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a b s t r a c t   

Aluminum alloying effects (up to 2 at %) on the macrostructure, microstructure, and mechanical properties 
of porous nitinol (NiTi) obtained by self-propagating high-temperature synthesis (SHS) were studied. It has 
been established that Ni and Ti interactions with liquid Al (0.5–1 at % Al) in the SHS process significantly 
change macrostructure, decrease the size of the interpore bridges, and increase their number, resulting in a 
larger effective cross-sectional area. An increase in the aluminum content above 1 at % leads to larger 
interpore bridges in the SHS product. The microhardness of TiNi(Al) increases from 305 HV50 g to 422 HV50 g 

with aluminum concentration, while the fraction of the TiNi(Al) (B2 + B19′) phases decreases from 75% to 
50%. The Ti2Ni(Al) phase fraction increases from 25% to 50% with Al concentration. The 64 MPa tensile 
strength and 2.9% fracture strain of porous Ti50Ni49Al1 alloy are higher than without Al. The increase in 
strength is due to the formation of a more homogeneous macrostructure and solid solution strengthening of 
the alloy-forming phases. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Bulk and porous nitinol (NiTi) alloys are a promising class of 
metal implants due to their high corrosion resistance and de
formation behavior similar to the bone tissues of the human body  
[1,2]. A convenient tool for controlling corrosion and mechanical 
properties is aluminum alloying of nitinol [3–6]. Studies of nitinol 
alloyed with aluminum were carried out by others using alloys ob
tained by casting, additive technologies, and powder metallurgy  
[7–9]. In addition to a variety of nickel and titanium aluminides, 
calculated and experimental phase diagrams of the NiTiAl system 
show the presence of multiple ternary compounds: Al13Ni2Ti5, 
Al2NiTi, Al3NiTi2, and AlNi2Ti [10–14]. Monolithic NiTi alloyed with 
6–9 at % Al has increased ultimate compressive strength, and the 
martensitic shear stress [6]. The reason for the favorable aluminum 
alloying effects on the bulk nitinol strength lies in the solid solution 
hardening of the B2 phase with aluminum atoms. Depending on the 
composition and temperature, numerous chemical reactions be
tween the components have been studied. The sintering mechan
isms of the TiNiAl system have been studied by X-ray diffraction, 
elemental analysis, differential thermal analysis, and electron 

microscopy [15]. The obtained NiTi alloy consisted of the TiNi, Ti2Ni, 
and AlNi2Ti phases. 

Implants based on porous NiTi must withstand significant loads 
without fracture because they are mainly used to replace bones. 
Thus, the problem of obtaining high-strength porous NiTi alloys is 
quite relevant. Porous NiTi alloys obtained by powder metallurgy are 
characterized by structural anisotropy and chemical inhomogeneity  
[16–22]. Due to this problem, physical and mechanical properties 
vary greatly and depend both on the properties of the initial pow
ders (chemical purity, granulometric composition and specific sur
face area of particles, manufacturing method) and additional 
thermomechanical treatment [23]. The macroscopic properties of 
intermetallic compounds obtained by the SHS method are primarily 
affected by the dissolution of components with subsequent crys
tallization of compounds from the melt or the formation of com
pounds upon their direct contact due to diffusion reactions [24]. A 
particularly intense interaction in metallic systems is observed when 
a liquid phase appears, which is formed either due to the melting of 
low-melting temperature components or during the eutectic for
mation [24]. NiTi alloying with aluminum is of particular interest for 
manufacturing alloys by self-propagating high-temperature synth
esis (SHS). It is assumed that aluminum enhances the interaction of 
titanium and nickel at the diffusion reaction stage, significantly 
changing the SHS process kinetics, and, as a consequence, the 
structural phase anisotropy of the final product. The literature 
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contains limited information regarding aluminum alloying effects on 
the structure and properties of SHS NiTi alloys [25–28]. 

In this study, the concentration range of Al is determined by 
using the size and electronic Hume-Rothery factors. In reference [29] 
it has been assumed that aluminum atoms can occupy both the ti
tanium and nickel sublattices. The purpose of the work is to improve 
the physical and mechanical properties of porous NiTi alloys by 
aluminum alloying and forming a homogeneous macrostructure. 

