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Abstract 
The article  presents studies of the ice-forming properties  of aluminum oxide with the aim of possibly increasing the

effectiveness of pyrotechnic compositions used in anti-hail products. Increasing the efficiency of pyrotechnic compositions is
achieved through experimental selection of components. First of all, by grinding and mixing the components of the pyrotechnic
mixture. As a result of laboratory studies, aluminum oxide clusters were obtained in the presence of water vapor at subzero
temperatures. A special set of equipment and experimental techniques have been created. It was found that the specific yield of
ice-forming nuclei from aluminum oxide clusters is less than when sublimating the standard pyrotechnic composition AD-1,
but at the same time the response threshold of the reagent increased to -3 ºС. Aluminum oxide clusters can be recommended
for obtaining a more effective pyrotechnic composition for weather modification.

Keywords:  weather modification, reagent, pyrotechnic composition, ice-forming particles, aluminum, aluminum oxide,
clusters. 
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Аннотация 
В статье представлены исследования льдообразующих свойств оксида алюминия с целью возможного повышения

эффективности пиротехнических составов, используемых в противоградовых средствах. Повышение эффективности
пиротехнических составов достигается путем экспериментального подбора компонентов.  В первую очередь путем
измельчения  и  смешивания  компонентов  пиротехнической  смеси.  В  результате  лабораторных  исследований  были
получены кластеры оксида алюминия в присутствии водяного пара при отрицательных температурах.  Был создан
специальный набор оборудования и экспериментальных методик. Установлено, что удельный выход льдообразующих
ядер из кластеров оксида алюминия меньше, чем при сублимации стандартного пиротехнического состава AD-1, но
при этом порог срабатывания реагента увеличился до -3 ºС. Кластеры оксида алюминия могут быть рекомендованы
для получения более эффективного пиротехнического состава для воздействия на погоду.

Ключевые слова: активные воздействия, реагент, пиротехнический состав, льдообразующие частицы, алюминий,
оксид алюминия, кластеры. 

Introduction 
The purpose of weather modification processes is to reduce the negative consequences for the economy and population

from the effects of drought, reduce fire danger in forests and other natural areas, improve weather conditions over specified
areas, etc. Most of these projects use pyrotechnic compound, which includes silver iodide, on the particles of which ice crystals
are formed [1], [2].

Currently, due to the expanding practice of carrying out active actions with a simultaneous increase in prices for precious
metals, the relevance of searching for ice-forming reagents with low and ultra-low silver content has increased. Attempts to
introduce into practice the active effects of such formulations have been made before, however, since there was information
that such formulations require naturally unrealizable supersaturation of water vapor, the development and implementation of
such formulations was essential they are limited in this way [3], [4].

Studies of a significant number of substances have made it possible to identify a number of chemical elements that are
characterized by high efficiency of ice formation and have sufficient thermal stability. Among the tested substances, zinc oxide
has a high efficiency of ice formation. It has a high threshold of crystallizing action and a significant yield of crystallization
nuclei compared to analogues [5].

Research methods and principles 
This article presents the studies of the aluminum oxide ice-forming properties. In terms of prevalence in the earth's crust,

aluminum ranks first among metals, its content is 8.8% by weight, giving way to oxygen, hydrogen and silicon. It is present
only in the form of natural minerals. One of the constituent minerals is aluminum oxide with the chemical formula Al 2O3.
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Aluminum oxide has characteristic  structural  features  and can crystallize in various polymorphic modifications (so-called
phases). The phases of Al2O3 in the literature are denoted by Greek letters. Figure 1 shows the diagram of the transition phases
of aluminum oxide.

Figure 1 - Temperature diagram of the transition modifications of Al2O3 [6]
DOI: https://doi.org/10.60797/IRJ.2024.147.54.1

A distinctive feature of Al2O3 is the preservation of the metastable state, active in solid-phase reactions, up to a temperature
of 1200oС. Aluminum oxide is an important technological material, so its properties are being actively investigated.

