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Abstract. Introduction This research work is aimed at developing (establishing) an effective
method for synthesizing nitinol alloy (Ni — Ti), a shape memory material using the self-propelled high-
temperature synthesis (SHS) process. The synthesis was performed using condensed mixtures composed
of titanium dioxide (TiO:), nickel oxide (NiO), and magnesium (Mg), where magnesium served as a
reducing agent. The mass fraction of magnesium was varied between 25% and 45% to determine its
impact on combustion characteristics. The results showed that the highest combustion temperature
reached 1845°C, with a peak propagation velocity of 9.0 mm/s, demonstrating the system’s strong
exothermic nature. Thermogravimetric analysis revealed activation energies of 379.66 kJ/mol and 366.44
kJ/mol as calculated using the Kissinger and Ozawa methods, respectively. These values confirm the
thermodynamic feasibility of the SHS reaction. X-ray diffraction (XRD) analysis identified the presence
of multiple phases, including TiNi, MgO, and Mg.TiO., indicating simultaneous reduction and
intermetallic formation. Scanning electron microscopy (SEM) revealed a porous microstructure with pore
sizes in the range of 50-200 nm, suggesting the suitability of the material for biomedical and sensor
applications. Overall, the research confirms that SHS offers a promising pathway to synthesize porous
NiTi alloys directly from metal oxides, reducing costs and avoiding complex vacuum-based melting
techniques traditionally required in nitinol production.
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1. Introduction

Shape Memory Alloys (SMAs) are functional materials with unique
properties, and Ni-Ti alloys are among the most widely studied [1]. These
materials undergo a martensitic thermoelastic transformation, during which
changes in the relative positions of atoms in the crystal lattice occur through
coordinated atomic movements. Displacements between neighboring atoms are
small compared to interatomic distances. Such materials can 'remember' their
original shape after being heated to high temperatures, and upon cooling to room
temperature, they can be deformed and recover their original shape when reheated
above 40°C. Unique properties such as exceptional flexibility and elasticity
enable these materials to be widely used in medicine, aerospace engineering,
robotics, space technology, and other fields [2]. The corrosion resistance, high
mechanical strength, and biocompatibility of Ni-Ti alloys make them suitable for
applications ranging from dental implants to cardiovascular devices [3,4].

In recent years, the fabrication of Ni-Ti alloys with a porous structure has
become a significant focus of scientific research [5,6]. The unique properties of
porous Ni-Ti alloys are attributed to their similarity to the natural bone structure.
Such a structure supports cell metabolism and growth, a significant advantage for
biomedical implants. Consequently, porous Ni-Ti alloys are used in orthopedics,
trauma, and surgery. They are applied to produce artificial organs, bone fixators,
and cardiovascular stents [7,8].

Various technologies based on powder metallurgy processes are used to
synthesize porous Nitinol. Due to the high reactivity of nickel and titanium,
melting processes are typically carried out under vacuum conditions. Among
standard casting methods, vacuum induction, arc melting, electron beam melting,
and plasma arc melting are widely used [9,10]. However, the need to operate in a
vacuum environment and the high energy consumption of these methods
significantly increase production costs. Today, one of the most efficient methods
for obtaining Nitinol is Self-propagating High-temperature Synthesis (SHS)
[11,12]. This method is attractive due to its relatively low cost, accessibility, and
ability to produce highly porous materials. The SHS process typically involves
homogenizing an equimolar mixture of titanium and nickel powders, compacting
the mixture, and igniting the compact [13].

Many researchers have investigated the formation of Nitinol solid solutions
by melting pure metals at high temperatures in synthesizing porous Ni-Ti alloys.
However, the use of pure metals increases the overall cost of nitinol. Therefore,
the main advantage of this study lies in the simultaneous synthesis of nitinol from
metal oxides using the SHS method based on magnesiothermic reduction and in
evaluating the efficiency of this synthesis approach.

2. Experimental Part

2.1. Materials

Magnesium powder (Sigma-Aldrich) was purchased as one of the initial
components. Its active metal content was 99%. It was used as a reducing agent for
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metal oxides. Nickel monoxide powder (GOST TU 6-09-4125-7580) was used to
synthesize nickel. Titanium dioxide (GOST 9808-84) was used to synthesize
titanium.