2. Materials and methods 

Porous NiTi alloys with different aluminum concentrations of 
0.5 at %, 1 at %, 1.5 at %, and 2 at % were obtained by the SHS method 
under the same thermodynamic conditions according to the proce
dures described in [30,31]. Powders of titanium, nickel, and alu
minum were preliminarily dried in an electric vacuum oven at 
70–80 °C for 7 h. To prepare the samples, nickel, titanium, and 
aluminum powders were sieved to obtain uniform particle sizes. The 
average size of titanium, nickel, and aluminum powders was 16 µm, 
5 µm, and 9 µm, respectively. The obtained samples were 300 mm 
long with 12 mm diameter. The porosity of 62–66% was determined 
by weighing [32]. When calculating the initial charge composition, 
some of the nickel atoms were replaced by aluminum atoms. 

Macro and microstructure analysis was performed using a Tescan 
Vega-3 SBH scanning electron microscope equipped with an Oxford 
Instruments AztecLive Lite Xplore 30 energy dispersive spectroscopy 
(EDS) system. The survey was carried out at an accelerating voltage 
of 20 kV. 

The phase composition was investigated by X-ray diffraction 
analysis (XRD) using the Shimatsu XRD-6000 diffractometer with Cu 
Kα radiation (1.541 Å wavelength) at 40 kV and 30 mA. Surveys were 
carried out at 10–80° 2θ diffraction angle range with a 0.02° step and 
1°/min scan speed. To identify the XRD spectra, the POWDER CELL 
2.4 full-profile analysis program and PDF4 + crystal structure data
base were used. 

The tensile strength was measured using plate specimens 
2.5 mm × 2.5 mm× 30 mm in size, cut from porous ingots by the 
electrical discharge machining (EDM). Using the ImageJ (Wayne 
Rasband, NIH) software, the average effective cross-sectional area of 
the samples was obtained, and the tensile strength of porous NiTi 
samples doped with aluminum was determined by dividing the load 
by the measured area [33]. The Vickers microhardness of the phases 
was measured using the Metolab-502 microhardness tester at a 50 g 
load. The number of measurements was 15 per phase. 

2.1. Aluminum alloying limits of porous NiTi alloys 

The Hume-Rothery rules were used to obtain the maximum 
concentration of the alloying element at which the B2 and B19′ 
phases formation was possible [34]. The Hume-Rothery size factor 
for the binary system is calculated as: 

= R
R

1 A

B (1) 

Here, RA is the atomic radius of the element being dissolved and RB is 
the atomic radius of the matrix element. Using these calculations, 
one can choose the limiting concentration of the aluminum alloying 
element and predict which sublattice will be occupied by aluminum 
atoms in the case of the solid solution formation of Al in the NiTi 
alloy without the formation of ternary phases. The calculation of the 
valence electrons concentration, e/atom, which is determined by the 
number of electrons in the unfilled outer shell per atom, was carried 
out for a three-component system, as in [34]: 

= + +e atom C Z C Z C Z/ Ti Ti Ni Ni Al Al (2)  

+ + =C C C 1Ti Ni Al (3) 

Here, СTi, СNi, and СAl are the concentrations of the corresponding 
elements in relative units, and ZTi, ZNi, and ZAl are the numbers of 
electrons in the outer shells of Ti, Ni, and Al, respectively. 

For porous alloys to have high physical and mechanical proper
ties, while exhibiting shape memory and superelasticity effects, it is 
necessary to take into account the physicochemical properties of the 
alloy-forming elements when choosing the Al concentration range. 
Hume-Rothery established dimensional and electronic factors in
fluencing the dissolution of alloying components in the B2 phase. 
Extending these ideas to nickel-titanium alloys doped with a third 
element, one can estimate its maximum concentration, which dis
solves in the B2 phase, and is capable to participate in martensitic 
transformations. In some cases, it is possible to determine whether 
Ti or Ni will be replaced when the alloying element is dissolved. 
According to the triple-phase diagram, there is only a small 47–51 at 
% Ni region of homogeneity of the NiTi phase in the Al-Ti-Ni ternary 
system, which has a round shape without predominantly spreading 
towards any element. However, this method does not predict which 
element will be replaced by aluminum [10]. Corresponding para
meters for titanium, nickel, and aluminum, listed in the periodic 
table of the elements, were used in calculations [35]. 