For the experiments, the following equipment was used: a cloud chamber, a device for the reagent sublimation, a fog
generator,  electronic  scales,  an  optical  microscope and  thermostated  substrates.  The experiments  were  carried  out  under
conditions close to full-scale, at temperatures ranging from -3 to -12oС.

When testing  reagents  by  traditional  methods,  sublimation  is  performed in  a  dry  chamber,  then  the  products  of  the
distillation are transferred to a  cloudy environment.  With this method of  testing, metals  do not  exhibit  their  ice-forming
properties, for their manifestation it is necessary that the distillation be carried out in a cloudy environment, i.e. in conditions
close to real use.

During the tests, the following parameters are monitored using measuring instruments: temperature measurement in cloud
and aerosol chambers should be carried out by a temperature meter with a range of measured temperatures from minus 25 to 25
oС and an error of no more than ±0.3oС; time measurement should be carried out by a stopwatch with a division price of 1 s;
measurement of the mass converted into aerosol substances are produced using microanalytical scales with an accuracy of 0.01
mg.

Currently, there are no theoretical papers fully describing the process of formation of aluminum oxide clusters. Therefore,
the main data in this area of knowledge are obtained as a result of experimental studies. In the patent of S.A. Novopashin and
A.I.  Zaikovsky  [7]  considers  a  possible  mechanism  for  the  formation  of  hollow  aluminum  oxide  nanoparticles.  This
mechanism was described mathematically, and a correlation was established between the size of the initial agglomerate and the
size of the resulting hollow particle. When aluminum is sublimated in water vapor in a water vapor medium at a sublimation
temperature of 600-800oС aluminum interacts with water and aluminum oxide particles are formed. At temperatures of 800-
1200oС aluminum is partially recovered from the oxide.

All  aluminum particles in contact  with air are covered with a protective oxide-hydroxide film. An oxide film of this
thickness can significantly reduce the rate of diffusion of the oxidizer from the reaction medium to the metal surface, which
will significantly slow down the oxidation process.  However, a relatively thin layer of oxide on the surface of aluminum
particles  is  not  an obstacle to  the oxidation of  particles  by water.  The process  of  interaction of  aluminum with water  is
accompanied  by  the  release  of  heat.  During  the  oxidation  process,  the  aluminum  particle  is  completely  covered  with
pseudobemite plates, and the shell structure of such plates is heterogeneous and loose. Due to its heterogeneity, the shell of
pseudobemite nanoplates does not prevent the diffusion of water to the aluminum core and the complete transformation of the
particle gradually occurs.

Main results 
According to experimental data, the temperature of thermal sublimation of aluminum, air humidity and gas components of

the medium affect the shape and size of aluminum oxide clusters. Heated aluminum actively reacts with supercooled water
vapor, forming aluminum oxide clusters of various sizes. Figure 2 shows a photograph of an aluminum oxide cluster.
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Figure 2 - Photograph of an oxide cluster appears under an electron microscope
DOI: https://doi.org/10.60797/IRJ.2024.147.54.2

Table  1  and  Figure  3  present  data  from experimental  studies  of  aluminum  oxide  in  comparison  with  the  standard
pyrotechnic composition AD-1.
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Table 1 - Specific yield of standard pyrotechnic composition AD-1 and aluminum oxide clusters

