
Abstract The conventional methods for obtaining the NiTi shape memory alloys have developed a lot over the last years. The classic technologies of obtaining by induction, electric 
resistance and arc melting process have some negative aspects, such as requiring multiple remelting to get homogeneous structure, oxygen and crucible contamination and the need to 
perform secondary process like forging to get final shape. On contrary, powder metallurgy and spark plasma sintering are unconventional technologies used for producing materials with 
net final shape and omitting many machining processes. These alloys are presently used in many application such us: biomedical (stents and surgical instruments), automotive industry, 
electrical engineering, fire safety alarms, pipe coupling and other domestic applications. The NiTi cylindrical samples were obtained by spark plasma sintering at 8500C or 9000C from 
very pure and fine Ni and Ti powders. These mixtures were previously processed by mechanical alloying for 8 and 15 hours. In order to increase the alloy homogeneity, the NiTi samples 
were subjected to aging in protective atmosphere at constant temperature 4000C and cooling in water with ice. The NiTi samples were characterized by X-ray, differential calorimetry and 
micro and nano-indentation measurements. The results obtained demonstrate that the NiTi materials can serve as a quantitative reference for the microstructure design of shape memory 
materials in the biomedical application. Keywords: mechanical alloyed, spark plasma sintering, shape memory, NiTi, precipitates
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Fig.1 Correlation between microstructure of 
NiTi and mechanical properties

Fig.2 Technological flux of NiTi shape memory alloys

Aims Beside the mechanical properties of the NiTi material, the structure is of crucial importance
for the applicability of the material in biomedical fields. In this work, there were conducted
investigations of the correlation between microstructure and mechanical properties of NiTi material
(fig.1) that was obtained by mixing powders, with mechanical milling, sintering by spark plasma at
different temperatures and compositions and post aging treatment at constant temperature (fig.2). The
obtaining processes took place in vacuum or controlled atmosphere (Ar).

Results and discussion
The effects of fabrication process were analyzed by:
Thermal properties using DSC measurements for
identifying the start and finished temperature martensitic
transformation between austenite (with B2 structure) phase
and martensite (with B19’ structure) phase, and some time
intermediate phase (R-phase) (see fig.3 and table 1)

 Structural properties obtained by X-ray diffraction
measurements using Bruker D8 Advance diffractometer
and Maud program for calculating the phase fraction by
Rietveld method (fig.4) after it was determined the
position, intensity and peak broadening – FWHM for each
peak (fig.5). Crystallite size can be calculated for B2
cubic with a = 3.010A that corresponds of (1,1,0) cubic
plane and PDF 03-065-5746 (table 2, fig.4 and fig.5)

Sample Sintering 
SPS/0C

Ms(0C) Mf(0C) As(0C) Af(0C) Rs(0C) Rf(0C)

C1 900 28 -10 -7 32
C2 900 44 8 12 52
D2 900 63 32 62 99 32-30 29-62
D1 850 62 32 56 97 32-31 29-56
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Table 2. Relative percentage of the phases calculated by Rietveld method for NiTi materials

Sample a [Å] Crystallite  size 
(nm) for B2(110)

Phase of 
B19’

[%wt]

Phase of B2 
[%wt]

Phase of 
Ni3Ti [%wt] Phase of 

Ni4Ti3 [%wt]

C1 3,02134 17.31nm 80.02±0.37 7.87±0.54 5.74±0.82 4.39±0.55

C2 3,01021 15.73nm 81.3±0.83 10.07±0.9 4.56±0.53 3.78±0.34

D1 2,99833 23.53nm 92.06±0.02 4.28±0.30 1.72±0.41 1.90±0.43

D2 2,99799 19.63nm 94.19±0.02 2.29±0.29 1.63±0.4 1.86±0.42

Sample Vickers 
harness (HV)

Young’s 
Modulus 

(GPa)
C1 314±11.65 43±5.22
C2 337±14.40 49±4.45
D1 395±25.20 54±3.30
D2 428±12.75 57±2.89
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Fig.6 Mean loading-unloading microindentation curves for 10 
measurements

Fig.3 DSC thermograms for NiTi samples

Fig.4 Histograms of phase fraction in NiTi samples Fig.5 Simulated XRD results of NiTi

In conclusions, these materials can be used as starting point in biomedical applications with excellent
mechanical properties (superelasticity), especially the C1 and C2 samples. The powder mixtures with two
different composition were previously alloyed mechanically at 8 and 15 hours in order to avoid
segregation of material and increase chemical and microstructural homogeneity [1,2]. All samples
presented the martensitic transformation specific to shape memory alloys between -10 to 1000C, and
presence of B2 and B19’ phases was confirmed by the results of X-ray diffraction and microindentation
measurements by presence of pop-in and pop-out events. The XRD pattern analysis showed major B19’,
B2 stable phases and Ni3Ti and Ti3Ni4 precipitate phase. The Ti3Ni4 precipitate is associated with presence
of R-phase and helps to improve the shape memory characteristics. Values for the Young's modulus are
located around 43 to 57GPa, which correspond to a Young's modulus typical to the martensite phase
(B19’) confirmed by our results and from literature [3,4]. We can also notice that the Young modulus is
around 45GPa for C1 and C2 samples that are obtained by powder metallurgy and SPS and have values
within the normal limits for conventional Ti-6Al-4V or Ti-35Nb-4Sn alloys used in orthopedic fields
[5,6]. Also, the results obtained for D1 and D2 sample show stability after 8 indentation cycles and very
good mechanical properties, therefore they can be used in medical instruments.

 Mechanical properties obtained by
micro and nano-indention measurements
using CSM Instruments for
characteristics investigated by loading-
unloading microindentation curve are
superelastic and shape memory behaviors
(fig.6 and table 3). The hysteresis areas
of the indentation curves and important
parameters calculated by Oliver&Parr
method obtained by dynamical
nanoindentation are shown in table 4 and
fig.7.
Condition of indentation measurements for
 Fig.6: Max load: 1000mN; 
Loading/Unloading rate: 200mN/min; Pause: 30s
 Fig.8: Constant force: 450mN; 
Loading/unloading rate: 500mN/min; Step of 
loading rates: 250; 10 cycles; Pause: 2 s
Indentors Type: Vickers and Berkovich

Fig.7 Hysteresis area for each cycles

Table 3. Results of micro-indentation measurements

Table 1 Transformation temperature determined from DSC curves

Table 4 Value of elastic works (Wel) using for hysteresis area graphic
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