
Materials Physics and Mechanics. 2023;51(5): 9-15  Submitted: March 10, 2023 

Research article   Approved: July 4, 2023 

http://dx.doi.org/10.18149/MPM.5152023_2   Accepted: July 13, 2023 

© G.M. Poletaev, Y.V. Bebikhov, A.S. Semenov, A.A. Sitnikov, V.I. Yakovlev, 2023. 

Publisher: Peter the Great St. Petersburg Polytechnic University  

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/) 

 

 

Molecular dynamics study of the dissolution of titanium nanoparticles in 

aluminum 

G.M. Poletaev  1 ✉, Y.V. Bebikhov  2, A.S. Semenov  2,  

A.A. Sitnikov  1, V.I. Yakovlev  1 

1 Polzunov Altai State Technical University, Barnaul, Russia 

2 Polytechnic Institute of North-Eastern Federal University, Mirny, Russia  

 gmpoletaev@mail.ru 

 

 

Abstract. The dissolution of a titanium particle in aluminum under the conditions of the 

crystalline and amorphous state of aluminum and titanium was studied by the molecular 

dynamics method. It is shown that the state of the aluminum structure has little effect on the 

intensity of titanium dissolution. This is due to the formation around a crystalline titanium 

particle, regardless of the initial aluminum structure, of a crystalline layer of aluminum with a 

thickness of about 1 nm, which repeats the titanium lattice. This layer affects the mechanism 

and intensity of mutual diffusion near the Ti–Al interface. In the case of the amorphous state 

of the titanium particle and the aluminum matrix, the dissolution occurred several times faster 

than in the crystalline state of titanium. That is, the reduction in the ignition temperature of 

the reaction of high-temperature synthesis in the Ti–Al system is much more efficiently 

achieved not by amorphization of aluminum, but by amorphization of titanium. 
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Introduction  

Intermetallic compounds of the Ti–Al system have a significant potential for their use as high-

temperature structural materials for the aerospace and automotive industries. They have a 

combination of such properties as a high yield strength at elevated temperatures and good 

resistance to oxidation and corrosion, along with a relatively low density [1–7]. In practice, 

coarse-grained powders with grain sizes on the order of micrometers are usually used for the 

reaction synthesis of aluminides [8–10]. Currently, one of the promising methods for their 

preparation is preliminary mechanical activation treatment, which makes it possible to 

achieve the limiting degree of grain refinement in a mixture before the main synthesis 

reaction [11–13]. In the process of mechanoactivation, so-called mechanocomposites are 

formed, which are a matrix of a more plastic component (aluminum), in the volume of which 

there are nanosized particles of a more brittle component of the mixture (in this case, 

titanium) [12,13]. Such a system is characterized by a high degree of nonequilibrium due to 
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the high concentration of defects, interfaces, internal stresses, and the presence of an 

amorphous phase. It is noted that the onset of the combustion reaction in such a 

nonequilibrium system begins at temperatures significantly below the melting temperature of 

aluminum [12,13]. 

Earlier, in [14], using the molecular dynamics method, we studied the dependence of 

the melting temperature of titanium nanoparticles, as well as Ti3Al, TiAl, and TiAl3 particles, 

on their diameter in vacuum and in liquid aluminum. It has been shown that the melting point 

decreases as the particle size decreases in proportion to the ratio of the surface area of the 

particle to its volume. However, the decrease in the ignition temperature of the high-

temperature synthesis reaction in mechanocomposites is obviously not associated with a 

decrease in the melting temperature of titanium nanoparticles, but is apparently due to the 

presence of internal stresses and an amorphous phase in the mixture, which can contribute to 

the intensification of mutual diffusion and the release of additional energy. To verify this, in 

the present work, a study was carried out using molecular dynamics simulation of the 

dissolution of titanium nanoparticles of different sizes in aluminum under the conditions of 

crystalline and amorphous states of aluminum and titanium. 

 

Description of the model 

The computational cell in the molecular dynamics model had the shape of a rectangular 

parallelepiped. Periodic boundary conditions were used along two axes, and free (or open) 

conditions were used along the third. The presence of an open surface allowed the 

computational cell to freely change the volume during the melting of aluminum or as a result 

of other processes during mutual diffusion. A round titanium particle was placed in the 

aluminum matrix at the center of the computational cell (Fig. 1). Aluminum and titanium 

were initially created in the crystalline state. Particles of three diameters were considered:  

5, 7, and 9 nm. In our previous work [14], it was shown that the greatest influence of the 

particle size on its melting point is observed at a diameter less than about 7 nm. The number 

of atoms in the computational cell was 32427, 82401, or 179725, depending on the considered 

particle size. After introducing a titanium particle into an aluminum matrix and removing 

excess aluminum atoms, the structure was relaxed at a starting temperature of 0 K.  

