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ABSTRACT 
The aim of the work was to study the effect of preliminary mechanical activation of titanium powder mixtures with 

the carbon nanotubes on a possibility of realization of the self-propagating interaction of reagents in the mode of 

dynamic thermal explosion and influence on phase composition and morphology of the formed products. It was 

found that after 2 min. mechanical activation, mechanocomposites of various sizes of irregular shape are formed, 

some of which are lamellar. There are no carbon nanotubes on the surface of titanium particles, which indicates their 

incorporation into the volume of mechanocomposites. The thermal explosion in activated samples of composition 

Ti+4% carbon nanotubes is realized starting from 1.5 min of mechanoactivation. The nature of the thermal 

explosion varies with the increase in the time of preliminary mechanical activation. After 3 min. of 

mechanoactivation in the sample at 346°C, the preliminary smooth heat release starts at a temperature of 441°C, and 

a thermal explosion occurs, the maximum temperature is 930°C. The phase composition of the products of the 

thermal explosion of the system under investigation is practically independent of the time of the preliminary 

mechanical activation. When the mechanical activation time is increased from 1.5 to 7 min., the products of the 

thermal explosion are titanium and titanium carbide. 
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INTRODUCTION 
With the introduction of the carbon nanotubes, the properties of materials and products from them change 

substantially1-4. At present, the efforts of scientists are mainly aimed at the development of composite 

materials reinforced with carbon nanotubes. The study of the structure, properties of composite materials 

containing carbon nanotubes has been devoted to many articles5-8. Of great interest is the introduction of 

carbon nanotubes (CNT) into metal matrices, such as Cu9,10, Mg11-13, Al14-17, Ni18-21. One promising 

material of the metal matrix is Ti and its alloys. The high specific strength of Ti and its alloys makes it 

possible to use them as technical materials with a low specific gravity and high strength. In order to 

improve the properties of Ti and to obtain new promising composite materials based on it, carbon 

nanotubes are added to the titanium matrix22-24. In recent years, there has been growing interest in 

combining mechanical activation of powder mixtures with methods of self-propagating synthesis. This is 
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due to the fact that the preliminary mechanical activation of powder mixtures makes it possible to 

significantly expand the possibilities for self-propagating synthesis of inorganic materials25-27. 

In this regard, the aim of the work was to study the effect of preliminary mechanical activation of 

titanium powder mixtures with carbon nanotubes in a planetary ball mill, on a possibility of realization of 

the self-propagating interaction of reagents in the mode of dynamic thermal explosion and influence on 

phase composition and morphology of the formed products. 

 

EXPERIMENTAL 
The procedure for preparing initial mixtures of hydrocarbon nanotubes with titanium was as follows: 

carbon nanotubes were treated in alcohol for 10 minutes in an ultrasonic low-frequency disperser UZDN-

1U4.2. To the obtained alcohol suspension was added a predetermined amount of titanium powder, and 

thereafter the sample was dried in a furnace at 40ºC for 1 hour. Thereafter, to improve the homogeneity of 

the mixture a sample was triturated in a porcelain mortar. The obtained mixture of initial reagents was 

exposed to mechanical activation. Mechanical activation of the reaction mixtures was carried out in a 

planetary ball mill AGO-2 with water cooling28. For prevention of oxidation during mechanoactivation, 

argon was used for filling drums with samples. After mechanoactivation, the samples were unloaded from 

the drums in a box with an argon atmosphere. The activation duration was varied from 1 to 11 min. 

The samples obtained by mechanoactivation were used to conduct a thermal explosion. The scheme of the 

experimental setup for carrying out the reaction in the regime of a dynamic thermal explosion in an argon 

atmosphere is shown in Figure-1. The main structural element of the installation is a specialized reactor29-

31, created on the basis of an induction crucible electric furnace ILT-0.0005/1.0 - 22 - I1. In this furnace, a 

copper tubular, water-cooled inductor heats the graphite crucible. An alundum crucible with a sample is 

inserted into the crucible. The mass of the sample was 35 g. The samples were compacted to a relative 

density of 0.35-0.4. The furnace power is 1 kW. The frequency of the inductor current is 22 kHz. The 

maximum heating rate of the sample in this installation in an argon atmosphere is 60°C/min. The 

maximum heating temperature is 1100°C. The heating rate and temperature of the furnace were 

monitored using a furnace control unit. To record thermograms, tungsten-rhenium thermocouples (VAR 

5/BP 20) with a diameter of 100 µm were used. The signal from the thermocouple came to the analog-

digital converter LA - 2USB - 14 and further to the computer. Before heating the samples and after a 

thermal explosion, the reactor was purged with argon. In preliminary experiments, it was found that in 

this case oxidation of the samples does not occur. The rate of sample heating was chosen to be constant 

(40°C/min).  

 

Fig.-1: The scheme of the experimental setup: 1 - mechanically activated mixture (MAM), 2 - ceramic block, 

3 - graphite crucible, 4 - inductor, 5 - alundum crucible, 6 - furnace control block, 7 - furnace thermocouple, 8 - 

tungsten-rhenium thermocouple BP5/BP20, 9 - ADC, 10 - computer 
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Reaction mixtures after mechanoactivation and products of a thermal explosion were studied by X-ray 

phase analysis (XRD) and scanning electron microscopy. Radiographs were taken on the DRON-4,0 and 

D8ADVANCE (Bruker) diffractometers using Cu Kα radiation. Electron microscopy was performed on 

scanning microscopes TM-1000, S-3400 N (Hitachi), Carl Zeiss EVO50 XVP (X-Act). 

