stabilize when the number of cycles is big. 

 
4. Discussion 
The dependence of the studied parameters on the number of 

cycles described above indicates that the structure and ways of 
movement of growing phase borders become stable to the 10th cycle 
of deformation.  It should be noted that the temperature 
corresponding to the zero value of tension on the start of В2 В19’ 
transformation (it was received by an ekstapolyatsiya of 
corresponding straight lines (Fig. 7)) grows from - 23оС to - 15оС as 
the number of cycles increases up to 10 cycles, and then becomes 
stable. It testifies that low-cyclic deformation facilitates 
transformation of the B2 phase into the В19’ phase. However, this 
property is limited by 10 cycles then the situation stabilizes. At the 
same time, DSC results show that the preliminary cyclic deformation 
tests do not affect  В19’ R transformation. 

The inverse В19’ В2 transformation during deformation also 
is facilitated by a preliminary cyclic deformation, but stabilization of 
the corresponding temperatures occurs only to the 15th cycle. The 
preliminary cycling (according to DSC) does not affect the inverse 
В19’ В2 transformation preceded by В2  R  B19’ 
transformation (refer to Tab. 3). Thus, the emergence of the R-phase, 
that is, the temperature cycling, during transformation eliminates the 
influence of the preliminary deformation cycling. Regarding the 
thermo-mechanical behavior of an implant alloy, it is the most 
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important to guarantee stability of its properties after the product 
extraction from the delivery device. The deformation cycling (not 
less than 15 cycles) allows reducing value of residual deformation 
as well as stabilizing mechanical properties of the wire made from 
the studied alloy. It is especially important when manufacturing 
implants as it guarantees full shape recovery and stability of 
mechanical properties after the device extraction from the delivery 
catheter. 

 
5. Conclusions 

1. The cyclic deformation with the number of cycles up to 10-15 
facilitates the process of the direct В2  B19’ and inverse В19’ 
В2 transformations, without affecting the transformations going 
with the emergence of the R-phase. 
2. The cyclic deformation reduces disseminated energy of 
transformation. 
3. The cyclic deformation is required for reduction of the residual 
deformation when manufacturing implants. 
 

The authers are deeply grateful to Dr. N.Resnina (Saint 
Petersburg State University) for the help with DSC experiments 
and valuable comments. 
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