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One of the key aspects of the biochemical compatibility of medical alloys is the surface corrosion resistance in
living organisms. This study discusses the structure of the ceramic-metal surface layer of a porous nickel-titanium
alloy (nitinol) and the corrosion resistance in simulated physiological liquids. The structure of the protective
layer and glass-ceramic non-metallic inclusions in the surface of the porous alloy have been studied. The for-
mation of the surface ceramic-metal layer and crystallization of various glass-metal-ceramic phases as a result of

chemisorption from reaction gases and epitaxial growth from the gas phase during the self-propagating high-
temperature synthesis are observed.

1. Introduction

Porous ceramic and metal materials play an important role in med-
icine as functional elements in plastic surgery and bone tissue replace-
ment, including biocompatible coatings for implants [1-4]. The porous
structure of implants facilitates their biological integration, promotes
strong fixation, and ensures unhindered circulation of the biological
fluids [5]. Compared with traditional powder metallurgy methods,
self-propagating high-temperature synthesis (SHS) has the advantages
of producing ceramic and intermetallic compounds due to high effi-
ciency, energy, and time savings [6-8]. Porous NiTi alloy obtained by
the SHS method is a promising biomaterial in medicine, the use of which
is continuously expanding due to a unique combination of functional
properties. Most studies of porous SHS-NiTi are limited to the investi-
gation of pore structure and morphology, along with physical and me-
chanical characteristics [9-12]. These studies have shown high
biomechanical compatibility and fatigue resistance of the porous
framework. However, there are no detailed investigations of porous
alloys in terms of biochemical compatibility due to the complex analysis
of porous framework surfaces that are inhomogeneous in shape, struc-
ture, and phase composition. This study is necessary because surface
properties, including density, composition, morphology, and surface
layer thickness determine the corrosion resistance of implants.

Unlike porous NiTi, the surface properties of dense non-porous alloys
have been extensively studied for many years [13-16]. Oxide layers
form naturally on the surface of dense Ti and NiTi alloys, consisting
mainly of titanium dioxide, which plays a vital role in their biocom-
patibility and corrosion resistance. This layer effectively passivates the
surface under static load conditions, but it is not able to protect the alloy
from corrosion under periodic dynamic loads. Therefore, additional
surface modifications are carried out to protect titanium-based alloys
from corrosion. The corrosion resistance of nitinol and titanium alloys is
improved by alloying with Zr, Nb, and Ta elements through the stabi-
lization of surface films in biological fluids by forming ZrO3, NbyOs,
Tay0s, AlpO3 ceramic oxides, and/or depositing porous ceramic coatings
[17-22]. Introducing Al,O3, NboOs, or NbO; oxides into TiO; increases
surface corrosion resistance. Electrochemical tests have shown that the
Al,03 coating prevents active corrosion of the passivated NiTi substrate
and acts as an inhibitor [23]. Mg-based coatings can potentially be used
for biological NiTi implants due to their biocompatibility with good
physical and mechanical properties [24-26]. Li et al. [26] demonstrated
that the Mg coatings significantly improved porous TigAl4V alloys’
osteogenesis and osseointegration properties. The research was also
carried out regarding the use of various bioactive silicate-based ceramic
coatings that enhance the osseointegration and bactericidal properties
of metal substrates in biomedical applications [27]. The main
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component used for the production of silicate-based ceramics is
wollastonite (CaSiOs). In vitro and in vivo bioactivity, biodegradability,
and mechanical properties of CaSiO3 were recently reported by
Mohammadi et al. [27]. Bioinert ceramics-metal (cermet) coatings have
been widely used to improve the wear and corrosion resistance of
titanium-based alloys [28]. The cermet coating’ wear resistance is three
times higher than the titanium-based substrates and they also have good
cytocompatibility. Thus, these studies demonstrate the high corrosion
resistance of coatings based on various cermet phases in nickel-titanium
alloys. Considering that the reversible austenite-martensite phase
transformation gives the porous nickel-titanium alloy the elasticity and
endurance inherent to hard body tissues, it is necessary to create a
corrosion-resistant metal-ceramic surface that will deform in concert
with the porous framework without cracking.

