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Introduction

N
ickel-based superalloys with excellent mechani-

cal properties (for example, strength of creep

and impact strength) and excellent resistance

to oxidation and corrosion are prospective metallic ma-

terials for high-temperature applications such as turbine

blades and nuclear reactors. In this unique class of ma-

terials, L12-type γ′-Ni3Al ordered precipitates, having a 

volume fraction of ≈ 0.7, are coherently distributed in a

disordered FCC-type γ-Ni matrix and prevent dislocation

movement under severe creep conditions. [1–2] Over the 

past few decades, to further improve the performance 

of Ni-based superalloys at elevated operating tempera-

tures, much research has focused on the development 

of advanced manufacturing techniques (for example, 

Bridgman solidification of single crystals [2–5]) and

processing techniques (for example, additive manufac-

turing using laser [6–8]). Nevertheless, defects related to

geometry, undirected grains, porosities, and microcracks

caused by these fabrication techniques strongly hinder the

mass production of large components with complex mor-

phologies. [2–3, 5–7] On the other hand, microstructural

manipulation of conventional polycrystalline superalloys

through the addition of refractory alloying elements has

always been an alternative in alloy design to ensure the

phase stability of γ′-precipitation. In this context, it has

been reported that impurity atoms of Cr, Mo, W, and

Re restrain the creep rupture, slowing down the kinet-

ics of the enlargement of the γ′ phase. [9–15] Moreover, 

Van Sleitman and Pollock [16] stated that the best creep
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resistance of Ni-based superalloys can be obtained when

the lattice mismatch � between 
� and 
 phases is almost 

0.4%, i. e., |�| � 0.4%. the parameter � is defined as [1–2]

           a
� – a

� = 2 . —————           a
� – a


where a
�’ and a
 are the lattice parameters of 
�-and


-phases.



It has been established that the value |�|, which deter-

mines the characteristics of the shape of 
� intermetallics,

is determined by elastic stresses. If |� | = 0, full consistency 

is established around tiny spherical 
� precipitation in the 

early stages of exposure to high temperatures, while in the

later stages, distinct-shaped 
� precipitation is formed (for 

example spherical � spheroidal � cubic (|� | � 0.4%) �
� cubic � irregular (|� | > 1 %)) [16–19]. For this reason,

the atomic positions of various types of refractory impuri-

ties in the 
� and 
 phases (for example their preferences in

phase and location) not only preserve the microstructural

stability of the constituent phases by adjusting the param-

eter |� | to its ideal value, but also take part in strengthen-

ing the bonds [20–22].

An example of the above condi-

tions is the Ni – Al – Ti system, as 

the main subsystem of a nickel-

based alloy, widely used in the 

aerospace and energy industries 

due to its high strength and excel-

lent corrosion resistance at high 

temperatures [23–26]. Even though

the Ni – Al – Ti system is a key 

metal material used in various 

industries, data on the high–order 

system is still incomplete com-

pared to data on binary systems 

such as Ni – Al, Ni – Ti and 

Al – Ti. At the same time, the high 

cost of production is one of the 

main constraining factors for the 

widespread use of composite mate-

rials in industrial production.

One of the ways to solve the 

problem of finding a promising 

and economically feasible tech-

nology for producing NiAl can be 

self-propagating high-temperature 

synthesis (SHS) [27]. The SHS 

method can be divided into several 

varieties: according to the compo-

sition of charge materials (metals 

or their oxides), the type of reduc-

ing agents (Al, Mg, Ca, etc.), the 

phase composition of the product 

after a metallothermic reaction 

(solid or liquid phase). The SHS

process using a charge in the form

of oxides has certain advantages, in

which a metallothermic reaction occurs with the forma-

tion of a product in the form of a liquid phase. This 

makes it possible to use the SHS process to obtain a 

hardening phase inside a metal matrix alloy. Nickel alu-

minides are obtained by the SHS method, which are 

used as a basis in modern composite materials. The high 

temperature developing in thermite processes, which is 

difficult to achieve by conventional heating, makes it 

possible to obtain cast composite materials according to 

a short scheme [28–35].

The use of metallothermic processes is economically 

feasible in the production of intermetallic alloys through 

the joint reduction of thermodynamically stable metal 

oxides [36–39]. The present study is a development of 

the work [36], where the Ti content in the Al – Ni – Ti 

alloy varied from 0 to 8.81 wt.%. 

Thus, the objective of this study is to obtain titanium-

doped nickel aluminides during their synthesis from nickel 

and titanium oxide compounds by the method of SHS 

metallurgy, as well as to study the effect of titanium on 

structure formation, liquation processes and microhard-

ness of the structural components of the Al – Ni – Ti alloy.

