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Binary intermetallic compounds – titanium aluminides (TiAl, Ti3Al) – when added to the alloys, signifi-

cantly increase their strength and special properties. The most promising direction to produce intermetallic 
compounds are mechanochemical technologies, including mechanical alloy building. Mechanical alloying 
makes it possible to introduce much smaller particles into the metal matrix than can be achieved using standard 
powder metallurgy technologies. In addition to mechanical synthesis, aluminum-based intermetallic compounds 
were produced by self-propagating high-temperature synthesis (SHS) of solid chemical compounds. The syn-
thesis was carried out according to a multistage scheme: preparation of titanium and aluminum powder, mixing; 
synthesis of the Al3Ti intermetallic compound by the SHS method in vacuum followed by mechanical activa-
tion of stoichiometric charges. The aim of the research was to study the dynamics of the development of nano-
dispersed phases in the process of synthesis during mechanical alloying. The power absorbed by the unit mass 
of the material for different processing times of the charge was calculated. When the level of the specific power 
(dose) of mechanical treatment was 3.5 kJ/g, the maximum content of intermetallic compound in the resulting 
material was achieved. Based on calculations and the data obtained during X-ray phase analysis, the depend-
ence of the change in the content of ternary intermetallic compounds in the final product on the absorbed power 
was determined. As a result of the studies using raster electron microscopy and X-ray analysis, it was found 
that mechanical alloying of nanostructured intermetallic compounds Ti4ZnAl11 and Ti25Zn9Al66 with the size of 
nanodisperse phases less than 12 nm in the Al–Ti–Zn system, the weight ratio of proportion of the latter 
reaches 74 %. 
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Introduction. Metal compounds based on aluminum, being part of aluminum, magnesium and 

titanium alloys, have a great influence on strength and special properties of the material – wear, cor-
rosion and heat resistance. The greatest effect is achieved with binary and ternary metallic com-
pounds in the alloy in the form of intermetallic compounds. Intermetallic compounds can be present 
in a structurally free state, be a part of eutectics structure or in the form of scattered particles re-
leased during the dispersion decomposition of hardened alloys [1, 2, 4, 5, 10-15]. 

Binary intermetallic compounds – titanium aluminides (TiAl, Ti3Al) – added to the alloys, sig-
nificantly increase their strength and special properties. Alloys doped with titanium aluminides are 
used when it is necessary to obtain the lightest construction in combination with the required 
strength (aircraft technology, rocket production), and high heat and corrosion resistance (chemical 
industry and shipbuilding) [6]. 

Ternary metal compounds also have a significant impact on the mechanical properties of some 
aluminum alloys, more specifically, they can significantly change the modulus of elasticity [3]. 

The formation of intermetallic compounds, their concentration, size and morphology of grains 
significantly depend on the chemical composition of the alloy – the presence and content of the re-
quired metal components in a certain proportion – and the mode of crystallization of the alloy. 
There is only a limited opportunity to influence these parameters in the process of melting and crys-
tallization of the melt. 

Powder metallurgy opens wide possibilities for creating artificial («synthetic») alloys rein-
forced with double or triple intermetallic compounds, which can be realized by adding pure alu-
minum (as well as titanium or zinc) to powders or its dilute alloys of previously synthesized in-
termetallic powders of a given chemical composition. At the same time, the system may differ 
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significantly from the equilibrium state and contain a significantly larger number of reinforcing 
phases than in the classical state. This content is determined only by the interests of the re-
searcher and the complex of strength and service characteristics obtained after thermoplastic 
processing of the mixture. 

In addition, the hardening of aluminum alloy with aluminum containing a hardening compo-
nent (which major component is aluminum) allows to obtain a more homogeneous composite mate-
rial as opposed to hardening with «unrelated» phases – carbides, nitrides, oxides, borides, etc. of 
silicon, chromium, tungsten and other metals. 

Thermoplastic processing of aluminum powders with intermetallic compounds will undoubt-
edly lead to some changes in the quantity and phase composition of the latter, since they are par-
tially dissolved in the alloy, but it needs to be tested experimentally. 

To study the possibility of hardening various aluminum alloys containing titanium or zinc, 
there was an attempt to create ternary intermetallic compounds consisting of these three metals. 

The most promising direction to produce intermetallic compounds is mechanochemical tech-
nology, including mechanical alloy building. Mechanical method allows to introduce much smaller 
particles into the metal matrix than can be achieved using standard powder metallurgy technologies. 
The process is implemented with high-speed processing of elemental powders or powders of simple 
alloys in grinding units with high specific power. The alternation of the destruction and welding of 
particles in combination with the diffusion-intensifying deformation makes the powder more homo-
geneous, ultimately leading to the formation of a new alloy. Processing of metal and ceramic pow-
ders in high-energy units allows to achieve four interrelated effects - dispersion, surface activation, 
mechanical formation of alloys, mechanochemical formation of compounds. The observed mech-
anochemical reactions lead to the appearance of new compounds, which is impossible in reactions 
stimulated, for example, only by the temperature factor [3, 7]. 