This work aims to create and study cermet layers on the surface of
porous SHS-NiTi deformed superelastically up to 6% without failure
while demonstrating high corrosion resistance and biocompatibility.

2. Materials and methods
2.1. Preparation of porous NiTi

The porous NiTi alloy is obtained by self-propagating high-temper-
ature synthesis under a special mode of layer-by-layer combustion in an
argon atmosphere from a mixture of Ti and Ni powders. Titanium
powder with a particle size up to 50 pm was produced by calcium hy-
dride reduction and carbonyl nickel powder had a particle size up to 50
pm. The composition of the powders is listed in Tables 1 and 2.

The powder mixture was placed in a quartz tube (3 cm inner diam-
eter), which was then loaded into a reaction furnace at room tempera-
ture. Argon flow was started at 0.05 MPa relative pressure, and then the
furnace was heated to 380 °C at a 15 °C/min heating rate. To start the
SHS reaction under protective argon gas flow, the powder mixture was
ignited by a nichrome filament at 380 °C. The synthesis starting tem-
perature was selected experimentally to obtain a homogeneous isotropic
structure and normal pore size distribution. The average pore size is
50-70 pm in Fig. 1.

2.2. Structure characterization methods

The difficult access to the surface of the pores complicates the study
of the porous framework. Therefore, the porous alloy was crushed into
granules to study the surface structural-phase features. The phase
composition and crystallinity of the surfaces of the granules were
studied by grazing incidence X-ray phase analysis (GIXRD) at a 1° angle
using an XRD-6000 diffractometer with Cu Ka radiation at 40 kV, 40
mA. The data were analyzed using the PDF-4+ database and the POW-
DER CELL 2.4 full profile analysis software.

Transmission electron microscopy (TEM) studies of the surface layer
in the cross-section of thin foils were conducted using a JEOL JEM-2100
microscope (JEOL, Japan). Sample preparation was carried out by ion
milling of the SHS-NiTi samples using the EM-09100IS ion slicer cutting
and polishing unit (JEOL, Japan).

Scanning electron microscopy (SEM) and optical microscopy focus
stacking were used to study the structure of features and inclusions.
Using the method of back-scattered electron diffraction, a microstruc-
ture map was obtained using field emission scanning electron micro-
scope Tescan MIRA 3 LMU (TESCAN ORSAY HOLDING, Brno, Czech
Republic), equipped with Oxford Instruments Ultim Max 40 EDS de-
tector (Oxford Instruments, High Wycombe, UK).

Table 1

Titanium powder composition in at.%.
Ti N C H Fe Si Ca Cl
Base 0.2 0.05 0.35 0.4 1 0.08 0.004
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Table 2

Nickel powder composition in at.%.
Ni Co Cu C Fe S
99.8 0.15 0.02 0.03 0.02 0.01

Note: P, Mn, Si, As, Pb, Sb, Bi, Sn, and Zn concentration is below 0.005 at.%.
2.3. Corrosion behavior

The interaction between porous SHS-NiTi alloys and physiological
electrolytes was simulated by anodic polarization using a precision
potentiostat-galvanostat (P-45X, Electrochemical Instruments, Cherno-
golovka, Russia) and a standard E—5C three-electrode cell with a
graphite counter electrode. Potentiodynamic polarization curves for
cylindrical SHS-NiTi samples measuring 29 x 10 mm (diameter x
height) were recorded at 37 °C using a standard silver chloride reference
electrode (SCE) and three de-aerated electrolytes: 1% HCI, 0.9% NacCl,
and PBS buffered to a pH of 7.4 &+ 0.2. Tests were conducted retrieving
current-voltage characteristics in a linear sweep mode. The potential
ranged from —0.7 V to 0.8 V, with the minimum potential determined by
the —0.4 V open circuit potential. Such an approach is valid when the
surfaces of porous metallic implants are in direct contact with aggressive
media in vivo.

Proneness to localized corrosion attack was evaluated according to
the ASTM F2129-08. The test included three steps, and it was conducted
according to the following procedure: (1) open-circuit potential Egcp
measured for 30 min; (2) potentiodynamic test ranging from —50 mV to
+50 mV relative to Egcp with a sweep rate of 0.3 mV/s to determine
polarization resistance; (3) potentiodynamic test ranging from —400 mV
to 1000 mV relative to Egcp with a sweep rate of 0.5 mV/s after Egcp has
been preliminarily measured for 5 min. All data were collected using the
ES8 software (Electrochemical Instruments, Chernogolovka, Russia) and
samples half-immersed in electrolyte solutions.