Fig. 1. Microstructure of Al – Ni – Ti alloys in reflected electrons on a scanning electron 

microscope (SEM) at various magnifications:

a — 0.91 wt.% Ti; b — 2.42 wt.% Ti; c — 3.19 wt.% Ti;c d — 3.39 wt.% Ti;d e — 4.32 wt.%e
Ti; f – 8.81 wt.% Ti
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Research methods and materials

The starting materials were nickel oxide NiO2 (99.5

wt.%, TU 6-09-3642-74), TiO2 (99.5 wt.% STP TU 

COMP 2-340-11), sodium nitrate (GOST 4168-79), cal-

cium fluoride CaF2 (98.0 wt.%, TU 2621-007-69886968-

2015 with ed. 1) and aluminum powder (98.0 wt.%, PA-4

GOST 6058-73).

For the successful implementation of the joint reduc-

tion process, an increase in the thermal effect is required

due to the weak efficiency of the titanium oxide reduction

reaction. Therefore, a thermite additive of sodium nitrate

NaNO3 is introduced into the charge. The introduction of 

NaNO3 into the metallothermite mixture leads to an

increase in the thermal effect sufficient to melt the reac-

tion products and separate them into a metallic and slag

phase. Sodium nitrate, when interacting with 

aluminum, decomposes by the reaction of 

6NaNO3 + 10Al = 3Na2O + 3N2 + 5Al2O3 with 

the release of nitrogen. Reduced titanium, react-

ing with nitrogen, forms nitride by the reaction

2Ti + N2 = 2TiN (�G � 300–320 kJ/mol). The 

reaction is exothermic and is accompanied by 

significant heat release. Calcium fluoride CaF2

(~15 wt.%) was used as a flux.

The following modern research methods were 

used:

– X-ray spectral analysis to determine the con-XX

tent of elements in various structural components 

of alloys was performed at the analytical research 

complex, based on FE-SEM Hitachi SU-70 

(Japan) with energy dispersive (Thermo Scientific 

Ultra Dry) and wave (Thermo Scientific Magna 

Ray) prefixes of reflected electron diffraction 

Instruments HKL Nordlys;

– microhardness tests (H50) were carried out 

accor ding to the standard procedure on the 

Shimadzu HMV-G21DT device.

Main results and their discussion

The initial composition of the charge in frac-

tional parts for the obtained alloys

Al – Ni – Ti is the following: Al : NiO2 : 

CaF2 : NaNO3 : TiO2 = 10 : 10 : 12 : 6 : X, whereXX

X = 1.5, 4.5, 5.0, 7.0, 10.0.

The Ti content in Al – Ni – Ti alloys varies 

within the following limits: 0.91, 2.42, 3.19,

3.39, 4.32, 8.81 wt.% Ti. At the same time, the

content of Al and Ni ranges from 41.0-51.0 wt.% 

Al and 43-47 wt.% Ni, and the concentration of 

Fe is 0.13-0.22 wt.%.

With an increase in the titanium content, a 

change in the structural components is observed 

(Fig. 1). With a high content of Ti (8.81 wt.%) 

spheroidization of intermetallic occurs (Fig. 1, f).ff
Let us consider in more detail the processes of 

structure formation and liquation of elements

in structural components in alloys with 0.91 (Fig. 2,
a-c) and 8.81 wt.% Ti (Fig. 3, a-c).

In the alloy Al – Ni – 0.91 wt.% Ti the following phases

crystallize:

1. At points 1-3, the 	�-phase crystallizes (a solid solu-

tion of Ni in AlNi aluminide, the left part relative to the 

singular melting point of AlNi), which has a white hue 

and is the main phase in the Al – Ni – Ti alloy.

2. At points 4-6, nickel aluminide Al3Ni crystallizes,

in the form of a compact polyhedron shape with dimen-

sions of about 25 μm. It has a light gray color.

3. At points 7-9, titanium aluminide Al3Ti is observed, 

having a dark gray shade and an oblong shape, crystallizes

between the grains of the 	� phase, as well as nickel alumi-

nide Al3Ni.