Let’s consider a three-component system formed as a result of 
alloying a NiTi alloy with aluminum. According to [34], the im
plementation of the following four dissolution options is possible:1. 
Aluminum atoms replace only titanium atoms, in which case the 
“effective” atom (Ti, Al) has the radius: 

= +R C R C RTi Al Ti
Ti

Ti Al
Ti

Al, (4) 

Here, CTi
Ti and CAl

Ti are the concentrations of Ti or Al atoms in the Ti 
sublattice, which are dissolved in the nickel-based crystalline ma
trix. The corresponding size factor is: 

= R
R

1 Ti Al

Ni
1

,

(5) 

2. Aluminum atoms replace only nickel atoms, and the “effective” 
atom (Ni, Al) has the radius: 

= +R C R C RNi Al Ni
Ni

Ni Al
Ni

Al, (6) 

Here, CNi
Ni and CAl

Ni are the concentrations of Ni or Al atoms in the Ni 
sublattice, which dissolve in the titanium-based crystalline matrix. 
The corresponding size factor is: 

= R
R

1 Ni Al

Ti
2

,

(7) 

3. The alloying element is titanium, which dissolves in a crystalline 
lattice composed of “weighted average” atoms (Ni, Al) with a radius 
calculated using Eq. (6). In this case, the expression for the size 
factor is: 

= R
R

1 Ti

Ni Al
3

, (8) 

4. The alloying element is nickel, which dissolves in a crystalline 
lattice composed of “weighted average” atoms (Ti, Al) with a radius 
calculated using Eq. (4). The size factor in this case is: 

= R
R

1 Ni

Ti Al
4

, (9)  

Fig. 1 plots the Hume-Rothery size factor δ as a function of Al 
concentration for all considered cases. It is known that more than 
half of the phases with a B2 superstructure (out of more than 900) 
exist at δ  >  0.15, and at δ  >  0.25 these phases are completely stable 
to structural phase transformations [35]. These border areas are 
indicated by the horizontal dashed lines in Fig. 1. 
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Thus, in the first case, atoms with a “weighted average” radius 
RTi,Al, calculated using Eq. (4), in the 1.445–1.46 Å range, replace 
nickel atoms RNi, which have a 1.24 Å size. On the contrary, in the 
fourth case, nickel atoms replace “weighted average” atoms in the 
lattice with RTi,Al. The authors assumed that of these two, the 4th 
case is most likely to be realized since replacing atoms of a smaller 
radius with atoms of a larger one requires more energy than em
bedding atoms with a smaller radius into a crystal lattice with atoms 
of a larger radius (Fig. 1, case 4). 

Next, consider cases 2 and 3. In the 2nd case, atoms with a 
“weighted average” radius RNi,Al calculated using Eq. (6) in the 
1.24–1.335 Å range replace titanium atoms RTi, which have a 1.46 Å 
size. The 3rd case describes the dissolution of titanium atoms with a 
larger radius in a lattice built of atoms with a smaller “weighted 
average” radius RNi,Al. 

It can be assumed that the 2nd case is the most probable (Fig. 1, 
case 2). Thus, there are two most likely options left for consideration 
- cases 2 and 4. In the 2nd case when aluminum atoms replace only 
nickel atoms, increasing the “weighted average” radius RNi,Al, and 
dissolve in the titanium lattice at all Al concentrations, the B2 phase 
is not formed. This suggests that such an option is not possible, since 
numerous studies of the TiNiAl system prove that there is a B2 phase 
in this system. Therefore, there is only one conclusion that the 

Hume-Rothery size factor shows the formation of the B2 phase only 
in a limited Al concentration range. Al concentration should not 
exceed 2 at %. In this case, aluminum replaces titanium atoms. The 
size factor dependence on the aluminum concentration shows that 
along with the B2 phase, secondary phases will precipitate since 
aluminum does not form an unlimited solid solution in the B2 phase. 

Another important parameter that affects the phase stability is 
the electron density of valence electrons e/atom, which is de
termined by the number of electrons in the unfilled outer shells per 
atom [34,36]. The electron density of the NiTi system was calculated 
using Eqs. (2) and (3). The B2 phase homogeneity region is between 
6.88 e/atom and 7.36 e/atom, represented by the dashed lines in  
Fig. 2. As seen in Fig. 2(a), the substitution of titanium atoms with 
aluminum atoms imposes a limitation on the Al concentration of 
12 at % (Fig. 2(a), blue, Ti50−xNi50Alx). If aluminum atoms occupy sites 
on the nickel sublattice (replacing Ni atoms), a decrease in the 
electron density is observed with increasing Al concentration 
(Fig. 2(b), red, Ti50Ni50−xAlx). In this case, the maximum content of 
the alloying element at which it can dissolve in the Ti50Ni50−x matrix 
while maintaining the B2 structure is approximately 2 at %. 