After stabilization of the structure and temperature of the computational cell, it was again 

cooled to 0 K. 

 

      
 

Fig. 1. Computational cell with the round titanium particle in aluminum 
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To describe interatomic interactions in the Ti‒Al system, EAM potentials from [15] 

were used, where they were obtained based on comparison with experimental data and ab 

initio calculations for various properties and structures of metals Ti, Al and intermetallic 

compounds Ti3Al and TiAl. These potentials have proven themselves well in various studies 

and have been successfully tested in a wide range of mechanical and structural-energy 

properties of alloys of the Ti–Al system [14–19]. In particular, the potentials used quite well 

describe the melting points of Ti and Al: in our molecular dynamics model, they turned out to 

be 1995 and 990 K, respectively (reference values: 1943 and 933 K). 

In addition to the crystalline state of aluminum and titanium, in this work we considered 

the cases of dissolution of crystalline titanium in amorphous aluminum and amorphous 

titanium in amorphous aluminum. The amorphous structure of aluminum or titanium was 

created by heating in the model of the corresponding phase to a temperature significantly 

higher than the melting point of the metal, holding for some time for the final destruction of 

the crystalline structure, and subsequent rapid cooling, during which crystallization did not 

have time to occur. In carrying out this procedure, we sought to minimize the initial mutual 

diffusion of titanium and aluminum. The quality of the amorphous structure was verified not 

only by the diagrams of the radial distribution of atoms, but also by the absence of 

crystallization during the subsequent simulation in the considered phase. For the occurrence 

of homogeneous crystallization in the molecular dynamics model, as a rule, longer computer 

experiments were required to be compared to those considered in the present work [18–22].  

The temperature in the main computer experiments was set in terms of the initial 

velocities of the atoms according to the Maxwell distribution. A Nose-Hoover thermostat was 

used to keep the temperature constant during the simulation. The time integration step in the 

molecular dynamics method was 2 fs. 

 

Results and discussion 

To analyze the intensity of the dissolution of titanium atoms in aluminum, a special 

characteristic was used ‒ the difference in the number of dissolved titanium atoms ΔN at the 

current and initial moments of time. A Ti atom was considered dissolved if the number  

of Al atoms in its nearest environment (within a radius of 3.7 Å) exceeded 50 %. Figure 2(a) 

shows the time dependences of the percentage of dissolved titanium atoms for particles with a 

diameter of 5, 7, and 9 nm at a constant temperature of 1200 K, that is in molten aluminum. In 

all cases, as can be seen in the figure, the dissolution at first proceeded intensively, then the 

rate decreased and subsequently remained approximately constant. The same character of 

particle dissolution was noted by other researchers, for example, in [23,24], and is apparently 

explained by the formation at the first stage of a diffusion zone saturated with atoms of both 

components. 

The ratio of the surface area of a particle to its volume increases as the particle diameter 

decreases. In this regard, the proportion of dissolved titanium atoms is higher for particles of 

smaller size than for particles with a large diameter (Fig. 2(a)). Next, we used a value that is 

universal for particles of different sizes – the specific number of dissolved atoms ΔN/S, which 

was defined as the ratio of the number of dissolved atoms to the surface area of a particle. 

Figure 2(b) shows the dependences of ΔN/S on time at a constant temperature of 800 K for the 

considered particles in the cases of crystalline Ti and Al, crystalline Ti and amorphous Al, 

and amorphous Ti and Al. 

The first thing that attracts attention is the coincidence of the graphs obtained for the 

crystalline and amorphous states of aluminum (lower graphs in Fig. 2(b)). The titanium 

particle in both cases was crystalline. This is an interesting result, indicating that the intensity 

of titanium dissolution in aluminum is almost independent of the state, crystalline or 

amorphous, of the aluminum structure. Here it should be emphasized that we are talking about 



12  G.M. Poletaev, Y.V. Bebikhov, A.S. Semenov, A.A. Sitnikov, V.I. Yakovlev 

dissolution at a constant temperature below the melting point of aluminum. Structural 

transformations and partial crystallization of amorphous aluminum can lead to the release of 

additional heat in real materials, which can accelerate dissolution. However, at a constant 

temperature, as the simulation showed, there is almost no difference for the crystalline and 

amorphous states of aluminum. Small differences in the values of ΔN/S for particles of 

different sizes are due to the fact that the interphase boundary has a certain effective 

thickness, which was also discussed in [14] when studying the effect of particle diameter on 

their melting temperature. 