Research methods. In addition to mechanical synthesis, there is a method for producing in-
termetallic compounds based on aluminum – self-propagating high-temperature synthesis (SHS) of 
solid chemical compounds. This technological process is based on the exothermic reaction of inter-
action of initial reagents in the form of combustion. For SHS reagents are used in the form of pow-
ders. The question of the processes occurring in the Al–Ti and more complex systems that deter-
mine the phase composition and structure of the final product remains poorly understood [1, 7]. 

The research was aimed at studying the possibility of synthesizing ternary intermetallic com-
pounds in the Al–Ti–Zn system, in particular Al11Ti4Zn and Al66Ti25Zn9, from powder materials using 
the methods of mechanochemistry and SHS and determining the conditions for their production. 

The synthesis was carried out according to the original multistage scheme: preparation of pow-
ders of titanium and aluminum, mixing; synthesis of the Al3Ti intermetallic compound by the SHS 
method in vacuum with subsequent mechanical activation of stoichiometric charges. 

At the first stage, fine powder was obtained by grinding in water in an attritor of a standard de-
sign [3] from titanium powder of the TPP-8 brand with a fraction of 0-160 μm. The dehydration of 
the powder was carried out first by filtration on a vacuum filter, then drying at a temperature of 
100-105 °C for several hours. The target fraction of 0-63 microns was selected from the dried 
fine powder. 

After that aluminum powder PA-4 of 0-63 µm fraction was mixed with titanium powder in a 
ball mill (in the required proportion) and pressed into tablets under a pressure of 300 MPa. 

Then the synthesis of Al3Ti intermetallic compound from tablets was carried out using the SHS 
method in vacuum. The installation for conducting SHS consists of a steel hermetic retort with a 
water-cooled upper lid placed in a laboratory resistance furnace SSHOL-2.5, a vacuum pump, an oil 
trap, an expansion flask, vacuum hoses and valves. The vacuum level was controlled with an 
OBMB1-100 pressure sensor. The retort was filled with even layers of compressed tablets mixed 
with alumina. 
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The dynamics of the development of nanodispersed phases in synthesis during mechanical 

doping was studied by the X-ray phase method using a Bruker D8 Advance X-ray diffractometer 
with a vertical --goniometer using a β-filtered CuKα-radiation (λ = 1.5418 Å, Ni-filter), the dif-
fraction pattern was recorded a high-speed LynxEye detector (pickup angle of 3.2°) from Bruker, a 
scanning step of 0.02° at 2 and a signal accumulation time of 0.7 s/step. Modes of operation of the 
tube U = 40 kV, I = 40 mA. The survey was carried out with Bragg-Brentano focusing during sam-
ple rotation (30 rp/m). The processing of the obtained X-ray diffraction patterns was performed us-
ing the Bruker DiffracPlus software package. 
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Fig.1. Charge corresponding to the composition of intermetallic compound Al66Ti25Zn9: а – initial mixture;  
b – after 4 cs treatment the weight content of Al66Ti25Zn9 is 66 %; c – after 8 cs treatment the weight 

content of Al66Ti25Zn9 was 74 %  
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The phase composition was determined by comparing the set of interplanar distances of the ex-
perimentally obtained radiographs with the radiometric data of the phases of the PDF-2 powder 
base (ICDD). Further processing of the diffraction data was carried out according to the Rietveld 
method using the DiffracPlus Topas program. The method is based on the construction of a model 
diffraction pattern, which considers 
all the structural features of the phase 
components of the target object and 
the instrumental parameters of the 
survey, and a comparative analysis 
with the experimental scattering pat-
tern. By refining the profile (cell pa-
rameters, zero shift and preferential 
orientation parameter) and structural 
parameters of the model (coordinates 
and atomic populations) during a se-
ries of iterations, the best fit of the 
observed and calculated diffraction 
pattern was achieved. Goodness of Fit 
shows the GOF = Rwp/Rexp criterion, 
which characterizes the inconsistency 
of the model with the experimental 
data. Refinement was carried out 
until the GOF value did not exceed 
1.5-2.5 %. Based on the Rietveld cal-
culation, the amounts of phases and 
the size of their crystallites were de-
termined. 

Changes in the particle size of 
the powder after activation were 
also recorded using a scanning elec-
tron microscope (SEM) – SUPRA 
55VP-25-78. 

