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NiTi samples with 59-70% porosity were obtained by the self-propagating high-temperature synthesis
(SHS) using Ti, Ni, and NiTi powders as inert. The maximum and average pore sizes increase, while the
maximum and average dimensions of the bridges decrease with porosity, controlled by adjusting the
amount of inert additives, based on the surface and cross-sectional microscopy studies. The phase com-

position of porous NiTi was determined by X-ray diffraction. The alloy contains an austenitic B2 TiNi
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phase, a martensitic B19’ TiNi phase, and a secondary Ti,Ni phase. SHS-NiTi samples with different poros-
ity were tested by uniaxial compression, revealing mechanical properties’ dependence on porosity. It is
shown that with an 11% increase in the NiTi alloy porosity, the yield and compressive strength are
reduced by almost a factor of 2.

Published by Elsevier B.V. on behalf of Society of Powder Technology Japan.

1. Introduction

NiTi-based biomaterials are widely used to restore the lost
structure and functions of human bones. There is a growing
demand for new and improved orthopedic implants due to a large
number of needed joint replacements. In particular, there is a need
for porous NiTi implants with high mechanical characteristics cor-
responding to those of bone tissues [1-3]. Depending on the pro-
cessing conditions of porous NiTi-based materials, their porosity,
the distribution of pores and interpore bridges, and their sizes
can significantly affect mechanical properties, such as strength,
hardness, plasticity, fatigue characteristics, Young’s modulus, and
superelastic properties [4-12].

The shape of the pores and porosity had a great influence on the
stress—strain characteristics of porous alloys, where the critical
stresses and the mechanical hysteresis area decreased with poros-
ity [13]. The effects of pore size on the phase composition, com-
pressive strength, elastic modulus, superelasticity, and corrosion
resistance were studied at the same ~50 % porosity of NiTi alloys
[12,14]. It was demonstrated that with an increase in the pore size
from 98 pm to 294 pm, the amounts of secondary Ti,Ni and TiNis
phases increased, while the amount of the TiNi matrix phase
decreased. The hardness, compressive strength, and elastic modu-
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lus of porous NiTi alloys tend to change with the pore size. An
increase in the pore size adversely affected the corrosion resistance
of porous NiTi alloys in the Hanks solution. Porous NiTi with an iso-
tropic pore structure has a higher compressive strength compared
to porous NiTi shape memory alloys (SMA) with an anisotropic
pore structure, similar 53 % porosity and 200-500 pm pore size
[15,16].

The effects of porosity on the mechanical and wear-resistant
characteristics of NiTi alloys obtained by vacuum sintering were
studied in [6]. The authors addressed the effects of voids on the
wear resistance, hardness, and superelasticity of the NiTi matrix.
A large number of pores adversely affected the wear resistance of
the composites, so the authors improved the wear resistance by
reducing the pore density using wax. The orientation of the com-
bustion channels also affects the strength of the porous NiTi
obtained by the self-propagating high-temperature synthesis
(SHS) [7]. It has been established that the compressive strength
increases when the pore channels are parallel to the sample com-
pression direction and decreases when the combustion channels
are perpendicular to the sample compression direction.

Monolithic NiTi has typical stress-strain curves with a marten-
sitic stress plateau and superelastic deformation at room tempera-
ture [8-11]. However, porous NiTi with 28-45 % porosity shows
almost linear elasticity. The absence of a martensitic stress plateau
is due to the stress concentration around pores of various sizes. The
local stress in some micro-regions around small pores can reach
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the critical stress of martensitic transformation even if the remo-
tely applied nominal stress is small. Therefore, stress-induced
martensite continuously appears in different micro-regions around
pores of different sizes as the applied stress increases.

We studied the surface structure, corrosion and biocompatibil-
ity properties of porous NiTi alloys obtained by the SHS. However,
in order to achieve good biomedical performance of NiTi implants,
the porosity and the resulting mechanical properties must be taken
into account. The purpose of this work is to study the effects of the
pore space macrostructure and the phase composition of NiTi on
the mechanical properties, controlled by the processing conditions.

2. Materials and methods

During the production process, it is important to obtain a uni-
form porous alloy structure with a certain pore size distribution.
One of the problems at the powder billet preparation stage is the
stratification of the charge, which subsequently leads to additional
stratification of the porous alloy and an increased pore size. It is
possible to reduce the stratification of the charge and porosity
without changing the morphology of the powders by introducing
inert frame-forming additives with a developed surface into the
composition. NiTi powder with an average 50-100 pm particle size
was used as inert additives up to 30 vol%. The presence of particles
with a developed surface in the charge leads to the formation of
large inert clusters that prevent the movement of titanium and
nickel particles, covering them with stably formed cells. It is neces-
sary to determine the optimal ratio of the average particle size of
the inert additive and the volume fraction of the additive in the
mixture, since its presence greatly reduces the degree of exother-
micity of the mixture. Reducing the exothermicity of the mixture
below the critical level leads to the termination of the exothermic
reaction. In addition, violation of the optimal inert amount leads to
the isolation of titanium and nickel particles and stops the reac-
tion. Adjusting the inert amount changes the porosity: the more
NiTi powder inert, the lower the porosity due to the low exother-
micity of the charge (lower SHS temperature) [17]. Thus, depend-
ing on the amount of added inert NiTi powder (0-10 %), NiTi
alloys with 59-70 % porosity were obtained, listed in Table 1.