 

  
(a) (b) 

Fig. 2. Dissolution of Ti particles in Al at a constant temperature: (a) time dependence of the 

percentage of dissolved Ti atoms at a temperature of 1200 K for particles with a diameter of 

5, 7, and 9 nm; (b) time dependences of the specific amount of dissolved Ti atoms at a 

temperature of 800 K for the considered particles in the cases of crystalline Ti and Al, 

crystalline Ti and amorphous Al, and amorphous Ti and Al 

 

The fact is that, as we noted earlier in [19], when studying the effect of the orientation 

of the interphase boundary on the intensity of mutual diffusion, regardless of the type of 

aluminum structure and its orientation, a crystalline aluminum layer several atomic planes 

thick is formed on the Ti–Al interphase boundary, repeating the crystal lattice of titanium. 

This layer was observed by us in [19] even at temperatures above the melting point of 

aluminum and had a significant effect on the mechanism of mutual diffusion at the Ti–Al 

interface. Figure 3 shows an example of the formation of a crystalline layer in initially 

amorphous aluminum around a titanium particle 9 nm in diameter. It should be noted that 

further crystallization of aluminum during the modeling process, as a rule, did not occur, 

mainly due to the mismatch between the parameters and types of titanium and aluminum 

crystal lattices. The formation of a crystalline layer of aluminum near the interface with a 

titanium particle primarily depended on the orientation of the titanium crystal lattice. The 

thickness of this layer was not the same in different areas of the particle surface (Fig. 3). 

When modeling the dissolution of an amorphous titanium particle in amorphous 

aluminum, the situation changed drastically and, in contrast to the cases with a crystalline 

titanium particle, the dissolution proceeded much faster (upper plots in Fig. 2(b)). The 

specific amount of dissolved atoms ΔN/S for amorphous titanium was several times greater 

than for a particle with a crystalline structure at the same temperature. Thus, the decrease in 

the ignition temperature is achieved much more efficiently not by aluminum amorphization, 

but by titanium amorphization. 
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Fig. 3. Formation of a crystalline layer (marked 

with 1) in initially amorphous aluminum 

around a particle 9 nm in diameter (particle 

boundary is marked with 2) at a temperature of 

750 K. The figure shows a layer 2 nm thick cut 

from the computational cell 

 

Fig. 4. Temperature dependences of the 

specific amount of dissolved Ti atoms after 

simulation for 200 ps for particles 5, 7, and 

9 nm in diameter in the cases of crystalline Ti 

and Al, crystalline Ti and amorphous Al, and 

amorphous Ti and Al 

 

To further confirm this thesis, we studied the dependence of the specific amount of 

dissolved Ti atoms on temperature for the same duration of a computer experiment of 200 ps. 

Figure 4 shows the dependences obtained for the three considered particle sizes and the cases 

of crystalline Ti and Al, crystalline Ti and amorphous Al, and amorphous Ti and Al. 

On Fig. 4 for the case of crystalline Ti and Al, the "ignition temperature" is well 

identified by a sharp increase in the value of ΔN/S at a temperature coinciding with the 

melting point of aluminum. For the potentials used, it is slightly higher than the reference 

value of 933 K and is approximately 990 K. In addition, it can be seen that the diameter of the 

particle does not affect the position of the jump in the value of ΔN/S and coincides for all 

considered particles. Thus, another important result is the absence of an effect of the titanium 

nanoparticle diameter on the ignition temperature of the high-temperature synthesis reaction 

in the Ti‒Al system. It should be emphasized that this refers specifically to the temperature at 

which there is a sharp acceleration of mutual diffusion, and not to the intensity of dissolution, 

which is proportional to the total area of the interphase boundary and will obviously be higher 

with a smaller diameter of titanium particles. 

In the amorphous state of aluminum, no jumps were observed in the dependences of the 

ΔN/S value in the region of the melting temperature. However, these dependences otherwise 

coincided with the dependences obtained for the case of crystalline aluminum. The absence of 

a jump in the dependences was obviously due to the absence of a phase transition in 

aluminum ‒ aluminum in this case was initially amorphous. 

In the amorphous state of the titanium particle and the aluminum matrix, the dissolution 

occurred much more intensively (upper graphs in Fig. 4). In this case, the dependences of the 

ΔN/S value did not contain any breaks or jumps. In the entire considered temperature range, 

the behavior of the dependences had the classical form of the Arrhenius temperature 

dependence. 

