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Abstract: A three-dimensional mathematical model was developed and numerical simulations were conducted for
self-propagating high-temperature synthesis (SHS) processes in gasless combustion mode for systems containing
both active reaction cells and inert particles. This model corresponds to SHS processes of ceramic—metallic
materials, in which ceramic phase grains are formed during an exothermic chemical reaction and the metallic
binder is added as chemically inert particles. The results of the numerical study revealed a strong dependence of the
average and instantaneous combustion rate as well as the temperature inhomogeneities of the reacting medium on
the particle size of the inert additive. The combustion wave is capable of passing between inert particles, the size of
which is several times larger than the size of the active reaction cells. This demonstrates the potential for producing
ceramic—metallic materials with a high metallic binder content.
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Figure Captions

Figure 1 Different stages of the initial sample structure modeling; light gray spheres — chemically active cells; and dark grey
spheres — chemically inert cells

Figure 2 Dependence of the average combustion wave velocity on the inert cell content: 7 — radius of inert cells is equal to 2;
2 — 4; and 3 — radius of inert cells is equal to 8. Dotted lines denote the combustion wave disruption in certain numerical
experiments

Figure 3 Temperature field of cells within the central axial cut of the cylinder at an inert cell radius of 8: (@) inert content 10%;
(b) 30%; and (c) inert content 50%

Figure 4 Temperature profiles and instantaneous velocity of the front propagation corresponding to 45 percent dilution with
inert: (a) the diluent radius is equal to 2; (b) 4; and (c) the diluent radius is equal to 8

Figure 5 Temperature field of cells with 45 percent dilution with inert: (@) the diluent radius is equal to 2; (b) 4; and (c) the
diluent radius is equal to 8

Acknowledgments

The work was supported by the Russian Science Foundation, project No. 25-13-00040.

References 4. Rogachev, A. S., and A. S. Mukasyan. 2015. Combustion for
material synthesis: Introduction to structural macrokinetics.

1. Tsuda, K. 2016. History of development of cemented Boca Raton, FL: CRC Press. 424 p.

carbides and cermet. SEI Technical Review 82:16—20. 5. Merzhanov, A. G. 2010. Themally coupled processes of

2. Garcia, J., V.C. Ciprés, A. Blomqvist, and B. Kaplan. self-propagating high-temperature synthesis. Dokl. Phys.
2019. Cemented carbide microstructures: A review. Int. Chem. 434(1):161—164.

‘21' lRe{rzact.4Met. H. 80:40—68. doi: 10.1016/j.ijrmhm. 6. Amosov, A. P, 1. P. Borovinskaya, and A. G. Merzhanov.

018.12.004. 2007. Poroshkovaya tekhnologiya samorasprostranya-

3. Merzhanov, A.G., and A.S. Mukasyan. 2007. Tverdo- yushchegosya vysokotemperaturnogo sinteza materialov

plamennoe gorenie [Solid flame combustion]. Moscow: [Powder technology of self-propagating high-temperature

TORUS PRESS. 336 p. synthesis of materials]. Moscow: Mashinostroenie. 567 p.

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2026 volume 19 number 3



S. A. Rogachev and A. S. Rogachev

7.

11.

. Rogachev, A.S.,

Levashov, E.A., A.S. Mukasyan, A.S. Rogachev, and
D. V. Shtansky. 2017. Self-propagating high-temperature
synthesis of advanced materials and coatings. Int.
Mater. Rev. 62(4):203—239. doi: 10.1080/09506608.
2016.1243291.

S.G. Vadchenko, N.A. Kochetov,
D.Y. Kovaley, I. D. Kovalev, A. S. Shchukin, A. N. Grya-
dunov, E Baras, and O. Politano. 2020. Combustion syn-
thesis of TiC-based ceramic—metal composites with high
entropy alloy binder. J. Eur. Ceram. Soc. 40: 2527—2532.
doi: 10.1016/j.jeurceramicsos.2019.11.059.