Porous NiTi alloys were obtained by SHS using Ti PTOM and Ni
PNK-1L5 powders, and NiTi powder as an inert (Table 2). The pow-
ders were dried in vacuum at 60-70 °C for 6 h and mixed in a V-
shaped mixer for 8 h. The powder mixture was poured into quartz
tubes with an inner diameter of 40 mm and compacted to a 60-
70 % porosity, achieving a uniform density and uniform distribu-
tion of the powders over the entire volume of the workpiece. Then,
the quartz tube with the charge was placed in the reactor and
heated to 480-520 °C in a tubular electric furnace with flowing
Ar for 20 min. Synthesis was initiated at the open end of the pow-
der preform using a heated tungsten ignition coil in Fig. 1(a). Syn-
thesis propagated is shown schematically in Fig. 1(b). After
completion of the synthesis, the reactor with the resulting alloy
was cooled in water while continuing to pass a flowing protective
gas.

Metallographic sections were prepared according to the stan-
dard procedure. The surface of the sections was observed using

Table 1
NiTi alloy porosity dependence on the addition of
inert NiTi powder.

Addition of inert NiTi powder Porosity, P
0% 70 %
5% 65 %
10 % 59 %
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an Axiovert-40 MAT optical microscope. The surfaces of the pore
walls and the microstructure of the alloys were studied by scan-
ning electron microscopy using an Axia ChemiSEM microscope
(SEM, Thermo Fisher Scientific, USA). X-ray diffraction (XRD) phase
analysis was performed using a Haoyuan DX-2700BH multipur-
pose X-ray diffractometer. The phases were identified using a
PDF 4+ database with full profile analysis software POWDER CELL
24.

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

p— (1 —M> « 100% (1)

mon

Here, pp,r is the density of the porous sample or powder blank, and
Pmon is the density of compact NiTi 6.45 g/cm>. The average size of
the pores and walls of the NiTi porous framework was determined
by the random secant method using the Image] software [18-20].
Representative 10-20 optical images were selected for this purpose
and random secants were constructed on each of the images. The
values of the pore/pore wall sizes were determined based on the
intersection of the secants. Size distribution histograms were con-
structed for pores and walls of the porous framework.

Sixteen samples with 59-70 % porosity in the form of 6 x 3 x 3
mm? prisms were cut out by electrical discharge machining. Com-
pressive testing of porous samples was carried out using an Instron
3386 universal testing machine with a compression rate of 0.005
sec™!.

3. Results and discussion

The macrostructure of the pore space of NiTi obtained by the
SHS with different additions of the inert NiTi additive (0 %, 5 %,
10 %) was studied in Fig. 2. The quantitative characteristics of the
NiTi porous framework were determined and histograms of the
distribution of pores and interpore walls were constructed by ana-
lyzing the optical microscopy images. The samples obtained with
different additions of NiTi inert had different porosity values, and
with an increase in inert amount, the porosity decreased. The sam-
ple without the addition of inert had a porosity of 70 %, and with an
increase in the NiTi inert addition to 10 %, the porosity decreased to
59 %.

The size distribution of pores and walls of SHS-NiTi porous
frameworks is unimodal and log normal, which is typical for finely
porous samples in Fig. 3. The maximum sizes of the frame walls
and pores of the 59 % porosity NiTi sample are 928 pm and
803 um, respectively in Fig. 3(a) and (c). With an increase in poros-
ity to 70 %, a decrease in the maximum size of the framework walls
to 404 pm and an increase in the maximum pore sizes to 1,201 um
are observed in Fig. 3(b) and (d). An increase in the pore size and a
decrease in the size of the bridges were also observed when the
porosity changed from 59 % to 70 %. The 59 % porosity sample
had an average pore wall size of 215 pm and an average pore size
of 187 pum, while the 70 % porosity sample had 140 pum and
229 pum, respectively. A decrease in the pore size and porosity with
the inert amount is explained by a decrease in the charge exother-
micity when NiTi powder is added as an inert. At the same time,
the thermal contribution of the exothermic reaction to the coales-
cence process is insufficient in the structuring zone of the SHS pro-
cess [21,22].