The specific surface area of the sample was determined using the
method of random cross-sections according to the procedure described
by Bramfitt et al. [29]. The method is based on the second stereometric
ratio:

ZS:%ZP:anm’I (@)

The total surface area per unit volume (specific surface }_S) is equal to
the doubled number of intersection points m between random inter-
secting lines and these surfaces. It is calculated per unit length of the
secant as:

Z S = 2m mm> /mm3 2

Here, 3§ is the specific surface area in mm?/mm?, and m is the average
number of intersection points in mm~ L. The relationship (2) is valid for
any system of spatial surfaces regardless of their shape, location, and
orientation. In obtaining equation (2), it was assumed that intersecting
lines were randomly oriented in space, and any direction had equal
probability. Thus, lines intersecting pore surface boundaries are
randomly oriented, and their direction is equiprobable. In our case, the
mean value of the specific surface obtained for porous SHS-NiTi samples
used to calculate the corrosion parameters related to current density was
5.5 mm2/mm?. The polarization resistance Rp was calculated from the
Stern-Geary equation using the Tafel slopes of the potential-current
density curves [30].

2.4. The cytocompatibility study
The cytocompatibility of the surface was assessed using the MCF-7

cell line. This line is widely used for in vitro cytotoxicity studies of the
cytocompatibility of various biocompatible materials. MCF-7 cells were
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Fig. 1. (a) Macrostructure and (b) pore size distribution histogram of porous NiTi alloy obtained by the SHS method.
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Fig. 2. Scanning confocal microscopy image of the porous NiTi thin sec-
tion surface.

incubated for 24 h on a porous SHS-NiTi surface and evaluated by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
analysis in static cultivation. The fluorescence of the samples from the
10 x 10 mm? surface areas was visualized using the LSM-750 confocal
laser scanning microscope (Carl Zeiss, Germany). Cells were visualized
using double staining where living cells were stained with acridine or-
ange and dead cells with ethidium bromide. The fluorescence of acridine
orange was excited by a 488 nm wavelength laser, and the fluorescence

was recorded in the 495-545 nm range. The fluorescence of ethidium
bromide was excited by a 561 nm wavelength laser, and the fluorescence
was recorded in the 580-690 nm range. The result was an overlay image
of green acridine orange fluorescence and ethidium bromide red fluo-
rescence obtained in the transmitted light mode.

3. Results and discussion

3.1. Structure and phase composition of the porous SHS-NiTi matrix and
surface layer

A layer firmly bound to the matrix is formed on the surface of the
porous framework during the SHS reaction. Impurities dissolved and
adsorbed in reactants, along with synthesis reaction gases of the pro-
tective atmosphere form this surface layer. The surface layer is green in
the confocal scanning microscopy image, while the polished matrix is
brown in Fig. 2.

3.1.1. Porous NiTi alloy matrix

Scanning electron microscopy has established that the matrix of the
porous alloy consists of the NiTi solid solution grains, intergranular
peritectic TipNi phase, and TizNi secondary phase particles in Fig. 3.
Using the method of back-scattered electron diffraction, crystal orien-
tation maps were obtained for the porous SHS-NiTi sample in Fig. 4. The
matrix contains randomly distributed equiaxed grains 5-20 pm in
diameter. EBSD results showed that the TiyNi peritectic phase size varies
from 0.5 pm to 2 pm. The inverse pole figure (IPF) maps demonstrate the
presence of intragrain high-angle boundaries with >15° misorientation
angles. In all projections, a more homogeneous internal structure of the
grains was found. Only some grains have domain structures with non-
equiaxed orientations.

Fig. 3. (a) Microstructure and distribution maps of (b) titanium and (c) nickel in porous NiTi alloy. Here, 1 - TiNi and 2 - Ti,Ni.
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Fig. 4. (a) SEM image and crystal orientation maps obtained for the TiNi phase and (b) X, (c) Y, (d) Z direction inverse pole figure color orientation maps of TiNi
phase and (e) X, (f) Y, (g) Z direction inverse pole figure color crystal orientation maps obtained for the Ti,Ni.