Analysis of the dimensional and electronic Hume-Rothery factors 
for the TiNiAl system showed that aluminum atoms can occupy both 
titanium and nickel positions. It is assumed that aluminum will 

Fig. 2. Electron density (the number of free electrons per atom) as a function of Al concentration for the Ti50−xNi50Alx and Ti50Ni50−xAlx systems: (a) 50 at % Al concentration range 
and (b) 3 at % Al concentration range. 

Fig. 1. The Hume-Rothery size factor δ as a function of Al concentration for the four considered cases: (a) 50 at % Al concentration range and (b) 3 at % Al concentration range. Case 
1 - aluminum atoms replace only titanium atoms, which dissolve in the nickel-based crystalline matrix. Case 2 - aluminum atoms replace only nickel atoms, which dissolve in the 
titanium-based crystalline matrix. Case 3 - titanium dissolves in the crystal lattice, composed of “weighted average” (Ni, Al) atoms. Case 4 - the alloying element is nickel, which 
dissolves in the crystal lattice, composed of “weighted average” atoms (Ti, Al). 

A.N. Monogenov, E.S. Marchenko, G.A. Baigonakova et al. Journal of Alloys and Compounds 918 (2022) 165617 

3 



occupy all vacancies on the titanium sublattice first since the solu
bility of aluminum in the titanium sublattice is 6 times higher than 
in the nickel sublattice. Only then will the aluminum settle in the 
positions of the nickel atoms. Excess aluminum will dissolve in 
secondary phases, presumably Ti2Ni. Therefore, to minimize the 
number of secondary phases, it seems most promising to choose 
0.5–2 at % Al concentration range for alloying porous NiTi alloys. 
Even a slight decrease in the number of titanium atoms causes NiTi 
alloys embrittlement, while the martensitic plateau disappears in 
stress-strain curves [18]. The material is no longer able to withstand 
cyclic loading, becomes brittle, and fractures. 

2.2. Macrostructure of porous TiNiAl alloys 

The effects of aluminum alloying on the porous framework 
macrostructure were studied by comparing the effective cross-sec
tional area of all samples, the specific surface area of the framework, 
and the size distribution of monolithic bridges of the porous fra
mework. In order to quantitatively show the effects of aluminum 
alloying, the cross-sectional SEM images were processed to enhance 
the contrast and converted into a binary form. Size distribution 
histograms of the bulk interpore bridges were obtained (Table 1). It 
was found that the porous macrostructure of the SHS NiTi alloy has 

Table 1 
Macrostructure and size distribution of interpore bridges in the cross-section of porous SHS NiTi alloys.   

(continued on next page) 
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already undergone noticeable changes with a minimum of 0.5 at % Al 
alloying. With the addition of 1 at % Al, a more uniform and dis
persed system of pores with a large number of bridges was formed. 
The size distribution of the bridges showed that the number of thick 
bridges was significantly reduced. The average bridge size was re
duced from 28 µm without Al to 13 µm with Al alloying, but the 
number of 1–20 µm bridges was increased. The maximum bridge 
size was reduced from 170 µm for an unalloyed porous SHS NiTi to 
60 µm, which corresponds to the most homogeneous Ti50Ni49Al1 

alloy. 
The effective cross-sectional area of the porous framework in

creases from 31.5 mm2 to 34 mm2 when alloyed with up to 1 at % 
aluminum, and then sharply decreases to 29.5 mm2 with higher Al 
concentration in Fig. 3. The specific porous framework surface area 
dependence on the Al concentration also shows a sharp maximum at 
1 at % Al in Fig. 4. The formation of a more homogeneous macro
structure of the porous framework with a noticeable increase in the 
specific surface increases the strength by reducing the internal 
stresses of monolithic bridges during the loading of the samples. 

2.3. Microstructure and elemental composition of porous NiTiAl alloys 

Porous SHS NiTi compounds doped with aluminum are re
presented by a two-phase system consisting of primary dendritic 
and interdendritic phases (Table 2). X-ray spectral microanalysis, 
conducted at 10 similar areas on one sample, showed that the initial 
dendritic phase is Ti2Ni(Al). The composition of the interdendritic 

phase was determined as TiNi(Al). With higher aluminum content, 
aluminum concentration increases in both TiNi(Al) and Ti2Ni(Al) 
phases of the final SHS product in Table 3. 