Fig. 2. Microstructure, analysis points of elements (a), their distribution

 in structural components (b and b c) of Al – Ni – Ti alloy with 0.91 wt.% Ti

Analysis
points

of elements

The structural
components

The content of the elements, at.%

Al Si Ti Fe Ni

1-3

The 	�-phase -
a solid solution
of Ni in AlNi
aluminide

61.16 – – – 38.84

Al61.16Ni38.84 = Al1,6Ni = 	-phase or Al3.2Ni2�Al3Ni2

4-6
Nickel aluminide
Al3Ni

74.88 – – 0.26 24.86

Al74.88Ni24.86 = Al3.01Ni � Al3Ni

7-9
Titanium
aluminide Al3Ti

71.53 0.74 26.66 – 1.07

Al71.53Ti26.66 = Al2.68Ti � Al3Ti

10-12
�- solid solution
of Ni and Ti in Al

98.39 – 0.1 – 1.51

1 2

72

Atomic, %

43

24

0

3 3 4 6 7 8 9

10

25 �m

Microns

а

b

2

6

3

7

12

8

11
10

9

51

1 2

2

3

4 5

8

9 10

6
5 9

3

4

�

� � �

�

Al K:62.8

�
Al3Ni2�
���phase

�
�Al3Ni2� ���phase �

�Al3Ni2� ���phase

Ni K:37.2

Ti K:0.00

00 6.11 12.21 24.43 36.64 42.75 54.96 67.18 73.28 85.50 97.71 109.93

Al3Ni Al3Ni Al3NiAl3Ti

Solid
solution

of Ni
in Al

c



43

M A T E R I A L S  S C I E N C E

NNon-ferrous Metals. 2022. No. 1on-ferrous Metals. 2022. No. 1. . рр. 40–45рр. 40–45

4. In dark inclusions (points 10-12), a solid solution of 

Ni and Ti in aluminum crystallizes. Tita nium does not

always dissolve in Al, but an �-solid solution without tita-

nium is often observed.

The presence of the above structural components is 

confirmed by the curves of the distribution of elements in

the structural components of the Al – Ni – Ti alloy with 

0.91 wt.% Ti in the direction of profile A-A (Fig. 2, b).

Thus, in the Al – Ni – Ti alloy (0.91 wt.% Ti), the

structure consists of a basic 	� phase, a small amount of 

titanium and nickel aluminides (Al3Ti, Al3Ni) and an

�-solid nickel solution in aluminum. Titanium is some-

times dissolved in it up to 0.3 at.%.

In the Al – Ni – Ti alloy (8.81 wt.% Ti), the structural

components are (Fig. 3, a-c):

1. Nickel aluminides with titanium (1.47 at.%), having

a light shade and compact shape in the form of spherical

inclusions and occupies a large area on the shelf 

(points 1-3). Stoichiometry: Al50.53(Ni, Ti)49.5 = 

= Al1.02(Ni, Ti) � Al(Ni, Ti).

2. Nickel and titanium aluminide (points 4-6), 

having a black hue and located between the grains

of nickel aluminide (points 1-3). Stoichiometry:

Al50.0Ni25.4Ti24.6 = Al2Ni1.03Ti � Al2NiTi.

3. Nickel and titanium aluminide (points 7-9) is

located against the background of a similar aluminide, but 

with a higher concentration of Ni (28.53 at.%) compared 

to the previous aluminide (25.4 at.%). The grains are light

gray in color and small. Stoichiometry: Al47.3Ni28.53Ti24.17 = 

= Al1.95Ni1.18Ti � Al2NiTi.

It was found that at low titanium contents (0.91-

4.32 wt.%), Al3Ni2 (	�-phase solid solution of Ni in AlNi

aluminide) crystallizes in Al – Ni – Ti alloys. With a 

higher titanium content (8.81 wt.%), the 	�-phase is con-

verted into titanium-doped nickel aluminide Al(Ni, Ti), 

composition in at.%: 50.53 Al; 1.47 Ti; 48.0 Ni.

With an increase in the titanium content, the solubil-

ity of nickel in the 	� phase also increases at a concentra-

tion of 8.81 wt.% Ti in Al(Ni, Ti) aluminide dissolves to 

48 at.% compared to the solubility of nickel 38.84 at.%

in Al – Ni – Ti alloy (0.91 wt.%). An increase in the
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Fig. 4. Effect of titanium on the solubility of elements and

microhardness of structural components of Al – Ni – Ti

alloys

Al

Al

Al

AlNiTi

H50

H50

H50

H50

H50

H50

Al, Ni

Al, Ti

Al, Ti

 Ni

Ni

Ni

Ni

Ti

1460

50

40

30

703

3

1

0

60

50

40

30

20

70

60

50

40

30

20
0 1 2 3 4 5 6

6

7

8

9

10

11

7 8 9

Titanium content in Al – Ni – Ti alloys, wt. %

13

12

11

11

10

9

8

7

6

The content of Al and Ni
in the  	�phase (AlNi), at. %

The content of elements
in titanium aluminide Al3Ti, at. %

The content of elements
in nickel aluminide Al3Ni, at. %

Microhardness
of phases, GPa

а

b

c

�

�

 	��phase

28.53 at.% Ni
in 8.81 wt.% Ti

Al3Ti

Al3Ti

Al2NiTi

Al2NiTi



44

M A T E R I A L S  S C I E N C E

nickel content in the above phases contributes to an 

increase in their microhardness (Fig. 4, a)a .