X-ray diffraction spectra were obtained from porous NiTi sam-
ples in Fig. 4. It has been established that all alloys are in a mixed
structural state and consist mainly of the TiNi phase in two crystal-
lographic modifications: B2 austenite and B19’ martensite. In addi-
tion to the main diffraction lines, reflections from the Ti,;Ni
intermetallic phase were found in the spectra. Porous NiTi SMA
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Table 2
Chemical composition in wt.% and size of PTOM, PNK-1L5, and TiNi powders.
PTOM Ti (main) NO0.2% C0.05% HO04% Fe + Ni 0.4 % Si1% 60-80 pm
PNK-1L5 Ni (main) C028% Fe 0.002 % Co/Zn/Cu 0.003 % Cd/Sn/Sb 0.003 % Si 0.001 % <20 pm
TiNi Ni (main) Ti 449 % Ca0.28 % Fe 0.11 % Cc04% - 100-140 pm
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Fig. 1. Schematics of obtaining porous NiTi alloys by the SHS method in an open reactor with the addition of an inert: (a) synthesis start by W wire ignition and (b) synthesis
propagation.
Table 3 Scanning electron microscopy was used to study the matrix

Quantitative characteristics of the NiTi (B2), NiTi (B19’), and Ti,Ni phases.

P, % NiTi (B2), vol.% NiTi (B19'), vol.% Ti,Ni, vol.%
59 444 222 334

65 51.8 215 26.7

70 61.2 218 17

was fabricated by different researchers using SHS [23-25] and
metal injection molding [26]. The same phases were identified by
the XRD results in our study. It was also reported that the amount
of the B2 phase increases, while the content of the Ti,Ni phase
decreases with preheating temperature [23-27], which is consis-
tent with results in Table 3.

Usually, the Ti,Ni phase is always present in the material, while
TiNis, Ni, and Ti are rarely found in porous NiTi alloys produced by
the SHS method. These phases were not observed in this work in
Fig. 4 and Table 3. The presence of pure Ni is toxic to living tissues,
and a large proportion of Ti,Ni, TiNis, and Ti3Ni4 phases in porous
SHS-NiTi increases the brittleness of products [28].

microstructure of the obtained samples. Fig. 5 shows micrographs
of the NiTi alloys with different inert additives. It has been estab-
lished that in all cases, two-phase dendritic regions of peritectic
crystallization were formed during synthesis, consisting of light
gray TiNi regions and an intergranular interlayer of a dark gray Ti,-
Ni phase surrounding them. There is a difference in the volume
fraction of the intergranular dark gray Ti,Ni phase and TiNi regions
in porous alloys. Changes in the proportion of the secondary Ti,Ni
phase are associated with various additives of the inert, as well as
the temperature distribution and the amount of the reaction heat
in the reactor. An increase in the addition of inert leads to a
decrease in the exothermicity of the mixture and, as a conse-
quence, a decrease in porosity and an increase in the proportion
of the secondary Ti,Ni phase.

Fig. 6 shows the loading-unloading superelasticity stress—strain
curves of the SHS-NiTi alloys with 59 %, 65 %, and 70 % porosity.
Before compression all samples are in the austenitic state with a
cubic B2 lattice. The elastic regions differ slightly from the vis-
coelastic regions, with no martensitic stress plateau. The samples
with 59-70 % porosity show 1.9-3.3 % of the recoverable strain

Fig. 2. Macrostructure of the pore space of SHS-NiTi with (a) 59%, (b) 65% and (c) 70% porosity. Here, dark regions correspond to pores, and bright regions to interpore bridges.
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Fig. 3. Size distribution histograms of (a, b) framework walls and (c, d) pores in
SHS-NiTi samples.
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Fig. 4. X-ray diffraction patterns of porous SHS-NiTi alloys with different porosity.

¢, upon unloading. These results are consistent with the data of
other authors [1,6,7,10].

Mechanical properties of porous NiTi with different porosity
were studied by uniaxial compression to failure. Fig. 7 shows the
stress-strain compression curves of the NiTi samples to failure.
The compression tests showed that as the porosity increased, the
mechanical characteristics of the material deteriorated. An 11 %
change in porosity led to a significant reduction of the yield
strength and compressive strength by almost a factor of 2 in
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Fig. 6. Loading-unloading compression stress-strain curves of porous SHS-NiTi
samples with different porosity.
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Fig. 7. Compression stress-strain curves to failure of porous SHS-NiTi samples with
different porosity.