Table 1 (continued)  

Fig. 3. The effective cross-sectional area of the porous framework as a function of Al 
concentration. 
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Elemental mapping shows that aluminum is contained mostly in 
the Ti2Ni phase (Table 2). The exception is a compound with 1 at % 
aluminum. When the concentration ratio CAl(Ti2Ni)/CAl(TiNi) is less 
than 2, which corresponds to the porous Ti50Ni49Al1 alloy, it is dif
ficult to determine which phase contains more aluminum from the 
aluminum distribution maps (Table 2). 

X-ray spectral microanalysis, carried out in 10 areas in the peri
tectic zones of each of the samples, showed an approximate corre
spondence of the measured concentration composition to the 
stoichiometric composition of the Ti2Ni and TiNi compounds. The 
ratio of titanium to nickel practically does not change with higher Al 
concentration, neither in the TiNi, nor in the Ti2Ni phases in Fig. 5. 
Therefore, it can be assumed that the temperature ranges of direct 
and reverse martensitic transformations in porous TiNiAl alloys 
should not undergo significant changes. The concentration of alu
minum in the Ti2Ni phase is approximately 2 times higher than in 
the TiNi phase. This can be explained by the low solubility of alu
minum in the TiNi phase, and because the Ti2Ni phase and liquid 
aluminum solidify later than the TiNi phase. 

Let’s consider in more detail the features of the zone of peritectic 
crystallization (Ti2Ni+TiNi) of porous SHS NiTi doped with alu
minum. Using scanning electron microscopy, it was established that 
the grains of the TiNi phase are surrounded by the intergranular 
Ti2Ni phase, in which dispersed aluminum inclusions are con
centrated during peritectic crystallization in Fig. 6. 

It should be noted that the impurity phase only exists in an 
isotropic dispersed form at 1 at % Al in Fig. 6(b), but at other con
centrations Al forms dendrites. An increase in the anisotropy of the 
inclusions’ distribution in the intergranular region with more Al 
observed in Al distribution maps, is expressed in the formation of 
dendrites with Al impurities. Violation of the monotonic growth of 
structural anisotropy at 1 at % Al did not find an explanation. 

Inclusions containing a large amount of Al appear in the inter
dendritic zone with a minimal 0.5 at % Al addition. In this case, the 
surface of the TiNi phase grains becomes noticeably rougher, in
dicating that coalescence and smoothing of primary grains by dis
persed Al inclusions slowed down. At 1 at % Al, the density of 
inclusions decreases abnormally, and at 1.5 at % it continues to in
crease. At 1–1.5 at % Al concentration the grains become large again 
with a smoother surface, and at 2 at % Al, the process of coalescence 
of primary grains is inhibited. The density of inclusions in the in
terdendritic phase at 2 at % Al is the maximum. 

2.4. Phase composition of porous TiNiAl alloys 

X-ray diffraction analysis in Fig. 7 demonstrates that porous Al- 
doped NiTi alloys consist only of TiNi and Ti2Ni binary compounds 
the same way as before alloying. No ternary phases with aluminum 
were found, however, it was found that the unit cell parameters of 
the TiNi and Ti2Ni phases increased with Al concentration in Fig. 8. 
In this case, a more intense increase in the lattice parameter of the 
Ti2Ni phase was observed, which correlates with the elemental 
analysis data. Aluminum atoms are intermediate in size between 
titanium and nickel atoms. Therefore, it can be assumed that alu
minum atoms (according to the substitution scheme) occupy the 
positions of nickel atoms, since if they occupied the positions of ti
tanium atoms, then the unit cell parameter would have to decrease. 
The second option for aluminum alloying atoms would be to occupy 
interstitial sites. 

A certain fraction of the martensitic phase TiNi (B19′) was found 
in all samples (Table 4). Before alloying, it was 32 vol % and de
creased to 9 vol % with alloying, which indirectly indicates a de
crease in internal stresses in the alloy as a result of the Al addition. It 
has been established that aluminum atoms form solid solutions with 
TiNi and Ti2Ni intermetallic compounds, occupying the positions of 
nickel atoms or interstices and creating additional internal stresses 
in the crystal lattice. This leads to an increase in the microhardness 
of the TiNiAl alloys. 

