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Plasticity of Porous NiTi Alloys Obtained by Self-propagating High-temperature 
Synthesis in Closed and Open Gas Flow Reactors
Ekaterina S. Marchenko a, Yuri F. Yasenchuk a, Oibek Mamazakirov a, Anatoly A. Klopotov a, 
Gulsharat A. Baigonakova a, Alex A. Volinsky a,b, and Sergey V. Gunter a

aLaboratory of Superelastic Biointerfaces, National Research Tomsk State University, Tomsk, Russia; bDepartment of Mechanical Engineering, 
University of South Florida, Tampa, Fl, USA

ABSTRACT
Porous NiTi alloys were obtained by self-propagating high-temperature synthesis (SHS) using layer-by- 
layer combustion in closed and open gas flow reactors under a protective argon atmosphere. The 
maximum compressive strain of porous NiTi alloys synthesized in the closed reactor was 34% compared 
to 7% in the open gas flow reactor. X-ray diffraction, differential scanning calorimetry, scanning electron 
microscopy, energy dispersive spectroscopy, and optical microscopy showed that the reaction products in 
the two-phase gas zone of peritectic crystallization are in the form of isolated Ti2Ni crystalline clusters in 
the TiNi matrix. The ductility and strength of the recrystallized Ti2Ni phase hard dendrites increase the 
effective stiffness of porous NiTi alloys and decrease the maximum compressive strain. A highly porous 
NiTi alloy with improved mechanical properties was obtained by the SHS method in a closed reactor.

ARTICLE HISTORY 
Received 22 August 2022  
Accepted 7 December 2022 

KEYWORDS 
NiTi; biomaterials; implants; 
porosity; SHS; reactions; 
microstructure; 
recrystallization; properties

Introduction

NiTi porous alloys obtained by self-propagating high- 
temperature synthesis (SHS) have been used in clinical practice 
for more than 30 years as bone implant materials. They have 
found wide applications due to experimentally confirmed bio-
chemical and biomechanical compatibility, high corrosion 
resistance, permeability, and manufacturability by the SHS 
method.[1,2] Porous SHS-NiTi alloys differ significantly in 
terms of their structure and properties from alloys obtained 
by other methods, including powder metallurgy.[1–5] Studies of 
the NiTi alloys’ mechanical properties are important since the 
pore space of implants is filled with tissues and fluids, and is 
involved in the transfer of physiological load between bone 
fragments. Successful integration of an implant into the bone 
and soft tissues depends on the biomechanics of the porous 
implant-biological tissue-fluid composite.

It is known that NiTi SHS and reaction sintering [6] happen 
with the obligatory participation of the melt.[7] A porous frame 
made of the Ni+Ti powder mixture has some specific porosity 
and pore size distribution. It is impregnated and dissolved by 
the eutectic melt, forming new portions of the melt, which 
spread over the heated reaction layer of the powder mixture 
under the action of capillary forces. A heterogeneous chemical 
synthesis reaction of a new NiTi compound takes place on the 
surface of powder fragments in a liquid melt film. Eutectic and 
peritectic crystallization of the reaction products depends on 
the liquid concentration. The reaction propagates layer by 
layer, forming a reaction wavefront within the reaction bound-
aries. The reaction front propagation rate is controlled by the 
conductive heating of the charge, capillary spreading of the 
eutectic melt, and the transfer of the peritectic melt and heat 

from the reaction gases. The formation of the reaction products 
is controlled by the heterogeneous solid–liquid reaction of the 
NiTi grains synthesis and the peritectic crystallization of the 
two-phase TiNi+Ti2Ni surface zone. The phase composition of 
the porous alloy obtained by the layer-by-layer SHS in an open 
gas flow reactor was studied based on the previous work using 
the phenomenological approach. The effects of the powder 
mixture granulometric composition, bulk density, heating 
temperature and rate on porosity, pore size distribution, 
phase composition, formation of nonmetallic inclusions, 
degree of segregation in the peritectic crystallization zone, 
and concentration inhomogeneity of the TiNi phase in porous 
SHS-NiTi alloy were studied. The obtained results demonstrate 
common features of the porous SHS-NiTi alloy crystallization 
in all studied synthesis modes. At least two zones always form: 
the NiTi solid solution crystallization zone and the two-phase 
TiNi+Ti2Ni peritectic crystallization zone.