 

Conclusion 

The dissolution of a titanium particle in aluminum under the conditions of the crystalline and 

amorphous state of aluminum and titanium was studied by the molecular dynamics method. It 

is shown that the state of the aluminum structure has practically no effect on the intensity of 

titanium dissolution. This is due to the formation around a crystalline titanium particle, 
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regardless of the initial aluminum structure, of a crystalline layer of aluminum with a 

thickness of about 1 nm, which repeats the titanium lattice. This layer affects the mechanism 

and intensity of mutual diffusion near the Ti–Al interface.  

In the case of an amorphous state of a titanium particle and an aluminum matrix, the 

dissolution occurs much more intensively than in the crystalline state of titanium. The 

intensity of dissolution in the first case already at a temperature of 700 K corresponds to the 

melting temperature of aluminum in the case of a crystalline titanium particle. That is, a 

decrease in the ignition temperature of the high-temperature synthesis reaction in the Ti–Al 

system is achieved much more effectively not by aluminum amorphization, but by titanium 

amorphization.  

The diameter of titanium nanoparticles, as was found in the work, affects the intensity 

of dissolution of titanium in aluminum, but does not affect the ignition temperature of the 

high-temperature synthesis reaction. 

 

References  

1. Tetsui T. Manufacturing technology for gamma-TiAl alloy in current and future applications. 

Rare Metals. 2011;30: 294–299. 

2. Lapin J. TiAl-based alloys: Present status and future perspectives. Proceedings of the 

Metal. 2009;19: 2019–2031. 

3. Voisin T, Monchoux J-P, Couret A. Near-net shaping of titanium-aluminum jet engine turbine 

blades by SPS. In: Spark Plasma Sintering of Materials. Cham: Springer; 2019. p.713–737. 

4. Wu H, Zhang Sh, Hu H, Li J, Wu J, Li Q, Wang Zh. Concentration-dependent diffusion 

kinetics of Ti-Al binary system at elevated temperatures: experiments and modeling.  

Intermetallics. 2019;110: 106483. 

5. Thiyaneshwaran N, Sivaprasad K, Ravisankar B. Nucleation and growth of TiAl3 intermetallic 

phase in diffusion bonded Ti/Al Metal Intermetallic Laminate. Scientific Reports. 2018;8: 16797. 

6. Grigorenko SG, Grigorenko GM, Zadorozhnyuk OM. Intermetallics of titanium. peculiar features, 

properties, application (review). Sovremennaya Electrometallurgiya. 2017;128: 51–58. (In-Russian) 

7. Wu Q, Wang J, Gu Y, Guo Y, Xu G, Cui Y. Experimental diffusion research on BCC Ti-

Al-Sn ternary alloys. Journal of Phase Equilibria and Diffusion. 2018;39: 724-730. 

8. Lee S-H, Lee J-H, Lee Y-H, Shin DH, Kim YS. Effect of heating rate on the combustion 

synthesis of intermetallics. Materials Science and Engineering: A. 2000;281: 275–285. 

9. Bertolino N, Monagheddu M, Tacca A, Giuliani P, Zanotti C, Tamburini UA. Ignition 

mechanism in combustion synthesis of Ti–Al and Ti–Ni systems. Intermetallics. 2003;11: 41–49.  

10. Adeli M, Seyedein SH, Aboutalebi MR, Kobashi M, Kanetake N. A study on the 

combustion synthesis of titanium aluminide in the self-propagating mode. Journal of Alloys 

and Compounds. 2010;497(1-2): 100–104. 

11. Boldyrev VV, Tkacova K. Mechanochemistry of solids: past, present, and 

prospects. Journal of Materials Synthesis and Processing. 2000;8: 121–132. 

12. Filimonov VY, Loginova MV, Ivanov SG, Sitnikov AA, Yakovlev VI, Sobachkin AV, 

Negodyaev AZ, Myasnikov AY. Peculiarities of phase formation processes in activated Ti+Al 

powder mixture during transition from combustion synthesis to high-temperature annealing. 

Combustion Science and Technology. 2020;192(3): 457–470. 

13. Loginova MV, Yakovlev VI, Filimonov VY, Sitnikov AA, Sobachkin AV, Ivanov SG, 

Gradoboev AV. Formation of structural states in mechanically activated powder mixtures 

Ti+Al exposed to gamma irradiation. Letters on Materials. 2018;8(2): 129–134. 