Pole figures were constructed for the (100), (110), and (111) planes,
where the density isolines indicate the presence of the grains’ crystal-
lographic preferred orientation in Fig. 5. The presence of multiple high-
intensity randomly located sharp reflections indicates the crystallo-
graphic mechanisms of texture formation and the appearance of
recrystallized grains. The maximum pole density was recorded for the
(001) crystals in the X direction and (111) in the Y direction. The direct
pole figures show higher intensity reflections for the {100} planes in the
X direction and insignificant lower intensity reflections for the {111}
planes in the Z direction.

3.1.2. Surface layer of porous SHS-NiTi alloy

The surface layer of the porous NiTi sample was studied by structural
characterization methods. Transmission electron microscopy (TEM)
studies of the surface in cross-section showed that the surface layer
consists of the lower (2) and upper (3) layers in Fig. 6. The diffraction
patterns taken from the layers identified the TisNioO(N,C) intermetallic
compound, differing in the degree of crystallinity. The complex struc-
ture of the surface layer is associated with the convective transfer of
gasified impurities and melt from the reaction zone. Presumably, the
amorphous loose upper layer is formed due to the capture of the melted
part by the reaction gases and the transfer of impurities in the aerosol
form. A continuous amorphous-nanocrystalline lower layer is formed by
the chemoepitaxial mechanism in two stages. In the first stage, as a

result of the chemisorption of O, N, and C impurities from the reaction
gases, an amorphous Ti-Ni—-C-N-O film is formed on the surface of the
peritectic liquid. As a result of the amorphous Ti-Ni-C-N-O film crys-
tallization, the epitaxial growth of the nanocrystalline TizNioO(N,C)
cermet phase occurs in the second stage. The process of the surface layer
formation is discussed in detail in the next subsection.

X-ray diffraction (XRD) studies of the granules’ surface have revealed
the presence of X-ray amorphous and crystalline Ti4Ni2O(N,C) phases in
Fig. 7. Amorphous structure in X-ray diffractograms is characterized by
an amorphous halo in the 20 < 30° initial diffraction angle region, which
is consistent with the diffuse halo in the TEM diffraction pattern. The
intermetallic nanocrystalline oxycarbonitride Ti4NioO(N,C) is the main
phase of the surface layers. In addition, the XRD diffractograms revealed
the presence of glass- and metal-ceramic phases of various compositions:
CaSiO3, and MgAl;O4 (up to 20 vol%). The broadened low-intensity
diffraction reflections of the TisNioO(N,C) phase indicate its small
crystallite size. Also, phase reflections of the matrix based on the NiTi
compound with the austenitic structure were revealed.

According to the energy dispersive spectra (EDS) analysis of the
porous NiTi interpore bridges, an increase in O, C, and N interstitial
impurities concentration in the surface layer is observed. This is
consistent with the XRD data and confirms the presence of the TisNi,O
(N,C) intermetallic oxycarbonitride surface layer in Fig. 8.
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Fig. 5. (100), (110), and (111) pole figures for the TiNi phase.
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Fig. 7. X-ray diffraction pattern of the porous NiTi granules.

3.2. Schematic description of the surface cermet layer formation

50 nm

TiNiB2
To explain the process of the surface cermet layer formation in the
Fig. 6. (a) TEM image of the porous NiTi alloy surface cross-section with layer-by-layer combustion mode, a schematic description is presented in

corresponding diffraction patterns of (b) the upper surface layer 3, (c) the lower Fig. 9. At the initial stage, a eutectic liquid is formed during the contact
surface layer 2, (d) the matrix 1. melting of the powder mixture reactants. The beginning of an
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Fig. 8. Energy-dispersive analysis of the interpore bridge of porous NiTi alloy: (a) SEM image, and (b) Ti, (c¢) Ni, (d) O, (e) N, and (f) C maps.
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Fig. 9. Schematics of the surface cermet layer formation.

exothermic reaction between nickel and titanium is associated with
heating the reaction products and is partially dissipated by the emission
of the melt products and reaction gases from the reaction zone. The
reaction occurs in the self-propagation mode, capturing new areas of the
heating zone by wetting titanium and nickel particles with a eutectic
melt. As a result, a new intermetallic TiNi phase is synthesized. Thus, the
reaction zone for the synthesis of the NiTi intermetallic compound
moves through the powder mixture due to heat and mass transfer, which
is carried out by wetting, capillary spreading of the eutectic liquid, and
convective transfer of heat and peritectic melt by a mixture of reaction
gases of the argon atmosphere.