 

RESULTS AND DISCUSSION 
Study of synthesized samples of CNT with titanium 
According to the literature data2-6,9,14,32-41 the microstructure and morphology of the initial reagents 

significantly change during mechanical processing in planetary mills. In mixtures of brittle substances, 

grinding mainly occurs, and in the mixtures of ductile metals, or mixtures of plastic metals with 

amorphous carbon or boron, mechanocomposites are formed. Mechanocomposites are fairly large 

formations ranging in size from tens to hundreds of microns, and in some compositions and larger, up to 

millimeter-sized. The grain size of the original components in these composites decreases to nanometer 

values. 

Figure-2 shows micrographs of a mixture of the initial components obtained by the above-described 

procedure. In the starting mixture, the particles have different shapes and sizes (Fig.-2a), and carbon 

nanotubes cover the particles of titanium powder (Fig.-2b). 

As a result of the study of changes in the morphology of mechanically activated samples, it has been 

established that after 2 min. mechanical activation, mechanocomposites of various sizes of irregular shape 

are formed (Fig.-3a), some of which have a plate-like shape (Fig.-3b). After 2 min. on the surface of 

titanium particles there are no already carbon nanotubes, which indicates their incorporation into the 

volume of mechanocomposites. 

 

 

 

 
 

 

 

 

 

 

a                                                                       b 
Fig.-2: Microphotographs of an initial mixture:  (a) Ti + 4% CNT, (b) surface of a separate particle of a 

titanium 

 

 

 

 

 

 

 

 

 

 

a                                                                                    b 
Fig.-3: Micrographs of a sample of Ti + 4% CNT after 2 min of mechanoactivation at different 

magnification 
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With an increase in the duration of mechanoactivation, the larger mechanocomposites take on a rounded 

form, and the formation of loose agglomerates starts from smaller ones (at 4 to 5 min. of 

mechanoactivation). Later, the number of such agglomerates increases, their density increases. 

The results of X-ray phase analysis showed that after 1.5 min of mechanoactivation, in addition to the 

titanium lines, weak lines of TiC are also present on the roentgenogram. This indicates that partial 

formation of the primary products of the interaction of CNT with titanium begins in the mill drums. With 

increasing mechanoactivation time, the intensity and width of these TiC lines increase (Fig.-4). 

 

 
Fig.-4: X-ray patterns of Ti + 4 wt. % CNT (a) products of thermal explosion after 2 min. mechanoactivation,   

(b) sample composition Ti + 4 wt. % CNT after 2 min. mechanoactivation 

 
Study of thermal explosion in Ti + 4% CNT samples 
The thermal explosion in activated samples of Ti+4% CNT composition can be realized starting from 1.5 

min of mechanoactivation. At 346°C, a continuous heat release begins to 573°C, and then a sharp increase 

in temperature is observed up to the maximum value of the thermal explosion, which is equal to 1050°C 

(Fig.-5). When shorter mechanical activation times, at 1 min. the thermal explosion is not realized, and 

only a weak heat release is observed beginning at a temperature of 350°C, and the temperature rises to 

770°C. 

 
Fig.-5: Thermogram of heat release in the sample after 1 min. of preliminary mechanoactivation 
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It is found that the nature of a thermal explosion varies with the increase in the time of preliminary 

mechanical activation. After 3 min. of mechanoactivation in the sample at 346°C, the preliminary smooth 

heat release starts at a temperature of 441°C, and a thermal explosion occurs, the maximum temperature 

is 930°C. With an increase in the time of mechanical activation from 1.5 to 7 min., the region with a 

smooth heat release decreases practically to zero. 

It is established that the phase composition of the products of the thermal explosion of the system under 

investigation is practically independent of the time of preliminary mechanical activation. If the 

mechanical activation time is increased from 1.5 to 7 min., the products of the thermal explosion are 

titanium and titanium carbide (Fig.-6, Fig.-7).  

 

CONCLUSION 
The result of the study was the preparation of various samples of powdered mixtures of titanium with 

carbon nanotubes subjected to preliminary mechanical activation. Synthesized samples were used to study 

the possibility of realizing the self-propagating interaction of reagents in the regime of a dynamic thermal 

explosion. The time of mechanoactivation varied from 1.5 to 8 min. After 2 minutes. mechanical 

activation, mechanocomposites of various sizes of irregular shape are formed, some of which are 

lamellar, there are no carbon nanotubes on the surface of titanium particles, which indicates their 

incorporation into the volume of mechanocomposites. The results of X-ray phase analysis showed that the 

partial formation of the primary products of interaction of carbon nanotubes with titanium began already 

in the mill drums. With increasing mechanoactivation time, the intensity and width of the TiC lines 

increase. The thermal explosion in activated samples of composition carbon nanotubes Ti+4% starts from 

1.5 min of mechanoactivation. The nature of the thermal explosion varies with the increase in the time of 

preliminary mechanical activation. After 3 minutes of mechanoactivation in the sample at 346° C, the 

preliminary smooth heat release begins at a temperature of 441°C, and a thermal explosion occurs, the 

maximum temperature is 930°C. At an increase in the time of mechanical activation from 1.5 to 7 min, 

the region with a smooth heat release decreases practically to zero. The phase composition of the products 

of the thermal explosion of the system under investigation is practically independent of the duration of the 

preliminary mechanical activation. When the mechanical activation time is increased from 1.5 to 7 min., 

the products of the thermal explosion are titanium and titanium carbide. 

 

 
Fig.-6: X-ray diffraction patterns of products of a thermal explosion after 1.5 min mechanical activation 
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Fig.-7: X-ray diffraction patterns of products of a thermal explosion after 4 min. mechanical activation 
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