14. Poletaev GM, Sitnikov AA, Yakovlev VI, Filimonov VY. Melting point of Ti, Ti3Al, TiAl, 

and TiAl3 nanoparticles versus their diameter in vacuum and liquid aluminum: molecular 

dynamics investigation. Journal of Experimental and Theoretical Physics. 2022;134(2): 183–187. 

https://doi.org/10.1007/s12598-011-0288-3
https://doi.org/10.1007/978-3-030-05327-7_25
https://doi.org/10.1016/j.intermet.2019.106483
https://doi.org/10.1038/s41598-018-35247-0
https://doi.org/10.1007/s11669-018-0676-6
https://doi.org/10.1016/S0921-5093(99)00715-7
https://doi.org/10.1016/S0966-9795(02)00128-0
https://doi.org/10.1016/j.jallcom.2010.03.050
https://doi.org/10.1016/j.jallcom.2010.03.050
https://doi.org/10.1023/A:1011347706721
https://doi.org/10.1080/00102202.2019.1571053
https://lettersonmaterials.com/en/Readers/Article.aspx?aid=2576
https://doi.org/10.1134/S1063776122010095


Molecular dynamics study of the dissolution of titanium nanoparticles in aluminum   15 

15. Zope RR, Mishin Y. Interatomic potentials for atomistic simulations of the Ti-Al system. 

Physical Review B. 2003;68(2): 024102. 

16. Kim Y-K, Kim H-K, Jung W-S, Lee B-J. Atomistic modeling of the Ti–Al binary system. 

Computational Materials Science. 2016;119: 1–8. 

17. Pei Q-X, Jhon MH, Quek SS, Wu Z. A systematic study of interatomic potentials for 

mechanical behaviours of Ti-Al alloys. Computational Materials Science. 2021;188: 110239. 

18. Poletaev GM. Self-diffusion in liquid and solid alloys of the Ti-Al system: molecular-

dynamics simulation. Journal of Experimental and Theoretical Physics. 2021;133(4): 455–460. 

19. Poletaev GM, Bebikhov YV, Semenov AS, Sitnikov AA. Molecular dynamics 

investigation of the effect of the interface orientation on the intensity of titanium dissolution 

in crystalline and amorphous aluminum. Journal of Experimental and Theoretical Physics. 

2023;136(4): 477‒483. 

20. Poletaev GM, Novoselova DV, Kaygorodova VM. The causes of formation of the triple 

junctions of grain boundaries containing excess free volume in fcc metals at crystallization. 

Solid State Phenomena. 2016;249: 3–8. 

21. Poletaev GM, Rakitin RY. Molecular dynamics study of stress-strain curves for γ-Fe and 

Hadfield steel ideal crystals at shear along the <111> direction. Materials Physics and 

Mechanics. 2021;47(2): 237–244. 

22. Poletaev GM, Rakitin RY. Molecular dynamics simulation of severe plastic deformation 

of nanotwinned Hadfield steel. Materials Physics and Mechanics. 2022;50(1): 118‒125. 

23. Levchenko EV, Evteev AV, Lorscheider T, Belova IV, Murch GE. Molecular dynamics 

simulation of alloying in an Al-coated Ti nanoparticle. Computational Materials Science. 

2013;79: 316–325. 

24. Cherukara MJ, Weihs TP, Strachan A. Molecular dynamics simulations of the reaction 

mechanism in Ni/Al reactive intermetallics. Acta Materialia. 2015;96: 1–9. 

 

 

THE AUTHORS 

 

Poletaev G.M.        Bebikhov Y.V.  

e-mail: gmpoletaev@mail.ru      e-mail: bebikhov.yura@mail.ru 

 

Semenov A.S.       Sitnikov A.A.  

e-mail: as.semenov@s-vfu.ru     e-mail: sitalan@mail.ru 

 

Yakovlev V.I.  

e-mail: yak1961@yandex.ru 

https://doi.org/10.1103/PhysRevB.68.024102
https://doi.org/10.1016/j.commatsci.2016.03.038
https://doi.org/10.1016/j.commatsci.2020.110239
https://doi.org/10.1134/S1063776121090041
https://doi.org/10.1134/S1063776123040118
https://doi.org/10.4028/www.scientific.net/SSP.247.3
https://doi.org/10.1016/j.commatsci.2013.06.005
https://doi.org/10.1016/j.actamat.2015.06.008
mailto:sitalan@mail.ru
mailto:yak1961@yandex.ru
https://orcid.org/0000-0002-5252-2455
https://orcid.org/0000-0002-8366-4819
https://orcid.org/0000-0001-9940-3915
https://orcid.org/0000-0002-4023-0869
https://orcid.org/0000-0002-5635-5981