DOI: https://doi.org/10.60797/IRJ.2024.147.54.3

AD-1 Al2O3

t, оС Specific yield, g-1 t, оС Specific yield, g-1

-11.9 4.4·1012 -12 5.9·1011

-11.3 3.7·1012 -12 4.7·1011

-10.6 3.8·1012 -11 4.9·1011

-10.2 3.2·1012 -11 3.7·1011

-9.7 3.6·1012 -10 2.9·1011

-9.6 2.7·1012 -10 5.0·1011

-9.5 3.0·1012 -9 3.8·1011

-9.4 2.3·1012 -9 3.4·1011

-9.1 3.2·1012 -8 3.1·1011

-8.8 2.6·1012 -8 4.5·1011

-8.5 2.3·1012 -7 2.8·1011

-8.2 2.7·1012 -7 3.5·1011

-7.8 2.8·1012 -6 4.0·1011

-7.5 2.2·1012 -6 3.3·1011

-7.3 2.6·1012 -6 2.8·1011

-7 1.8·1012 -5 2.8·1011

-6.8 1.3·1012 -5 1.8·1011

-6.1 9.6·1011 -4 3.1·1011

-5.4 8.2·1011 -4 2.6·1011

–   – -3 2.7·1011
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Figure 3 - Specific yield of standard pyrotechnic composition AD-1 and aluminum oxide clusters
DOI: https://doi.org/10.60797/IRJ.2024.147.54.4
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The minimum and maximum detectable values of the yield of active nuclei are determined by the particle registration
method,  the  volume of  the  aerosol  chamber  used  and  the  amount  of  substance  dispersed  into  the  aerosol  acceptable  by
measuring instruments.

The specific yield of ice-forming nuclei of aluminum oxide clusters ranges from 2.7×10 11 to 4.7×1011 g-1 in the temperature
range from -3 to -12oС. It is obvious that the specific yield of aluminum oxide clusters is less than that of the pyrotechnic
composition AT-1, but at the same time the threshold for reactant activation has increased to -3 oС. This result is explained that
the nanofibers that make up the aluminum oxide clusters are closed and the effect of forming an ice structure is not observed in
them.

The principal possibility of using aluminum is due to the rapid growth of ice crystals on aluminum oxide particles.
The parameter, like the speed of the reagent, is estimated by the number of active ice-forming nuclei within 2 minutes after

the reagent sublimation [8].
Figure 4 shows the results of studying the activation rate of aerosols formed using the most well-known pyrochemicals [4].

For comparison, we have added the results of our study of the rate of nucleation of the reagent from aluminum oxide clusters.
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Figure 4 - Nucleation rate of ice-forming compounds
DOI: https://doi.org/10.60797/IRJ.2024.147.54.5

Note: Note: 1 – BR-91-Y; 2 – 50-04-112- measurements taken in China; 3 – NEI-TB1; 4 – 50-04-11 - measurements were performed at the Central Aerological Observatory (Russia); 5 –
50-04-11 - measurements performed by Feder (Switzerland); 6 – aluminum oxide clusters - measurements were performed by us
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Figure  4  shows that  the  crystals  begin  to  appear  within  2  minutes,  after  introducing  a  mixture  of  water  vapor  and
aluminum sublimation products into a cloud chamber.

According to experimental data, the tested reagent can be used to reduce "unproductive" losses of cloud moisture and
increase the efficiency of precipitation formation.

As is known, only part of the water of clouds during natural processes is realized in the form of precipitation. R. Braham
(1952) [9] states that during thunderstorms, only 19% of cloud moisture falls in the form of rain. In the work of P. Vukoff
(1996), only 10% of the total mass of liquid water contained in it falls from a convective cloud, and only 25-30% of moisture
falls from orographic clouds [10]. R. Eliot (1960) found that 50-70% of the moisture contained in them falls in the form of
precipitation from cumulus clouds [11].

Conclusion 
Aluminum oxide clusters have ice-forming properties with a crystallization threshold of -3C. They can be used to develop

a more effective pyrotechnic composition and its introduction into the composition of rockets designed to stimulate earlier and
faster (than in the natural course of processes) precipitation formation in areas of future hailstorm. Such an impact will lead to
premature  precipitation,  erosion  of  water  content  in  areas  of  future  hail  formation,  aerodynamic  braking,  suppression  of
updrafts and elimination of conditions for the formation of hail particles [12].

It should be noted that natural disasters are an integral part of society's life, and as it develops, the danger of exposure to
natural processes and the scale of human and material losses associated with them increase. On average, 5 hail storms of
catastrophic intensity are observed in the territory of the North Caucasus Federal District per year, the average annual damage
from which is about 11% of all natural emergencies.

Note that the widespread occurrence of aluminum in nature and its cheapness compared to silver, by more than 2 orders of
magnitude, play an important role. Thus, the use of aluminum will significantly reduce the cost of the reagent and the impact
technology in general.