The peritectic zone size depends on the thermal effects 
of the reaction gases. With a more intense thermal effect of 
the reaction gases in terms of temperature and time, large 
zones of peritectic crystallization are formed, and small 
zones are formed with less intensity but in larger quantities. 
The heat and mass transfer of the reaction gases is largely 
controlled by the thermal desorption of impurities and the 
dissolution of powders. The transfer of gaseous and solid 
impurities affects the geometry and specific surface area of 
the SHS-NiTi porous framework, the pore size distribution, 
and the interconnection of the reaction layers. The phase 
and concentration inhomogeneity of the synthesized porous 
NiTi alloys is the result of the above complex physicochem-
ical factors.
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The critical reversible martensitic transformation (MT) 
temperatures caused by thermal cycling under load are shifted 
due to changes in the TiNi phase concentration composition.[8] 

Ni is nonuniformly distributed over the porous alloy since 
nonequilibrium crystallization and incomplete impurity segre-
gation processes are characteristic SHS features.[9]

Due to the inhomogeneity of the TiNi phase concentration 
in the alloy, there are sections that begin and end the marten-
sitic transformation at significantly different temperatures 
simultaneously. Therefore, the critical temperatures of marten-
sitic transitions are effective quantities. The elastic and plastic 
properties of porous NiTi can be modified by[10–12]:

(1) Homogenization annealing, which improves the 
synthesized alloy microstructure;

(2) The SHS regime changes;
(3) Precipitation hardening of the synthesized alloy by heat 

treatment.

Studying vacuum annealing effects on martensitic transforma-
tions in porous SHS-NiTi samples under load and temperature 
showed that annealing partially homogenizes the alloy phase 
composition, shifts the temperatures of martensitic transfor-
mations, and nonlinearly affects the maximum accumulated 
strain and the effective modulus of elasticity of porous 
samples.[8]

Annealing in a vacuum was carried out at 300–1,000°C. The 
maximum increase in the total accumulated strain, the mar-
tensitic transformation temperature, and the decrease in the 
accumulated strain during phase transformation occur at 500– 
600°C. The detected anomalies of mechanical properties were 
attributed to nonlinear changes in the TiNi phase concentra-
tion composition and the volume fraction of the secondary Ti2 
Ni phase with a monotonic annealing temperature increase.[8] 

In reference,[9] the authors studied the phase and elemental 
composition of porous SHS-NiTi alloys by scanning electron 
microscopy and energy dispersive spectroscopy after annealing 
in a vacuum at 300–1,000°C and found accumulations of the 
Ti4Ni2(O, N, C) phase inclusions and Ti2Ni secondary phase 
crystals at the TiNi grain boundaries.

One of the ways to affect the SHS macro kinetics and alloy 
properties is to reduce the heat losses of the layer-by-layer 
combustion method by changing the direction of the reaction 
gases’ movement in the reactor during synthesis from flow to 
circulation. However, little attention has been paid to this 
approach. The possibilities of homogenizing the phase compo-
sition and increasing the plasticity of porous NiTi alloys by the 
thermal action of reaction gases during SHS were studied in 
this work. The phase composition of porous samples synthe-
sized in open gas/heat flow and closed reactors was compared 
to draw substantiated conclusions. The properties of samples 
obtained in an open reactor after additional annealing in 
a vacuum were also studied.

Materials and methods

Porous NiTi alloys were obtained from PTOM titanium pow-
der and PNK-1L5 nickel powder in open gas flow and closed 
reactors using the SHS method. Schematics of the open gas 

flow and closed SHS reactors are shown in Fig. 1. The powders 
were dried in a laboratory vacuum cabinet at 60–70°C for 6  
hours and mixed in a V-shaped mixer for 8 hours. The powder 
mixture was poured into quartz tubes with a 40 mm inner 
diameter and compacted to 64–66% porosity, achieving uni-
form density and uniform distribution of powders throughout 
the volume of the workpiece. Then, the quartz tube with the 
charge was installed in the reactor and heated to 460–480°C in 
a laboratory tubular electric furnace in an Ar gas atmosphere 
for 20 min. The synthesis was initiated by a heated molybde-
num coil at the open end of the powder preform. After com-
pletion of the synthesis reaction, the reactor with the resulting 
alloy was cooled in water without stopping the protective Ar 
gas flow.

The closed reactor was filled with inert gas and hermetically 
sealed before synthesis. The entire reactor was cooled to room 
temperature after synthesis using water cooling. Ten samples 
in the form of 6 × 3 × 3 mm3 prisms were cut by electrical 
discharge machining (EDM). Compression testing of porous 
samples was carried out using an INSTRON 3386 universal 
tensile testing machine at a compression rate of 0.005 sec−1.