After the completion of the main exothermic synthesis of the NiTi
intermetallic compound, the final formation of the structure occurs in
the peritectic reaction (Liquid + TiNi=TiyNi + TiNi), which occurs at
the NiTi grain boundaries. The peritectic melt layer formed in the

reaction zone around the NiTi grains has a composition close to the
stoichiometry of the TiyNi constituent. The surface layer of the peritectic
TipNi melt, interacting with the reaction gases, is saturated with inter-
stitial oxygen, nitrogen, and carbon impurities. Therefore, the crystal-
lized layers are intermetallic oxycarbonitrides TisNioO(N,C).
Chemisorption of gaseous interstitial impurities by the peritectic layer
leads to the formation of a dense oxycarbonitride nanolayer. In this case,
the gas condensate formed in the reaction zone from gasified impurities
and melt is carried by the reaction gases along with the formed porous
framework. Gas condensation on the peritectic melt film that conceals
the metallic framework leads to the selective crystallization of new non-
metallic inclusions in the form of crystals and spherical formations on
the surface.

Multiple spherical inclusions are located on the surface of open pores
in Fig. 10(a). The spherical inclusions have a complex structure, where
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Fig. 10. (a) Optical image of spherical inclusions and (b) SEM image of a spherical inclusion on the surface of porous SHS-NiTi; (c) inclusion cross-section.

Table 3

Chemical composition of two spherical inclusions in at.% obtained by EDS.
Spherical inclusion C N o Mg Si P S Ca Ti Ni
1 16.15 4.77 14.44 0.44 0.76 0.74 0.24 0.26 34.43 27.01
2 25.53 4.21 12.63 0.43 0.66 0.46 0.2 0.56 30.08 24.59

SE 100 u

Fig. 11. SEM and stacked optical images of crystalline inclusions on the surface
of the porous SHS-NiTi.

the core is a non-metallic inclusion covered with a spherical shell due to
condensation of the reaction gases in Fig. 10(b and c). The elemental
composition of spherical inclusions was determined by EDS. The EDS
analysis showed the presence of Ti, Ni, Si, S, Ca, O, and N elements in a
spherical inclusion in Fig. 10(c), with the composition summarized in
Table 3. The Ti, Ni, Si, Al, Ca, Mg, P, S, O, N, and C elements were found
in other spherical inclusions, indicating the formation of a glass-ceramic
compound.

Large crystalline inclusions are present in the NiTi pores (Fig. 11).

The uneven faceted surface morphology of these 50-100 pm crystals did
not allow obtaining reliable chemical composition results. However,
EDS mapping of the porous framework walls with crystalline inclusions
has shown that they contain Si, Al, K, and O elements. Presumably, these
are AlSiO4 and KAISiO4 aluminosilicates, along with SiO; and CaO ox-
ides in Fig. 12.

Thus, in addition to the formation of intermetallic NiTi phases,
titanium-rich TioNi and nickel-rich Ti50-xNi50+x constituents, new
non-metallic spherical and crystalline phases are synthesized from
thermally dissociated O, N, C, Al, Ca, Si, Mg, K, Na, Cl, S, and P impu-
rities in the reaction zone. Ceramic inclusions formed in the liquid
eutectic phase before the NiTi synthesis ended completely. The reason
for this phenomenon is that the crystallization temperature of glass-
ceramics is higher than that of the near-equiatomic NiTi constituents.
Some already solidified non-metallic inclusions moved during NiTi alloy
structuring and coalescence of pores without immersing in the NiTi
matrix. At the same time, ceramic inclusions were formed from trapped
impurities which are thermally dissociated from reactants.