Titanium (Al3Ti) and nickel (Al3Ni) aluminides crys-

tallize in alloys with a titanium content from 0.91 to 4.32 wt.%.

With a high titanium content (8.81 wt.%), these alumi-

nides turn into titanium-doped aluminide Al2NiTi, the 

average composition in at.%: 47.3-50.0 Al; 25.4-

28.53 Ni; 24.17-24.6 Ti.

As can be seen from Fig. 4, b, an increase in the tita-

nium content contributes to an increase in the nickel

content in titanium aluminide Al3Ti. At the same time,

the content of Al and Ti decreases, and the microhardness

increases slightly. With a high titanium content (8.81 wt.%)

in the Al – Ni – Ti alloy, the Ni concentration increases

to 28.53 at.%, and the solubility of titanium monotoni-

cally decreases. It was not possible to determine the

microhardness of the Al2NiTi phase.

In nickel aluminide (Al3Ni), an increase in the titani-

um content leads to a slight increase in the Ni concentra-

tion to 4.32 wt.% Ti. The nickel content in Al2NiTi alumi-

nide nearly does not change (Fig. 4, c)c . Despite a slight

increase in the Ni content, the microhardness of Al3Ni

aluminide decreases.

Conclusions

1. With an increase in the titanium content, the struc-

tural components of Al – Ni – Ti alloys are crushed and

their spheroidization is observed, this is especially notice-

able in an alloy with a high titanium content (8.81 wt.%).

2. The structural components in Al – Ni – Ti alloys

with different titanium content have been identified by 

electron microscopy and X-ray spectral analysis of ele-XX

ments (0.91, 2.42, 3.19, 3.39 4.32, 8.81 wt.%):

– in Al – Ni – Ti alloys from 0.91 to 4.32 wt.% Ti

inclusive, the main structural components are the 	�-phase

(Al3Ni2), Al3Ni, Al3Ti and �-a solid solution of Ni and Ti

in aluminum;

– with a high titanium content (8.81 wt.%), the

	�-phase turns into titanium-doped nickel aluminide

Al(NiTi) (composition in at.%: 50.53 Al; 1.47 Ti; 48.0

Ni), and the aluminides Al3Ni and Al3Ti – into titanium-

doped nickel aluminide Al2NiTi (composition in at.%:

47.3-50.0 Al; 25.4-28.53 Ni; 24.17–24.6 Ti);

– The �-solid solution of Ni and Ti in Al disappears.

3. With an increase in the titanium content to 4.32

wt.%, the solubility of Ni in the 	� phase also increases at a

concentration of 8.81 wt.% Ti it reaches 48 at.% (38 at.%

Ni at 0.91 wt.% Ti). At the same time, the microhardness

of the 	�-phase and nickel aluminide Al(NiTi) increases.

4. An increase in the Ti content in Al – Ni – Ti alloys

(from 0.91 to 4.32 wt.%) contributes to an increase in the

solubility of Ni and the microhardness of titanium alumi-

nide Al3Ti. At the same time, the content of Al and Ti

decreases.

With a high Ti content in the Al – Ni – Ti alloy 

(8.81 wt %), the solubility of Ni in this phase reaches up

to 48.0 at.% (38 at.% Ni at 0.91 wt.% Ti).

5. An increase in the Ti content in Al – Ni – Ti alloys

(from 0.91 to 4.32 wt.%) leads to a slight increase in the 

solubility of Ni in nickel aluminide Al3Ni and a decrease 

in the concentration of Al. The microhardness decreases 

at the same time, which is due to the formation of 

microporosity in Al3Ni crystals. With a higher concen-

tration of titanium (8.81 wt.%), the Ni content reaches 

up to 28.53 at.% (24.86 at.% Ni at 0.91 wt.% Ti), and 

aluminum – up to 50 at.% (75 at.% at. 0.91 wt.% Ti).

Microhardness was not determined due to the formation 

of a porous structure in Al3Ni aluminide.
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