Scanning electron microscopy (SEM) of porous NiTi sam-
ples was performed using a Tescan Vega 3 microscope, and 
energy dispersive spectroscopy (EDS) elemental composition 
mapping was performed using an Oxford Instruments energy 
dispersive microanalysis system. X-ray diffraction phase ana-
lysis was performed using a Shimadzu XRD 6000 X-ray dif-
fractometer with a Cu-Kα radiation at 40 kV and 20 mA. The 
PDF 4+ database with the POWDER CELL 2.4 full-profile 
analysis software were used for phase identification.

The porosity of the samples, P, was determined by weighing 
and using the compact NiTi density: 

P ¼ 1 �
ρpor

ρmon

� �

� 100% (1) 

where ρpor is the density of a porous sample or powder blank, 
and ρmon is the 6.45 g/cm3 density of compact NiTi. The aver-
age size of pores and walls of the porous NiTi skeleton was 
determined by the random secant method using the ImageJ 
software.[13–15] The histograms of the distribution of pores and 
interpore bridges by size were constructed.

Results and discussion

Microscopy and structural analysis

The porous alloy structure characterization included the study 
of the geometric parameters of the porous metal matrix, the 
state of the surface of the pores, and the phase composition of 
the walls of the porous framework. General views of the cross- 
sections of porous samples obtained by the SHS method in 
open gas flow and closed reactors are shown in Fig. 2. The pore 
space of the samples obtained in open gas flow and closed 
reactors is homogeneous and does not have noticeable differ-
ences. The pore size and porosity of the porous framework 
were estimated from the optical images using quantitative 
metallography methods.[14] 

The size distribution of pores and walls of the porous SHS- 
NiTi frameworks obtained in closed and open gas flow reactors 

660 E. S. MARCHENKO ET AL.



Figure 1. Schematics of the porous NiTi alloys production by the SHS method in (a) open gas flow and (b) closed reactors.

Figure 2. Macrostructure of the porous NiTi ingots obtained by the SHS method in (a) open gas flow and (b) closed reactors.
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in an argon atmosphere has a unimodal logarithmically normal 
form, which is typical for fine porous materials. The histo-
grams in Fig. 3 show that the maximum pore sizes and wall 
thickness of the sample obtained in a closed reactor is 800 μm 
in Fig. 3(a, b), while for the sample obtained in an open gas 
flow reactor, the maximum pore sizes and frame walls reach 
smaller values of 600 μm in Fig. 3(c, d).

The porosity of the samples obtained in the closed and open 
gas flow reactors was 66–64% and 62–60%, respectively, in 
Table 1. The closed reactor sample had an average pore size 
of 179 ± 20 µm and an average wall thickness of 124 ± 30 µm, 
while the sample obtained in the open gas flow reactor had 
a smaller average pore size of 137 ± 20 μm and 114 ± 30 μm 
wall thickness. This effect is explained by the lower rate, heat 
and mass transfer of the reaction gases in a closed reactor and, 
as a result, the smaller contribution of the melt transferred 
from the reaction zone to the coalescence of all structural 
elements of the porous framework. When studying the phase 
composition of porous samples obtained in closed and open 
gas flow reactors by XRD, it was found that the alloys contain 
an austenitic TiNi phase with a B2 cubic structure, 
a martensitic TiNi phase with a B19’ monoclinic structure, 

along with Ti2Ni and TiNi3 phases in Fig. 4. It was not possible 
to determine the volume fraction of the detected phases due to 
the significant phase inhomogeneity of the alloys.

Cross-sections of porous SHS-NiTi samples synthesized in 
closed and open gas flow reactors were studied by SEM. Light 
gray dendrites formed of round 15–30 μm grains surrounded 
by a network of intergranular dark gray phases were found in 
the walls of the NiTi alloy synthesized in an open gas flow 
reactor. A dark-gray phase dispersed in the form of local 
accumulations of isolated 4–5 µm grains was found in the 
alloy synthesized in a closed reactor. Evenly distributed inclu-
sions less than 2 µm in size were also observed. Microstructural 
studies of a porous alloy synthesized in an open gas flow 
reactor detected accumulations of larger grains localized in 
areas similar in shape and size to previously discovered den-
drites in Fig. 5. Thus, the phase composition analysis of porous 
alloys obtained in the closed and open gas flow reactors 
revealed the distinctive features of the dark grey phase distri-
bution, formed during peritectic crystallization. It has been 
established that, in addition to the regions of the NiTi solid 
solution, two-phase dendritic regions of peritectic crystalliza-
tion are formed during synthesis in an open gas flow reactor, 

Figure 3. Histograms of the size distribution of (a, c) the frame walls and (b, d) pores in SHS-NiTi samples obtained in (a, b) closed and (c, d) open gas flow reactors.