. Obra, A.G., M.A. Aviles, Y. Torres, E. Chicardi, and

EJ. Gotor. 2017. A new family of cermets: Chemical-
ly complex but microstructurally simple. Int. J. Refract.
Met. H. 63:17—25. doi: 10.1016/j.ijrmhm.2016.04.011.

. Luo, S.C., W. M. Guo, and H. T. Lin. 2023. High-entropy

carbide-based ceramic cutting tools. J. Am. Ceram. Soc.
106:933—940. doi: 10.1111/jace.18852.

Shkadinskii, K.G., and P.M. Krishenik. 1985. Steady
combustion front in a mixture of fuel and inert material.
Combust. Explo. Shock Waves 21(2):176—180.

. Maslov, V.M., S.I. Voyuev, I.P. Borovinskaya, and

A. G. Merzhanov. 1990. Role of dispersion of inert dilu-
ents in gasless combustion processes. Combust. Explo.
Shock Waves 26(4):432—437.

. Rogachev, A.S., A.R. Bobozhanov, N.A. Kochetoy,

D.Y. Kovalev, S.G. Vadchenko, O.D. Boyarchenko,
and R.A. Kochetkov. 2025. Self-propagating high-
temperature synthesis of TiC—CoCrNi cermet: Behavior
and microstructure formation. Powder Metallurgy Func-
tional Coatings 19(6):5—15. doi: 10.17073/1997-308X-
2025-6-5-15.

Contributors

16.

18.

20.

21.

22.

. Rogachey, A. S. 2003. On the microheterogeneous mech-

anism of gasless combustion. Combust. Explo. Shock Waves
39(2):150—158.

. Coumans, E. 2015. Bullet physics simulation. ACM SIG-

GRAPH Courses. Art. 7. 13 p. doi: 10.1145/2776880.
2792704.

Lubachevsky, B.D., F H. Stillinger, and E.N. Pinson.
1991. Disks vs. spheres: Contrasting properties of random
packings. J. Stat. Phys. 64(3):501-524.

Jackson, T.L., E Najjar, and J. Buckmaster. 2005.
New aluminum agglomeration models and their use
in solid-propellant-rocket simularions. J. Propul. Power
21(5):925-936.

Rashkovskiy, S. A. 2002. Role of the structure of hetero-
geneous condensed mixtures in the formation of agglom-
erates. Combust. Explo. Shock Waves 38(4):431—440.
Rashkovskiy, S.A. 2017. Direct numerical simula-
tion of boron particle agglomeration in combus-
tion of boron-containing solid propellants. Combust.
Sci. Technol. 189(8):1277—1293. doi: 10.1080/00102202.
2017.1294586.

Rashkovskii, S. A. 1999. Structure of heterogeneous con-
densed mixtures. Combust. Explo. Shock Waves 35(5):523—
531.

Rashkovskiy, S. A., and A.'Y. Dolgoborodov. 2017. Struc-
ture and behavior of gasless combustion waves in pow-
ders. Combust. Sci. Technol. 189(12):2220—2241. doi:
10.1080/00102202.2017.1369054.

Zel’dovich, Y. B., G.I. Barenblat, V. B. Librovich, and
G. M. Mabhviladze. 1985. The mathematical theory of com-
bustion and explosions. New York, NY: Plenum Press.
597 p.

Received April 6, 2026
After revision April 28, 2026
Accepted May 12, 2026

Rogachev Sergei A. (b. 1988) — senior research scientist, Merzhanov Institute of Structural Macrokinetics and
Materials Science of the Russian Academy of Sciences, 8§ Academician Osipyan Str., Moscow Region 142432,
Chernogolovka, 8 Academician Osipyan Str., Russian Federation; rogachevsa@gmail.com

Rogachev Alexander S, (b. 1956) — chief research scientist, Merzhanov Institute of Structural Macrokinetics and
Materials Science of the Russian Academy of Sciences, 8§ Academician Osipyan Str., Moscow Region 142432,
Chernogolovka, 8 Academician Osipyan Str., Russian Federation; rogachev@ism.ac.ru

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2026 volume 19 number 3