As a result of the experiment, it 
was found that the implementation of 
SHS leads to the high-speed nature of 
the Al3Ti formation reaction: after 
prolonged heating to 220 °C for 2 h, 
the temperature of the space inside 
the retort rose during 80 s to 870 °C. 

After heating, the material ac-
quired an uneven structure, which is a 
frim «core» and a fragile «shell». Ac-
cording to X-ray analysis, the «core» 
consisted of 90 % Al3Ti, and the 
«shell» had 65 % of Al3Ti. This in-
termetallic compound turned out to be 
nanostructured with crystallite sizes 
≈ 40-90 nm. 

The «cores» of the material were 
ground in a vibratory mill to a frac-
tion of 0-63 µm. From powders of the 

 

Fig.2. Charge corresponding to the composition of intermetallic compound 
Al11Ti4Zn: а – initial mixer; b – after 4 cs treatment the weight content  

of Al11Ti4Zn was 26 %; c – after 8 cs treatment the weight content  
of Al11Ti4Zn was 54 %  
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alloy 88.4 Al – 11.6 Zn (weight ratio), zinc PC1 and Al3Ti, we prepared a charge for obtaining the 
intermetallic compounds Al11Ti4Zn and Al66Ti25Zn9. Mechanical alloying of the charge was carried 
out in an attritor according to the method [3] with steel balls with a diameter of 7-10 mm with a to-
tal weight of 20 kg per 1150 g of the powder mixture. Each powder mixture was processed at 8 cs. 

Characteristic areas of diffractograms with different activation times are shown in Figs.1 and 2. 
During high-energy mechanical processing, we found out the occurrence and increase of 

weight content to 74 % and more of the triple intermetallic Al66Ti25Zn9 (see Fig.1), the particle size 
of which is 0-40 microns (Fig.3). These particles consisted of nanocrystalline clusters of no more 
than 3-4 nm at any stage of processing. In the second mixture, the weight content of the Al11Ti4Zn 
intermetallic compound reached 54 % (after 8 cs treatment), the cluster size ranged from 5 to 12 nm. 

Comparison of the morphology and dispersion of the initial charges and the products of 
their processing within 8 cs (Fig.3) showed a significant decrease in particle size with a slight 
change in their shape. This is characteristic of both studied intermetallic compounds. 

The granulometric composition of Al11Ti4Zn powders before and after machining was analyzed 
on a Microsizer 201A laser diffractometer in a 1 % solution of potassium tartrate in distilled water, 
an inhibitor of corrosion of aluminum-based powders in water. The results of determining the parti-
cle size distribution of Al11Ti4Zn powders are shown in Fig.4. 

The energy characteristics of mechanical doping are energy intensity - the ratio of the useful 
power of the grinding unit to the mass of the material being processed and the dose – the specific 
energy absorbed by a unit of mass of the material during mechanical processing. Figure 5 shows the 
dependence of the change in the content of Al66Ti25Zn9 on the dose of high-energy mechanical 
processing. From the obtained data it follows that at the level of specific power (dose) of machining 
3.5 kJ/g, the maximum content in the resulting material is reached. 

 

Fig.3. SEM image of powder charge corresponding to the composition of intermetallic compound Al11Ti4Zn  
before (а) and after mechanical alloying for 8 cs (b) 

а b 

Fig.4. Integral curves of grain fineness of Al11Ti4Zn powders 
before (1) and after (2) mechanical alloying  

Fig.5. Dependency of Al66Ti25Zn9 content from dose during 
high-energy mechanical treatment  
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The obtained intermetallic compounds were used as an alloying agent (at the level of 3-7 % by 
weight) to the D16 alloy powder (Al–Cu–Mg–Mn systems) for thermoplastic processing of the pro-
duced mixtures by hot extrusion with the production of hardened rod stocks [9].  

 
 

Conclusions 
 
1. The principal possibility of obtaining in the Al–Ti–Zn system by mechanical alloying of 

powders of nanostructured intermetallic compounds Al66Ti25Zn9 and Al11Ti4Zn has been estab-
lished. 

2. According to the proposed method, nanostructured intermetallic compound Al66Ti25Zn9 was 
synthesized with the size of nanodispersed phases of 3-4 nm; moreover, at the level of specific 
power (dose) of mechanical treatment 3.5 kJ/g, its weight ratio can reach 74 % and more. 

3. The synthesis of the Al11Ti4Zn intermetallic compound by mechanical alloying proceeds less 
intensively using the same method: at the same level of the mechanical treatment dose, its weight 
ratio reaches only 54 %. The size of nanodispersed phases is 5-12 nm.  
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