When alloyed with aluminum, the proportion of the high-tem
perature TiNi (B2) phase was more than 40 vol %, the same as 
without Al. However, at 1 at % and 2 at % Al, the proportion of the B2 
phase decreases to 30 vol % and 33 vol %, respectively. The porous 
NiTi alloy without aluminum is characterized by the fact that the 
proportions of Ti2Ni and TiNi (В2 +B19′) are maximally different. 
With Al alloying, their fractions begin to converge and equalize at 
2 at % Al in Fig. 9. 

The symmetrical change in the proportions of Ti2Ni and TiNi is a 
consequence of titanium segregation during the peritectic crystal
lization of austenite. It can be argued that an increase in the alu
minum concentration enhances the segregation process, bringing it 
to the limit at 2 at % Al, when the proportions of Ti2Ni and TiNi are 
equalized. 

Before the crystallization of the Ti2Ni phase, a peritectic melt 
existed around the TiNi grains, the proportion of which increased 
due to an increase in the segregation intensity during the peritectic 
crystallization of the TiNi phase. There is an obvious direct correla
tion between an increase in the amount of a low-melting aluminum 
alloying additive, with an increase in the proportion of the peritectic 
melt during the synthesis of the porous alloy, and the proportion of 
the Ti2Ni phase after the alloy crystallization. 

Fig. 4. The specific surface of the bridges of the porous framework as a function of Al 
concentration. 
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2.5. Microhardness and mechanical properties of TiNiAl alloys 

The Vickers microhardness of porous TiNiAl alloys was measured 
in the peritectic region at a 50 g load. With an increase of aluminum 
concentration from 0 to 2 at %, the microhardness of porous NiTi 

alloys increases from 305 HV to 422 HV with a decrease in the 
proportion of the TiNi (B2 +B19′) phase from 75% to 50% and an 
increase in the proportion of the Ti2Ni phase from 25% to 50% in  
Table 5. The established average microhardness value for the porous 
TiNi alloy without aluminum correlates with the literature data  

Table 2 
Microstructure and distribution maps of Al, Ti, and Ni in porous TiNiAl alloys. (1 - TiNi, 2 - Ti2Ni).   
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[37–41]. Thus, it was established that alloying with aluminum led 
not only to a change in the macrostructure of the porous framework 
but also to an increase in the microhardness of monolithic bridges, 
probably due to an increase in the volume of the Ti2Ni(Al) phase. 

Deformation of porous samples with 0.5–2 at% Al was studied by 
the uniaxial tensile tests together with a control sample synthesized 
without aluminum. Stress-strain curves of uniaxial tension (Fig. 10), 
cumulative elongation to failure, martensitic shear stress, and ulti
mate strength were obtained, which were converted into stresses 
using the calculated results of the effective cross-sectional area. 

It has been established based on the uniaxial tension to failure 
tests that the NiTi alloy with 1 at % Al has a tensile strength, max
imum strain to failure, and martensitic shear stress 1.8–2 times 
higher than without Al (Fig. 10, Table 6). All stress-strain curves have 
yield regions caused by the transformation of austenite into mar
tensite, which began at the critical martensitic shear stress σm. The 
areas of elastic deformation and the yield plateau coincide for all 
samples, except for the 1 at % Al. The tensile strength of the 0.5–1 at 
% Al samples monotonically increases from 37 MPa to 64 MPa with 
aluminum concentration, but at 2 at % Al sharply drops to 44 MPa. A 

comparison of the stress-strain curves showed that an increase in 
the Al concentration past 0.5 at % leads to a non-linear change in 
martensitic shear stress, tensile strength, and accumulated strain 
(Table 6). 

The strength and deformation characteristics are inversely re
lated to the thickness of the bridges of the porous framework (see  
Table 1). Porous alloy with 1 at % Al has the highest strength since an 
increase in the number of bridges and their uniform thickness leads 
to an increase in the effective cross-sectional area, which in turn 
leads to a decrease in the average load per bridge. The martensitic 
shear stress of the porous alloy with 1 at % Al, which has the largest 
effective cross-sectional area, turned out to be almost 5 MPa higher 
than the analogous parameter of all other samples. This can be ex
plained by the lower level of internal stresses in Ti50Ni49Al1 porous 
alloys compared with all other alloys. Therefore, it is necessary to 
apply higher external stress for martensite nucleation than for other 
compositions of the TiNiAl system. The fracture load attributable to 
small bridges and the total accumulated deformation in a finely 
porous sample turned out to be higher compared to all other sam
ples. As a result, the ultimate strength of the finely porous sample 
turned out to be 20–35 MPa higher than the other samples. 