Table 1. Dimensional parameters and porosity of the SHS-NiTi alloys obtained in 
closed and open gas flow reactors.

Alloy synthesized in: dwall, μm dpor, μm P, %

Closed reactor 124-92 179-159 66-64
Open gas flow reactor 114-84 137-124 62-60
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consisting of light gray rounded TiNi grains and an intergra-
nular network of a dark gray Ti2Ni phase. The samples synthe-
sized in a closed reactor do not contain such structures. The 
observed variance in the phase composition of porous alloys is 
associated with different temperature distribution and amount 
of reaction heat in the closed and open gas flow reactors.

In a closed reactor, the inert Ar gas is mixed with the hot 
reaction gases and all the reaction heat stays in the reactor, 
annealing the crystallizing alloy. The areas of peritectic crystal-
lization in the form of two-phase TiNi+Ti2Ni dendrites, turn 
into the TiNi solid solution grains with the accumulation of 
secondary Ti2Ni crystals as a result of annealing. The disper-
sion of the Ti2Ni network phase into secondary grains makes 
its distribution in the matrix more uniform. In an open gas 
flow reactor, inert protective gas and hot reaction gases are 
removed from the reaction zone, carrying away excess heat and 
the crystallization of the alloy is faster than in a closed reactor.

Figure 6 shows the EDS maps of the Ti and Ni elements in the 
cross-section of porous SHS-NiTi samples obtained in closed and 
open gas flow reactors, which made it possible to determine the 
elemental composition of the peritectic crystallization regions. 

Precipitates with a concentration composition close to the Ti2Ni 
compound stoichiometry are found in Fig. 6(a, b). SEM micro-
graph in Fig. 6(a) of a porous SHS-NiTi sample obtained in 
a closed reactor shows a dispersed distribution of particles with 
Ti2Ni stoichiometric composition. These particles are located in 
the grains of the TiNi matrix phase. It is seen from a porous SHS- 
NiTi sample obtained in an open flow reactor in Fig. 6(b) that the 
precipitated particles with the Ti2Ni stoichiometric composition 
form grids. These grids are located between rounded 15–30 µm 
TiNi matrix grains. The presented data show that in a closed 
reactor, the distribution of the Ti2Ni phase in the synthesis 
products is more uniform than in an open gas flow reactor.

The obtained data also indicate that, during synthesis in an 
open reactor, the reaction gases transfer heat from the reaction 
zone to the structuring zone, and then remove heat from the 
porous sample and the reactor to the environment, simulta-
neously heating the surface of the porous framework in the 
alloy structuring zone. In this process, the thermal effect of the 
reaction gases is sufficient to only maintain peritectic crystal-
lization, during which an intergranular network phase is 
formed.

Figure 4. X-ray diffraction patterns of SHS products obtained in closed and open gas flow reactors.

Figure 5. Cross-section SEM images of the sample walls obtained in (a) closed and (b) open gas flow reactors.
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Vacuum annealing and porous NiTi composition in an 
open reactor

To substantiate the possibility of dendrites recrystallization, the 
samples obtained in an open gas flow reactor were vacuum 
annealed at 1,200°C for 30 min, and the phase composition of 
the annealed samples was studied. The annealing temperature 
was chosen to achieve reliable dissolution of the Ti2Ni phase in 
the TiNi matrix based on the previous experience of NiTi 
powders activated sintering. To obtain a strong bond between 
NiTi powder particles, it is necessary to heat the workpiece 
above the 984°C melting point of the Ti2Ni phase, but below 

the 1,310°C TiNi phase melting temperature. The appearance 
of the melt activates the recrystallization of the main TiNi 
phase. The holding time must be sufficient for the diffusion 
of the melt into the TiNi phase. The cross-sections of the 
samples were examined by optical microscopy after annealing. 
Recrystallized 20–250 µm wide zones were found near the 
porous sample surface with 5–40 µm isolated secondary phase 
crystals located along the TiNi grain boundaries in Fig. 7. No 
dendritic two-phase zones were found in the annealed samples, 
indicating that the chosen temperature and holding time were 
adequate to complete recrystallization. A solid solution 

Figure 6. (a, d) SEM images and (b, c, e, f) EDS maps of Ti and Ni distribution in the peritectic crystallization zones of porous SHS-NiTi obtained in (a, b, c) closed and (d, e, 
f) open gas flow reactors.