Конфликт интересов Conflict of Interest
Не указан. None declared.

Рецензия Review
Все статьи проходят рецензирование. Но рецензент или 
автор статьи предпочли не публиковать рецензию к этой 
статье в открытом доступе. Рецензия может быть 
предоставлена компетентным органам по запросу.

All articles are peer-reviewed. But the reviewer or the author 
of the article chose not to publish a review of this article in 
the public domain. The review can be provided to the 
competent authorities upon request.

Список литературы / References
1. Никандров В. Я. Искусственные воздействия на облака и туманы / В. Я. Никандров. — Л. : Гидрометеоиздат,

1959. — 191 с. 
2. Плауде Н. О. К вопросу о механизме кристаллизации переохлажденного тумана аэрозолем йодистого серебра /

Н. О. Плауде // Труды ГГО. — 1966. — Вып. 186. — С. 10–17. 
3. Шилин В. А. Возможности снижения содержания активных льдообразующих соединений в средствах активных

воздействий / В. А. Шилин, А. И. Федоренко, А. В. Савченко [и др.] //  Известия Кабардино-Балкарского научного
центра РАН. — 2012. — № 4(48). — С. 102–108. 

4. Колосков Б. П. Методы и средства модификации облаков, осадков и туманов / Б. П. Колосков, В. П. Корнеев, Г.
Г. Щукин. — СПб. : РГГМУ, 2012. — 342 с. 

5. Хучунаев Б. М. Экспериментальные исследования льдообразующей эффективности пиротехнического состава
АД-1 с добавками цинка / Б. М, Хучунаев, Х-М. Х. Байсиев, С. О. Геккиева [и др.] // Сборник «Труды ГГО». — 2020.
— Вып. 597. — С. 51–60. 

6. Onishi Y. Solubility limit and luminescence properties of Eu3+ ions in Al2O3 powder / Y. Onishi, T. Nakamura, S.
Adachi // J. Lumin. — 2016. — Vol. 176. — P. 266–271. 

7. RU 2 530 070 C1 Способ синтеза полых наночастиц γ-Al2O3 / Новопашин С. А. [и др.]; заявитель Федеральное
государственное бюджетное учреждение науки Институт теплофизики им. С.С. Кутателадзе Сибирского отделения
Российской академии наук (ИТ СО РАН); заявл. 23.04.13; опубл. 27.10.14. 

8. Абшаев М. Т. Руководство по организации и проведению противоградовых работ / М. Т. Абшаев, А. М. Абшаев,
М. В. Барекова [и др.]. — Нальчик, 2014. — C. 314–318. 

9. Braham R. R. The water and energy budgets of the thunderstorm and their relation to thunderstorm development / R. R.
Braham // J. Meteorol. — 1952. — Vol. 9. — P. 227–242. 

10. Wycoff P. H. Evaluation of the state of the art / P. H. Wycoff //  Human dimensions of weather modification. —
University of Chicago, 1996. — № 105. — P. 27–39. 

11. Eliot R. Seeding of West Coast winter storms / R. Eliot // J. Irig. Drain. Div. — Proc. Amer. Soc. Civ. Eng, 1960. 
12. Абшаев М. Т. Некоторые вопросы воздействия на градовые процессы / М. Т. Абшаев, Ю. А. Дадали // Труды

ВГИ. — 1973. — Вып. 22. — С. 104–116. 

9



International Research Journal ▪ № 9 (147) ▪ September

Список литературы на английском языке / References in English
1. Nikandrov V.  Ya.  Iskusstvennye vozdejstviya na  oblaka  i  tumany [Artificial  effects  on clouds and fogs]  /  V.  YA.