2.2. Preparation of samples from condensed mixtures based on TiO; + NiO
+ Mg

The initial components were weighed in various ratios and mixed using a ball
mill to prepare a compacted mixture. The compacted mixture was then pressed
using a press apparatus with a cylindrical mold to form cylindrical samples with a
diameter of 20 mm and a height of 20 mm, applying a force of 100 kN.

2.3. Study of the burning kinetics of TiO: + NiO + Mg - based condensed
mixtures

A cylindrical pressed sample (20x20 mm) is initiated by applying a 20 V
voltage from a power source, using a spherical initiator. The burning process of
the compacted mixture was recorded using a high-speed camera (Video camera
Nikon 1SB-N5, 31 December 2012), and the burning rate was calculated. The
burning temperature was measured using an infrared pyrometer (Kelvin PLC
2300, 02 February 2022). For each composition, the burning process was repeated
three times.

2.4. Research Instruments

The morphology and elemental composition of the synthesized Ni-Ti alloy
powder were determined using a Quanta 200i 3D scanning electron microscope
(SEM) (FEI Company, Hillsboro, OR, USA). The phase composition of the
synthesized products was analyzed using a Bruker D8 Advance diffractometer
(Billerica, MA, USA) with CuKa radiation (40 kV, 40 mA). The thermal
decomposition of the initial compacted mixture was studied using a BAXIT
thermogravimetric analyzer (BXT-TGA-103) at various heating rates (°C/min).

3. Results and discussion
3.1. Burning mechanism of a condensed mixture based on TiO> + NiO + Mg
The cylindrical samples were ignited in an atmospheric environment using an
open flame. The combustion cinegram of the self-propagating high-temperature
synthesis process is shown in Figure 1.

Figure 1 — Burning cinegram of a condensed mixture based on TiO2 + NiO + Mg

Figure 1 shows that the condensed mixture based on TiO2 + NiO + Mg was
completely combusted through the SHS method with a uniformly propagating
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burning front. The synthesis process's burning temperature and velocity were
measured and calculated. For the TiO2 + NiO + Mg system, various ratios of the
initial components were used, and the graph illustrating the correlation between
the magnesium mass fraction and the burning temperature is presented in Figure
2.
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Figure 2 — Graph of the dependence of the burning temperature of a condensed mixture based
on TiOz + NiO + Mg on the mass fraction of magnesium.

According to the combustion temperature graph, as the mass fraction of
magnesium increases from 25% to 40%, the combustion temperature also rises, as
there is a sufficient amount of reducing agent to drive the reaction in the system.
However, when the amount of reducing agent exceeds 40%, the excess
magnesium does not participate fully in the response, leading to a limited increase
in temperature or a slight decrease. This may be due to the interaction of residual
reactants' heat absorption capacity in exothermic reactions. In addition, the linear
combustion velocity of the compacted mixture based on TiO2 + NiO + Mg was
calculated based on video recordings captured with a high-speed video camera.
As the mass fraction of magnesium increased, the combustion velocity
consistently rose, reaching a maximum value of 9.0 mm/s. However, at 45% Mg,
the combustion velocity slightly decreased to 8.2 mm/s, indicating that excess Mg
does not fully participate in the combustion, instead absorbing heat and slowing
down the process.

3.2. Thermodynamics of the system TiO, + NiO + Mg

The TiO2 + NiO + Mg-based system is an effective compacted composition
for self-propagating high-temperature synthesis. This system is based on the
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strong reducing properties of Mg and the formation of reaction products — NiTi
intermetallic and MgO.

TiO,+ NiO + 3Mg — NiTi + 3MgO (1)

The compacted mixture's activation energy (Ea) based on this reaction is
crucial for calculating the combustion characteristics of the compacted mixture.
The Kissinger and Ozawa methods are commonly used in Ea calculations, as they
do not require knowledge of the reaction order or reaction models [14-15]. The
following equation is proposed for calculating E, according to the Kissinger
method:

Eq _ dIn(BTy?)

where E; is the activation energy; T, is the highest temperature of thermal
decomposition of the DTA curve; R is the universal gas constant; and B is the
heating rate. These methods study the activation energy of high-energy density
materials and compacted mixtures [16]. Therefore, in this research, calculating the
Ea value through the Kissinger and Ozawa methods is essential for investigating
the combustion mechanism of the TiO: + NiO + Mg-based compacted mixture.