Table 4. With an increase in porosity from 59 % to 70 %, the com-
pressive strength decreased from 199 MPa to 129 MPa, and the
yield strength decreased from 34.47 MPa to 14.33 MPa in Table 4.
In addition, an increase in the porosity of the NiTi samples to 70 %
led to a decrease in the effective elastic modulus by 0.73 GPa.
Apparently, the mechanical characteristics of the alloys decrease
with porosity due to a decrease in the strength of the interpore
bridges, as well as the stress concentrations around the pores,
which are determined by their size, shape, and orientation. The
frame walls decrease in size and the pore size increases up to

Fig. 5. SEM images of the SHS-NiTi with: (a) 59%, (b) 65%, and (c) 70% porosity.
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Table 4

Mechanical characteristics of NiTi with different porosity.
P, % Gy, MPa E, GPa Gy, MPa €%
59 34.47 2.78 199 335
65 17.07 2.57 174 3.25
70 14.33 2.05 129 1.90

Table 5

Physical and mechanical properties of human bones [21-34].

Properties Cortical bone Cancellous bones

Porosity, P 5-30% 30-90 %

Pore size 10-500 pm 50-300 pm

Compressive strength 131-224 MPa (longitudinal)  2-5 MPa
106-133 MPa (transverse)

Elastic modulus 17-20 GPa (longitudinal) 0.76-4 GPa

6-13 GPa (transverse)

Reversible deformation 2-2.5 MPa

1,201 pm with porosity, reducing the wall frame strength. Accord-
ing to the authors of [29], the maximum level of stress during frac-
ture will be achieved when the interpore bridges are close in size.
With a homogeneous macrostructure of the material and the same
size of interpore bridges, the applied stress is evenly distributed
over all monolithic bridges and the entire material is deformed
as a whole, significantly increasing the strength. In the case of an
inhomogeneous structure, when both small and massive bridges
are present in the material, the sources of cracks are bridges that
cannot withstand a certain level of strain under isostatic loading
conditions [30]. When the load increases, they will fracture first.
The redistribution of stresses leads to additional loading of non-
fractured bridges.

To compare the mechanical properties of bone tissues and por-
ous NiTi, consider Tables 4 and 5.

As seen from Table 5, the mechanical parameters of hard tissues
vary in different parts of the human body. Thus, implant materials
are expected to have appropriate properties to cover these differ-
ences. Strength (compressive, tensile, bending, etc.), fatigue
strength and wear resistance should be taken into account first.
For example, the compressive strength of bone substitute materials
should be in the 131-224 MPa range [31]. The response of the
implants to cyclic loads or deformations is mainly determined by
the fatigue resistance of the material, which determines the long-
term success of implants subjected to cyclic loads. In addition,
low wear resistance can also lead to implant loosening and wear,
which can cause adverse allergic reactions and shortened implant
life. Second, implanted materials are expected to have a relatively
low effective modulus of elasticity close to that of hard tissues
(0.76-5 GPa) [32-34], since high modulus of implants can cause
osteoporosis in the bone around implants due to the ‘“stress
screening effect” according to the Wolff's law, which indicates that
as the load on the bone decreases, the bone adapts and becomes
weaker. Third, the mechanical behavior of bone tissues must match
the implants to avoid bone fractures. Some human bone tissues
also exhibit behavior similar to superelasticity, and the recoverable
strain can be as high as 2.5 % [35]. Thus, hard tissue replacement
materials should have a similar or higher recoverable strain
(>2.5 %) at body temperature.

4. Conclusions

NiTi samples with 59-70 % porosity were obtained by the SHS
method using Ti and Ni powders, and NiTi powder as an inert.
The study of the surface of thin sections and the analysis of their
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micrographs showed that with an increase in porosity, by adjusting
the amount of inert additives, the maximum and average pore
sizes increase, and the maximum and average dimensions of the
frame walls decrease. The phase composition of porous NiTi was
determined by XRD. The alloy contains an austenitic B2 NiTi phase,
a martensitic B19’ NiTi phase, and a secondary Ti,Ni phase. As the
amount of inert NiTi additive increases, the proportion of the sec-
ondary phase increases due to a decrease in the charge exother-
micity. Uniaxial compression tests of SHS-NiTi with different
porosity were carried out, revealing the dependence of mechanical
properties on porosity. It has been established that the mechanical
properties are sensitive to changes in the porosity of the material.
It is shown that with an increase in the porosity by 11 %, the yield
strength and ultimate strength decrease by almost 2 times. At the
same time, the obtained samples demonstrate good superelasticity
(1.9-3.35 % of reversible deformation), similar to human bone tis-
sues. The mechanical characteristics of NiTi alloys deteriorate with
porosity due to a decrease in the strength of interparticle contacts,
as well as stress concentrations arising around pores, which are
determined by their size, shape, and orientation. The obtained data
on the mechanical properties of porous NiTi allow stating that they
satisfy the conditions of biomechanical compatibility.
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