3.3. Cytocompatibility of the NiTi porous alloy surface

Fig. 13 shows morphological images of MCF-7 cells on the porous
SHS-NiTi alloy at low and high magnification. These cells demonstrate
viability upon contact with the surface of porous NiTi samples. Confocal
laser scanning microscopy was performed 72 h after cultivation with
MCF-7 cells. Local surface areas cultivated with MCF-7 cells were found
on the sample, where live cells are seen in green with red nuclei. The
MTT test has revealed a low 14 + 7% level of cytotoxicity toward MCF-7
cells. Confocal laser scanning microscopy images show that green cells
attached to the surface of the SHS-NiTi extend over the entire sample in
Fig. 13(a). The cells are evenly distributed on the surface and to a greater
extent inhabit the entire upper surface of the sample. The cells show
numerous cytoplasmic structures and many of them have a proliferative
morphology in Fig. 13(b).
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Fig. 13. Confocal laser scanning microscopy image of MCF-7 cells on the SHS-NiTi porous alloy: (a) lower and (b) higher magnification.

3.4. Susceptibility to localized corrosion

Corrosion test results are summarized in Table 4 and Fig. 14. Tafel
curves in Fig. 14 demonstrate the potentiodynamic polarization
behavior of porous SHS-NiTi samples in different electrolytes at 37 °C.
There is an obvious similarity of polarization curves in terms of the
dependence of the current density on the studied samples’ surface Igl (A/
em?) on the changing potential U (mV). The obtained polarization
curves consist of two parts. The first cathodic part (monotonic from
—400 mV) refers to the desorption of oxygen adsorbed by the surface.
The second anodic part in the form of an inverse parabola from —205

33521

Table 4
Potentiodynamic polarization parameters of porous SHS-NiTi in physiological
electrolytes at 37 °C.

Electrolyte Ucor, mV Tcor MA Ry, kQ
PBS —-136.5 1.12 342
NaCl —186 1.37 258
HClL —205 1.58 224

Note: Ucor - corrosion potential; ic, - corrosion current; Rp - polarization
resistance.
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Fig. 14. Potentiodynamic curves of porous SHS-NiTi in physiological electro-
lytes at 37 °C.

mV to —136 mV corresponds to the hydrogen evolution reaction. Ac-
cording to the data, the lowest corrosion potential U, is observed in the
aqueous hydrochloride solution. The surface corrosion current density is
minimum in phosphate-buffered saline (PBS) solution and maximum in
HCl solution. The highest polarization resistance of 342 kQ was
measured in PBS, and it is more than one and a half times higher than
224 kQ in HCL

The data published in the literature indicate that if the corrosion
potential of Ti-based alloys varies from +100 mV to —200 mV compared
to the saturated calomel electrode (SCE), the material can be considered
conditionally passive or corrosion-proof [31,32]. At the same time,
when the corrosion potential is between —200 mV and —450 mV,
moderate pitting corrosion can occur. The corrosion-prone behavior is
observed from —450 mV to —600 mV corrosion potential. A comparative
analysis of susceptibility to localized corrosion of porous SHS-NiTi in
physiological electrolytes is indicative of a stationary corrosion poten-
tial relative to the reference electrode potential that varies from —130
mV to —205 mV. This fact attests to the ennobling effect of the surface
film on in vivo electrochemical characteristics, including the oxy-
carbonitride superficial layer concealing the intermetallic matrix, which
is an inherent attribute of the SHS reaction [33,34]. Considering the
qualitative resemblance of the anodic curves with those reported for
wrought nitinol [35], it might be argued that negligible oxidation of the
Ti constituent contained in the surface film occurs with the subsequent
formation and growth of the passivating titanium dioxide (rutile) layer.
In so doing, the latter can be modestly dissolved at higher values of
polarization potential. This indicates that the oxycarbonitride multi-
farious stratum reliably inhibits the corrosion process, without its
meaningful oxidation-induced reaction or dissociation when a porous
SHS-NiTi implant is chemically attacked in vivo.