The temperature-dependent mass loss behavior of the TiO. + NiO + Mg-
based condensed composition at different heating rates is presented in Figure 3.
Based on the onset temperatures of mass loss, the activation energy was
calculated using various methods.
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Figure 3 - Thermogravimetric analysis of TiO2 + NiO + Mg-based compacted mixture
According to the results shown in Figure 3, mass loss occurred in the

temperature range of 530 °C to 550 °C. This temperature range corresponds to the
ignition of the condensed composition.
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Figure 4 shows the dependency plots of In(B/T5 %) and Tp *for the activation
energy calculation of the TiO. + NiO + Mg-based compacted mixture using the
Kissinger (a) and Ozawa (b) methods. These relationships show nearly straight
lines for each compacted mixture. The Ea values calculated using the Kissinger
method were determined to be 379.66 kJ/mol for the compacted mix, while the Ea
values computed using the Ozawa method were 366.44 kJ/mol. The Ea values
calculated by the relatively different methods were very close.
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Figure 4 — Kissinger (a) and Ozawa (b) plots of an TiOz + NiO + Mg-based condensed mixture

The activation energies of the condensed mixture at different heating rates
were calculated using the Kissinger (EK) and Ozawa (Ea) methods. The calculated
results are shown in Table 1.

Table 1 — Activation energy of a condensed mixture based on TiO2 + NiO + Mg

. p (Heating Rate, E./(kd/mol) 5 EJ/(kJ/mol) 2
Reactive Fuels °C/min) To °C Kissinger’s Method R Ozawa’s Method R
5 530.5
. . 10 537.3
TiO2 + NiO + Mg 15 5417 365.15 0.93 366.44 0.93
20 550.3

The activation energy results calculated using the Kissinger and Ozawa
methods showed relatively close values. However, these values indicate that the
burning process of the TiO. + NiO + Mg system requires significant energy, but
once ignited, the reaction proceeds steadily at high temperatures.

3.3. Composition and morphology of synthesis products of the TiO, + NiO +
Mg system

When the TiO. + NiO + Mg system is synthesized using the SHS method,
high-temperature exothermic reactions result in the formation of metallic nickel,
titanium, and their intermetallic compounds (e.g., NiTi, NisTi) [17]. In this
process, magnesium acts as a potent reducing agent, binding the oxygen in TiO:
and NiO, making the reaction thermodynamically efficient. The obtained
products' phase composition depends on the ratio of the starting components and
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synthesis parameters. The phase composition of the synthesis products is shown
in Figure 5.
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Figure 5 — Results of the phase composition of the burning products of a condensed mixture
based on TiO2 + NiO + Mg

According to the XRD analysis results, the products obtained via the SHS
method exhibit a multiphase structure, where the main phases identified are MgO,
TiNi, and Mg:TiO4. This indicates that simultaneous reduction, intermetallic
compound formation, and complex titanate formation occur concurrently. It was
determined that the synthesized products' structural complexity and phase
composition directly depend on the initial component ratios and synthesis
parameters (temperature, pressure, and time). Additionally, the morphology of the
product synthesized by the SHS method is shown in Figure 6.

Figure 6 — SEM analysis results of the TiO2 + NiO + Mg system after the SHS process.
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SEM analysis of the synthesized products of the TiO2. + NiO + Mg system
after the SHS process revealed a complex microstructure (Figure 5). Based on the
conducted analyses, the morphology of the product was found to consist of a
heterogeneous mixture of microcrystalline and nanostructured particles. The
surface structure shows visible porosity, which may positively influence the
catalytic activity of the material by forming favorable channels for gas diffusion.
In the porous regions, the pore diameters range from approximately 50 to 200 nm,
corresponding to a mesoporous structure. Overall, the obtained morphological and
quantitative characteristics indicate not only the structural complexity of the
material but also its functional potential. Such microstructures are of great interest
for applications in high-temperature catalysis, sensor devices, energy storage
systems, and shape memory alloys.