3. Discussion 

It is known that during SHS of porous nitinol and layer-by-layer 
combustion, the evolution of the porous framework has the fol
lowing sequence [42]:1. The formation of the reaction layer begins 
with the entry of the first portion of the eutectic liquid into the 
heated layer and spreads over the porous charge as a result of the 
action of the capillary forces. As a result of the eutectic liquid 
spreading, a reaction zone is formed, in which the titanium and 
nickel reagents partially dissolve in the eutectic liquid and enter into 
a liquid-phase heterogeneous exothermic reaction for the synthesis 
of nitinol. A new portion of the eutectic liquid is formed at about 
1300 °С, which again spreads under the action of capillary forces 
over the adjacent volume of the heated porous charge, dissolving it. 
In this case, the released heat of the reaction is spent on heat and 
mass transfer, which consists of conductive and convective heat 
transfer of the eutectic liquid by the reaction gases. Thus, there is a 
self-propagation of the exothermic reaction of nitinol synthesis.2. 
The addition of Al, which has a melting point of 610 °C, lowers the 
appearance of the liquid phase by 300 °C against the background of 
an insufficiently heated charge [43]. Compared to the temperature of 
the appearance of eutectics in Ti-Ni interparticle contacts, the tem
perature range of the peritectic crystallization reaction increases. 
These factors increase the amount of liquid phase in the reaction 
zone. An increased amount of melt accelerates the coalescence of 
small pores into large ones. This leads to an increase in the pro
portion of large pores and an increase in the anisotropy of the porous 
framework.3. The crystallization temperature of ternary inter
metallic compounds with an admixture of Al, NiAl3, and TiAl3 in
termetallic compounds are higher than the TiNi, Ti2Ni, and TiNi3 

intermetallic compounds, which creates additional crystallization 
centers in the peritectic crystallization front. With more aluminum, 
the proportion of NiAl3 and TiAl3 refractory phases and the number 
of crystallization centers increase, which increases the surface ten
sion force and reduces the propagation velocity of the combustion 

Table 3 
X-ray spectral microanalysis data in %.         

Porous alloy TiNi(Al) Ti2Ni(Al) 

Al Ti Ni Al Ti Ni  

No Al  0.15  51.16  48.69  0.04  64.23  35.73 
0.5 at % Al  0.62  50.94  48.44  1.74  65.3  32.96 
1 at % Al  0.57  50.98  48.45  0.97  66.73  32.3 
1.5 at % Al  0.78  50.98  48.24  1.94  65.51  32.55 
2 at % Al  0.8  50.75  48.45  2.06  65.69  32.25    

Fig. 5. Ti and Ni concentrations in the TiNi and Ti2Ni phases obtained from the X-ray 
diffraction microanalysis. 
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wavefront.4. Heat and mass transfer of the eutectic liquid in the fi
nely porous heating zone under the action of capillary forces form a 
new reaction zone. At the same time, most of the eutectic liquid is 
transferred by the reaction gases in the opposite direction to the 

large-pore structure zone, which has a much lower resistance to 
gases than the fine-pore heating zone. In the structure zone, the li
quid carried by the reaction gases condenses on the surface of large 
pores and forms a large-pore framework. In addition, the heat 
transferred from the reaction zone heats the surface of the porous 
framework and stimulates the formation of zones of peritectic 
crystallization of the porous framework, in which dendrites are 

Fig. 6. Crystallization of dendrites in the peritectic zone (Ti2Ni+TiNi) of porous SHS NiTi alloys with the addition of Al: (a) 0.5 at %, (b) 1 at %, (c) 1.5 at %, and (d) 2 at %.  

Fig. 7. X-ray diffraction patterns of porous NiTi alloys with 0–2 at % Al.  

Fig. 8. The lattice parameter of the TiNi(Al) B2 and Ti2Ni(Al) phases.  
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formed from large TiNi grains surrounded by peritectic intergranular 
melt.5. Dissolved and adsorbed impurities in the mixture during the 
dissolution of Ti and Ni powders undergo thermal dissociation, get 
partially gasified, and are transferred by reaction gases to the 
structure-forming zone. During condensation and selective crystal
lization, they form a multilayer structure on the surface of the 
porous framework. It is known that Al impurities contribute to the 
amorphization of thin intermetallic layers [44]. 