Comparatively, dense nitinol-based alloys demonstrate a clear and
predictable corrosion behavior, whereas that of porous SHS-NiTi seems
to be tangled since elucidating the corrosion performance of porous SHS-
NiTi is an ambitious and challenging undertaking due to the variety of
factors including the developed specific surface and structural hetero-
geneity. Quantification of electrochemical corrosion parameters for
each porous sample and analyzing the Tafel curves are also lengthy and
time-consuming tasks because the automated processing of the obtained
curves in different electrolytes does not allow their unambiguous
interpretation. Despite the seeming similarity in the shape of polariza-
tion curves, the existing scatter of the obtained corrosion parameters is
obviously due to the heterogeneity and complex structural morphology
of the studied samples, which can be indicative of local foci of pitting
corrosion. Similar difficulties and controversial interpretations have

Ceramics International 48 (2022) 33514-33523

been previously reported in the literature [36-40]. The role of potential
distribution inside the pore and porous structure in the electrochemical
corrosion behavior of porous NiTi is an important factor. The potential
distribution plays the role that strengthens the differences among the
various parts of the porous metal surface. This is the crucial electro-
chemical condition that may even lead to localized corrosion, as re-
ported for porous NiTi-based alloys obtained by other powder
metallurgy methods [38,39]. A quantitative method of prolonged
exposure to electrolyte solutions and weighing samples is believed to be
more reliable and accurate. Moreover, to increase the potential and
durability of biomedical devices made of porous SHS-NiTi alloys, it is
very important to study and compare the proneness to localized corro-
sion in porous SHS-NiTi samples subjected to high-temperature atmo-
spheric oxidation [41-43].

In summary, our findings suggest that anodic polarization of porous
SHS-NiTi produces a passive film superior to dense NiTi-based in-
termetallics or Ti medical-grade alloys. Samples were instantaneously
re-passivated with a protection potential higher than the corrosion po-
tential. Corrosion-electrochemical activation of porous SHS-NiTi mate-
rials is very unlikely in the context of biomedical devices made of these
alloys, which excludes reaching high positive potentials in vivo
including risks of galvanic pairs.

4. Conclusions

The biochemical compatibility of porous nitinol obtained by the SHS
method has been studied experimentally. The bioinertness of the porous
alloy surface is due to a corrosion-resistant cermet surface layer, which
is a hallmark of the SHS reaction and does not require additional surface
modifications. Based on the experimental studies, the following con-
clusions are summarized.

1. It was found that the surface layer consists of the lower dense and
upper sparse layers. The lower dense layer with a thickness of not
more than 100 nm has a dense amorphous-nanocrystalline structure
of intermetallic oxycarbonitrides firmly bonded to the matrix. The
upper 25-300 nm cermets phases form a thick sparse amorphous
layer with complex composition. It consists of glass-ceramic crystals,
spinels, and silicates of various shapes, sizes, and elemental
compositions.

2. XRD analysis demonstrated that the main phase of the surface layers
of porous NiTi alloys is the nanocrystalline TisNisO(N,C) oxy-
carbonitride. The presence of CaSiO3, MgAl;04, AlSiO4, KAISiOy,
Si09, and CaO ceramic-metal crystal groups with up to 20% volume
fraction has been revealed in the surface layers.

3. The formation mechanisms of the cermet surface layer and nonme-
tallic phases were identified based on the XRD, optical microscopy,
SEM, TEM, and EDS results, following the existing SHS model. It has
been suggested that the surface layer is formed with the participation
of impurities, dissolved and adsorbed in titanium and nickel pow-
ders, and reaction gases of the protective atmosphere in which the
synthesis is carried out. Inclusions are formed by selective conden-
sation from reaction gases in a peritectic melt from dissociated im-
purities inherited from powders.

4. From the anodic polarization, the high corrosion resistance of porous
NiTi made by the SHS method has been experimentally proven.
Porous SHS-NiTi is less prone to localized corrosion compared with
wrought NiTi or porous NiTi alloys made by other powder metal-
lurgy methods. The surface multiphase cermet layer reliably isolates
the metal matrix of the alloy from the electrochemical effects of
biological fluids in vivo. The obtained results confirmed that porous
SHS-NiTi meets the criteria of corrosion resistance for materials
designed for biomedical applications.

5. High viability and proliferative activity of cells on the surface of
porous SHS-NiTi were shown. Corrosion resistance and biocompat-
ibility of the cermet surface of the porous alloy make it possible to
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effectively use SHS-NiTi as an implant material for bone grafting and
scaffolding.
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