4. Conclusion

This study demonstrated the feasibility of efficiently synthesizing shape
memory NiTi (nitinol) alloy via self-propagating high-temperature synthesis
(SHS) based on the TiO2 + NiO + Mg system. Magnesium acted as a reducing
agent, creating favorable conditions for synthesizing intermetallic compounds
from metal oxides. It was found that the combustion temperature and propagation
rate depend on the ratio of the initial components: as the magnesium content
increased, the intensity of the reaction also increased. The activation energy
calculated using the Kissinger and Ozawa methods ranged from approximately
365 to 380 kJ/mol, indicating the energetic efficiency of the system. Phase
composition analysis revealed that the synthesized product is multiphase (MgO,
TiNi, Mg.TiO4), confirming that complex chemical processes occur during the
synthesis. SEM microscopy showed a highly porous, microcrystalline structure,
making the material promising for biomedical implants, high-temperature
catalysts, and sensor systems as a shape memory alloy. Overall, the SHS method
is a cost-effective, accessible, and environmentally friendly alternative technology
for synthesizing complex materials such as nitinol from metal oxides.
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Tyiiingeme: Kipicne. ByJl FbUIBIMH-3epTTEY JKYMBICHI ©3MIIHEH TapaJaThlH JKOFApbl TEMIIEPATYPAIIBIK
cunte3 (OXKC) mpoueci naiijanana OTBHIPHIN, MILIIHAI €CTe CAaKTaWTBIH MaTepuan OOJbIN TaObLIATHIH
HUTHHON KopbiTrackH (Ni—Ti) cuHTe3aeyAiH THIMII oMiCiH a3ipieyre OarbiTtanrad. CHHTE3 YIIIH TUTaH
muokeuni (TiO:2), nuxens oxeuni (NiO) sxone maruui (Mg) HeriziHIeri KOHIEHCHpPJIEHIeH Kocranap
MaiIanaHbUIIbl, MYHIa MarHUM TOTBIKCBI3JAHIBIPFBINI PETIHIC KOJIAHBUIABL. MarHuiiiH MaccaibIK
yneci 25%-nan 45%-ra neilin e3repTiiin, OHBIH jKaHy MPOLECIHIH TeMIepaTypachl MEH JKbUIIaM/IbIFbIHA
acepi 3eprrenai. Hotmxkecinae xany temmneparypackl 1845 °C-xa neifin jkeTim, jxaHy Kbuinamasisl 9.0
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MM/C MOHIHE HWe Oonipl, Oy KOCIaHBIH J>KOFapbl SK30TEPMHUSUIBIK pEaKLUsl KaOUIeTiH KOpCeTTi.
TepmorpaBUMeTpHsUIBIK Tanyiay HoTkeciHae Kuccuumkep xoHe O3aBa oxicTepi OOWBIHIIA aKTUBTEHY
sHeprusickl THiciHme 379.66 k/Dx/Monb xoHe 366.44 k/DK/MOJB LIaMachiHIA aHBIKTAIABL. by
KOPCETKIIITEp KYHEHIH TePMOIMHAMUKAIBIK TYPFBIIAH THIMAI €KeHiH pactaijibl. PeHTreHmik (a3zanbik
tanpay (POT) HoTmkenepi cuHTe3/eNreH oHIMHIH Herisri (asanapsl peringe TiNi, MgO sxone Mg.TiOa
KOCBUIBICTapbIHBIH TY3UITCHIH KOPCETTI, Oy MeTaul OKCUATEPIiHIH Oip Me3rinje TOTHIKCHI3AaHYbl MEH
HHTEPMETAN/IBIK KOCBUIBICTAPABIH TY31Tyi KYpeTiHiH nonenaeiai. CkaHepIi IeKTPOHABIK MUKPOCKOIHS
(COM) notmwxkenepi MarepuanabiH 50-200 HM apanbIFbIHAAFBl KEyeKTepre ue Kypaedi KYpbUIBIMBIH
aHBIKTa/Ibl, OYJ1 OHbI OMOMEMIIMHA MEH CEHCOPJIBIK KYPbUIFbUIAp/a KOJJIaHyFa JIAWBIKTBI eTeai. JKammsl
anraHna, Oyn 3eprrey OXC oxici apkbpuibl MeTama OKCHUATEPIHEH TikeNeH KeyeKTi HUTHHON ally
MYMKIHJITIH pacTaiipl JKoHE NIOCTYpJi BaKyyMJIBIK OalKbITy omicTepiHe Oajnama peTiHae eHIipic
LIBIFBIHBIH Q3aHTATBIH TEXHOJIOTHSUIBIK JKOJI YCHIHA/IBL.