Based on the obtained results, it can be argued that Al doping has 
a complex nonlinear effect on the geometry and phase composition 
of the porous framework. Al doping mechanisms are determined by 
two factors. Low-melting aluminum reduces the eutectic appearance 
temperature by approximately 300 °C and increases its amount [43]. 
This factor increases the thermal effect of the reaction and the 
amount of melt in the reaction zone leads to the merging of pores 
and thickening of the porous framework walls. Lowering the 

temperature at the beginning of the reaction increases the exo
thermicity of the reaction of intermetallic phases synthesis, in
creases the duration of the peritectic reaction and, as a result, 
enlarges the zones of peritectic crystallization. Dispersed refractory 
NiAl3 and TiAl3 compounds synthesized in the course of a hetero
geneous reaction have higher crystallization temperatures than TiNi, 
1133 °C, and 1340 °C, respectively [14]. This increases the surface 
tension, reduces the fluidity of the melt and the speed of the 
synthesis wave propagation, and increases the accumulation of the 
exothermic reaction heat in the reaction zone. 

The proportion of phases with an admixture of aluminum in the 
peritectic melt increases with aluminum concentration due to the 
action of a directed crystallization front. The additive action of these 

Table 4 
The volume fraction of phases and ratio of aluminum concentration in Ti2Ni and TiNi phases of porous NiTi alloys.         

Porous alloy Ni/Ti ratio in TiNi (B2) CAl (Ti2Ni)/CAl (TiNi) VTi2Ni (Al) % VTiNi (Al) (B2) % VTiNi (Al) (B19′) % Vtotal %  

No Al 0.95 – 25 42 32 99 
0.5 at % Al 0.95 2.8 32 45 22 99 
1 at % Al 0.95 1.7 45 30 24 99 
1.5 at % Al 0.946 2.48 45 46 9 100 
2 at % Al 0.956 2.58 50 33 17 100    

Fig. 9. Composition of TiNi(Al) phases (sum of the B2 and B19′ phases compositions) 
and Ti2Ni(Al) in porous NiTi alloyed with aluminum. 

Table 5 
Vickers microhardness of the TiNi and Ti2Ni phases in porous SHS NiTi specimens 
alloyed with aluminum.        

Phase microhardness 
HV50 g 

No Al 0.5 at % Al 1 at % Al 1.5 at % Al 2 at % Al  

TiNi+ Ti2Ni 305  ±  28 334  ±  30 344  ±  32 416  ±  39 422  ±  41    

Fig. 10. Stress-strain curves of SHS porous NiTi alloys with varying Al concentration.  

Table 6 
Strength properties of porous SHS NiTi alloys with various Al concentrations.       

NiTi alloy Seff, mm2 σb, MPa εb, % σm, MPa  

No Al 2.57  ±  0.24 34 1.6 4 
0.5 at % Al 2.77  ±  0.23 37 1.7 4 
1 at % Al 2.88  ±  0.22 64 2.9 8 
1.5 at % Al 2.41  ±  0.21 29 1.4 4 
2 at % Al 2.45  ±  0.24 44 2.1 4 

Here, Seff is the effective cross-sectional area Seff = SAll-Spores; σb is the tensile strength; 
εb is the fracture strain or the appearance of the first crack; σm is the martensitic shear 
stress.  
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two factors leads to a nonlinear effect of the Al concentration on the 
geometric and structural homogeneity of the porous alloy, and hence 
on the stress-strain characteristics. 

4. Conclusions 

It has been found that alloying porous NiTi SHS alloys with alu
minum is promising in terms of improving their deformation and 
strength properties. The following conclusions can be drawn:  

1. The optimal concentration range of doping porous alloys NiTi 
with Al is 0.5–1 at %. These results are based on the Hume- 
Rothery dimensional and electronic factors analysis, along with 
structural studies demonstrating the alloys’ strength increase 
with aluminum addition, which decreases the melting tempera
ture and results in a longer interaction of the reaction compo
nents.  

2. In porous SHS NiTi alloyed with aluminum, intermetallic TiNi(Al) 
and Ti2Ni(Al) phases were observed, and a two-fold increase in 
the aluminum content in the Ti2Ni phase was accompanied by an 
increase in microhardness.  

3. An increase in the tensile strength of porous SHS Ti50Ni49Al1 alloy 
was found, which is due to the TiNi and Ti2Ni intermetallic 
phases dispersion strengthening, the formation of the homo
geneous finely porous alloy skeleton with a maximum specific 
surface area, a maximum effective cross-sectional area, and an 
increased number of bridges with 1–20 µm predominant size. 
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