Figure 7. Optical micrographs of recrystallized specimens with secondary crystals: (a) recrystallized zone of peritectic crystallization and solid solution crystallization 
zone; (b) fragment of the zone border.

664 E. S. MARCHENKO ET AL.



crystallization zone was found deeper below the surface and the 
recrystallization zone. It did not change its appearance as 
a result of annealing. No intergranular phase interlayers were 
found in this zone both before and after annealing. There are 
dispersed 1–2 µm inclusions inside the TiNi grains and larger 
2–4 µm inclusions are present at the grain boundaries.

When heated above 984°C, the peritectic crystallization 
zone undergoes recrystallization and the Ti2Ni+TiNi peritectic 
changes from a dendritic to crystalline form as a result. Isolated 
Ti2Ni secondary phase crystals vary within the 5–40 µm size 
range depending on the primary dendrites’ size, temperature, 
and recrystallization time.

Martensitic transformations in porous NiTi alloys

Figure 8 shows thermograms obtained by differential scanning 
calorimetry (DSC). An analysis of these thermograms made it 
possible to identify the temperature intervals and specific heat 
of direct and reverse martensitic transformations in Table 2.

A one-stage B2 → B19’ direct martensitic transformation 
was observed upon cooling samples obtained in closed and 
open gas flow reactors, while the reverse B19’ → B2 transfor-
mation was observed upon heating. The temperature ranges of 
forward and reverse MT do not depend on the reactor type. 
The temperature at the beginning of the direct martensitic 
transformation Ms for all samples is about 68.5°C, and the 
temperature at the end of the direct martensitic transformation 
Mf is about 57°C. The magnitude of the peak in the DSC curve 
characterizes the exothermic effect of the martensitic reaction 
and weakly depends on the reactor type. When samples of the 

porous SHS-TiNi alloy are heated during the reverse B19’ → 
B2 martensitic transformation, heat is absorbed, and its 
amount also weakly depends on the reactor type. The tempera-
tures of the onset AS and end Af of the reverse martensitic 
transformation were about 89°C and 107°C for both samples, 
respectively. These results are in agreement with the literature 
data for porous NiTi alloys.[16–18]

The difference between the beginning and end temperatures 
of the reversible martensitic transformation did not exceed 
0.5°C between the samples obtained in open gas flow and 
closed reactors. The effects of porous SHS-TiNi alloys synthesis 
temperature regimes can be considered insignificant compared 
with the vacuum annealing effects, which shift the martensitic 
transformation temperatures by 20–25°C.[8] The difference 
between the specific heat values of the martensitic reaction 
did not exceed 0.4 J/g. This also confirmed the weak effect of 
the synthesis temperature regimes in the closed and open gas 
flow reactors on the course of martensitic transformations in 
the synthesized alloys.

Uniaxial compression of porous SHS-NiTi alloys

Deformation features of porous SHS-NiTi samples obtained in 
closed and open gas flow reactors were compared using uni-
axial compression stress-strain curves in Fig. 9. The elastic 
region of both porous samples ends at 2–2.5% relative strain 
at point A corresponding to the elastic limit σel in compression 
curve 1 of the sample obtained in an open reactor and at point 
C in compression curve 2 of the sample obtained in a closed 
reactor. The accumulation of viscoelastic strain in both 

Figure 8. DSC thermograms of the SHS-NiTi samples obtained in closed and open gas flow reactors.

Table 2. Temperatures and heat capacity of direct and reverse martensitic transformations.

Reactor type MS, °С Mf, °С AS, °С Af, °С
Heat capacity 

A→M, J/g Heat capacity M→A, J/g

Open gas flow 68.5 56.9 89.3 106.4 10.99 −10.23
Closed 68.8 57.4 89.2 107.1 11.36 −9.85
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samples occurs in sections A – B and C – F, respectively (Fig. 9, 
curves 1 and 2). Compression in both samples ends with 
stepwise destruction of the porous framework. In deformation 
curve 1, viscoelastic strain slightly deviates from elastic strain 
and ends at 5%, corresponding to the total accumulated strain. 
Curve 2 shows an extended section of 14–28% of linear hard-
ening D – E due to plastic deformation. It contributes approxi-
mately 15% to the total accumulated strain, which reaches 34%.