Tyiiin ce3mep: ITinmiHzi *xa(bp! KOPHITIACH, ©3/IriHEH TapallaThIH JKOFaphl TeMIepaTypaisl cuares (SHS),
HUTUHON (Ni-T1i), MArHUTOTEPMUSUIBIK TOTHIKCHI3aHY, KEYEKTi KYPBUIBIM.
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Pe3tome. Bseoenue. JlaHHas HccleoBaTeNbcKas paboTa HalpaBlieHa Ha pa3paboTky 3¢¢eKTHBHOro
MeToza cuHTe3a ciutaBa HuTHHONA (Ni — Ti), MaTeprana ¢ mamMaTbi0 GOPMEI C HCIIOIB30BaHUEM IIPOIIECCa
CaMOXORHOro  BbIcOKoTemmepaTypHoro  cuHtesa (CBC). [lns  cHHTe3a  HCIOJIb30BAIHCH
KOHJIGHCUPOBaHHbIE CMecH Ha ocHoBe auokcupaa tutana (TiO:z), okcuna nHukens (NiO) n marnus (Mg),
IJie MarHHl HCIIONIB30BANICSA B Ka4eCTBE BOCCTAHOBUTENA. MaccoBas 1oy MarHus ObLIa H3MeHeHa ¢ 25%
10 45%, n ObUIO U3YYEHO €ro BIMSHHE Ha TEMIEpaTypy M CKOPOCTb Ipoliecca ropenus. B pesynbrare
TemrepaTtypa ropenus nocturia 1845 °C, a ckopocts ropeHus cocraBmia 9.0 MM/c, 4TO CBHIETENBCTBYET
0 BBICOKOH CIIOCOOHOCTH CMECH K BK30TEPMHYCCKOI peakIuy. B pesynbrate TepMOrpaBHMETPHYCCKOTO
aHaM3a dHeprus akTuBauuu meromamu Kuccunmkepa u On3aBbl OblTa omnpenerneHa B mpenenax 379.66
k/x/Monp U 366.44 kJDK/MONIb COOTBETCTBEHHO. OTH TOKa3aTelnd IOATBEPXKIAIOT, YTO CHCTEMa
TepMoarHaMuuecku dddexTuBHa. Pesynbrartel pentrenodasHoro ananmza (PPA) nokaszamu, 4ro B
KayecTBe OCHOBHBIX (a3 CHHTE3MPyeMOro Ipomykra obpasyrorcst coenuueHnst TiNi, MgO n Mg.TiOs,
YTO JOKA3bIBAET, YTO MPOUCXOIUT OTHOBPEMEHHOE BOCCTAHOBJICHHE OKCHJIOB METAIOB H 00pa3oBaHUE
HHTEPMETAIUINYECKUX COCOUHEHUH. Pe3ynbTaThl ckaHHpYOLEH 5J1eKTpoHHON Mukpockornnu (COM)
BBISIBUJIM CJIOJKHYIO CTPYKTYpy MaTepuana ¢ mopamu pasmepoMm oT 50 mo 200 HM, 4TO JenaeTr ero
MOAXONSAIMM U HCHONb30BaHHA B OHOMEIMIMHE U CEHCOPHBIX YCTpoiicTBax. B memom, 310
HCClIeJOBaHUE IOATBEPKIAET BO3MOJKHOCTh IIOMy4YEHMS HENOCPEACTBEHHO INOPUCTOTO HUTUHONA H3
okcuaoB MeTauioB MerogoM CBC u mpeanaraeT TEXHOJNOTMYECKHIT IyTh, KOTOPBI CHIKAeT
IIPOM3BOJICTBCHHEIC 3aTPaThl B KAYECTBE AIbTCPHATHBBI TPAINIIUOHHBIM METO/IaM BaKyyMHOM INIABKH.

KmoyeBble ci0Ba: ciiaB ¢ maMATbIO (OPMBI, CaMOPACIPOCTPAHSIOMIUNCA BBICOKOTEMIIEPATYPHBIH
cunre3 (CBC), uutnnon (Ni-Ti), MArHUTOTepMHYECKOE BOCCTAHOBJICHUE, IOPHCTast CTPYKTYpA.
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