The effective stiffness of samples obtained in an open gas 
flow reactor is significantly higher than the samples obtained in 
a closed reactor. However, the accumulated plastic deforma-
tion of the samples synthesized in a closed reactor is much 
higher than in an open gas flow reactor in Table 3.

In the compression curves of samples obtained in open gas 
flow and closed reactors, no yield points were found, which are 
usually associated with plastic deformation of the walls of the 
porous framework in ductile alloys. The results of this study 
showed that the SHS thermal regime significantly affects the 
viscoelastic properties of the porous NiTi alloy. The effective 
stiffness of the samples obtained in an open gas flow reactor is 
significantly higher than the samples obtained in a closed reac-
tor. However, the accumulated plastic deformation of the sam-
ples synthesized in a closed reactor is much higher than in an 
open gas flow reactor. During synthesis in an open gas flow and 
closed reactors, heat transfer from the reaction zone to the 
structuring zone is carried out by filtering the reaction gases 
through the synthesized primary porous framework, modify-
ing its phase composition.[19] As a result, a peritectic crystal-
lization zone with a fragile network of the Ti2Ni intergranular 
phase is formed. The thermal effect of the evolved reaction 
gases is the cause of both peritectic crystallization zone forma-
tion and its recrystallization. However, due to the longer and 
more intense thermal effect of the exothermic reaction heat, 
the two-phase TiNi+Ti2Ni zone successfully recrystallizes in 
a closed reactor. In this case, the primary network of the Ti2Ni 
intergranular phase is dispersed and separate secondary Ti2Ni 

phase crystals are formed. Thus, the different nature of the Ti2 
Ni phase distribution affects the mechanical properties of the 
porous NiTi alloy. While remaining brittle, secondary phase 
crystals have little effect on the plastic properties of NiTi grains. 
Therefore, samples obtained in a closed reactor have a lower 
effective stiffness of 0.67 GPa versus 1.8 GPa for samples 
synthesized in an open gas flow reactor. The uniform distribu-
tion of secondary crystals from the Ti2Ni phase during alloy 
synthesis in an open gas flow reactor does not interfere with the 
high plasticity of the TiNi-based matrix phase under uniaxial 
compression up to 34% and does not increase the brittleness of 
the porous NiTi alloy.

Conclusions

Samples of a porous NiTi alloy were obtained by the SHS 
method using the layer-by-layer combustion mode in an 
open gas flow and closed reactors. The study of porous samples 
by XRD and DSC methods showed that the main phase of the 
porous alloy is the TiNi intermetallic compound, which experi-
ences a reversible martensitic transition above room tempera-
ture during thermal cycling. EDS mapping and SEM studies 
have shown that the alloy contains two-phase zones of peritec-
tic crystallization (TiNi+Ti2Ni), which when synthesized in an 
open reactor have a dendritic form, and when synthesized in 
a closed reactor have a crystalline form. Compression tests of 
porous SHS-TiNi samples were carried out, which showed that 
samples obtained in a closed reactor due to an additional 25% 
plastic deformation accumulate 5 times more deformation 
than samples from an open gas flow reactor. Rigid dendrites 
of the Ti2Ni phase prevent plastic deformation of the matrix, 
increase the effective rigidity of the samples, and reduce the 
accumulated plastic deformation of porous samples. 
Accumulations of Ti2Ni crystals do not limit the plastic defor-
mation of TiNi grains and do not increase the effective rigidity 
of porous samples. The samples obtained in an open gas flow 
reactor were additionally annealed in a vacuum at 1,210°C for 
30 minutes. By comparing the samples before and after anneal-
ing using optical microscopy, it was found that, upon anneal-
ing in a vacuum, the two-phase dendrites of the peritectic zone 
undergo recrystallization and turn into a crystalline two-phase 
zone. The obtained results allow stating that SHS in a closed 
reactor makes it possible to obtain a more ductile porous NiTi 
alloy with a more perfect phase composition due to the addi-
tional thermal contribution of the reaction gases.
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Table 3. Mechanical properties of porous SHS-NiTi samples obtained in closed and 
open gas flow reactors.

Reactor type Е, GPa σel, MPa σU, МПа εf, %

Open gas flow 1.8±0.1 28±3 67±3 7±0.5
Closed 0.67±0.1 14±3 65±3 34±0.5
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