Nikandrov. — L. : Hydrometeoizdat, 1959. — 191 p. [in Russian] 
2. Plaude N. O. K voprosu o mekhanizme kristallizacii pereohlazhdennogo tumana aerozolem jodistogo serebra [On the

question of the mechanism of crystallization of supercooled fog with an aerosol of silver iodide] / N. O. Plaude // Trudy GGO
[Proceedings of the GGO]. — 1966. — Iss. 186. — P. 10–17. [in Russian] 

3. Shilin  V.  A.  Vozmozhnosti  snizheniya  soderzhaniya  aktivnyh  l'doobrazuyushchih  soedinenij  v  sredstvah  aktivnyh
vozdejstvij  [Possibilities  of reducing the content  of  active ice-forming compounds in  active agents]  /  V.  A. SHilin,  A. I.
Fedorenko,  A.  V.  Savchenko  [et  al.]  //  Izvestiya  Kabardino-Balkarskogo  nauchnogo  centra  RAN  [Proceedings  of  the
Kabardino-Balkarian  Scientific  Center  of  the  Russian  Academy of  Sciences].  — 2012.  — № 4(48).  — P.  102–108.  [in
Russian] 

4. Koloskov B. P. Metody i sredstva modifikacii oblakov, osadkov i tumanov [Methods and means of modification of
clouds, precipitation and fog] / B. P. Koloskov, V. P. Korneev, G. G. SHCHukin. — St. Petersburg : RSGMU, 2012. — 342 p.
[in Russian] 

5. Khuchunaev B. M. Eksperimental'nye issledovaniya l'doobrazuyushchej effektivnosti pirotekhnicheskogo sostava AD-1
s  dobavkami  cinka  [Experimental  studies  of  the  ice-forming  efficiency  of  the  pyrotechnic  composition  AD-1  with  zinc
additives] / B. M. Huchunaev, H-M. H. Bajsiev, S. O. Gekkieva [et al.] // Sbornik «Trudy GGO» [Collection "Proceedings of
the GGO"]. — 2020. — Iss. 597. — P. 51–60. [in Russian] 

6. Onishi Y. Solubility limit and luminescence properties of Eu3+ ions in Al2O3 powder / Y. Onishi, T. Nakamura, S.
Adachi // J. Lumin. — 2016. — Vol. 176. — P. 266–271. 

7. RU 2 530 070 C1 Sposob sinteza polyh nanochastic γ-Al2O3 [Method for the synthesis of hollow gamma-Al2O3
nanoparticles] / Novopashin S. A. [et al.]; applicant Federal State Budgetary Institution of Science Institute of Thermophysics
named after S.S. Kutateladze of the Siberian Branch of the Russian Academy of Sciences (IT SB RAS); app. 23.04.13; publ.
27.10.14. [in Russian] 

8. Abshaev M. T. Rukovodstvo po organizacii i provedeniyu protivogradovyh rabot [Guidelines for the organization and
conduct of anti-hail works] / M. T. Abshaev, A. M. Abshaev, M. V. Barekova [et al.]. — Nalchik, 2014. — P. 314–318. [in
Russian] 

9. Braham R. R. The water and energy budgets of the thunderstorm and their relation to thunderstorm development / R. R.
Braham // J. Meteorol. — 1952. — Vol. 9. — P. 227–242. 

10. Wycoff P. H. Evaluation of the state of the art / P. H. Wycoff //  Human dimensions of weather modification. —
University of Chicago, 1996. — № 105. — P. 27–39. 

11. Eliot R. Seeding of West Coast winter storms / R. Eliot // J. Irig. Drain. Div. — Proc. Amer. Soc. Civ. Eng, 1960. 
12. Abshaev M. T. Nekotorye voprosy vozdejstviya na gradovye processy [Some issues of impact on hail processes] / M.

T. Abshaev, YU. A. Dadali // Trudy VGI [Proceedings of the VGI]. — 1973. — Iss. 22. — P. 104–116. [in Russian] 

10


	НАУКИ ОБ АТМОСФЕРЕ И КЛИМАТЕ / ATMOSPHERIC AND CLIMATE SCIENCES
	Studying of ice-forming properties of aluminum oxide clusters
	Gekkieva S.O.1, Budaev A.K.2, *
	Изучение льдообразующих свойств кластеров оксида алюминия
	Геккиева С.О.1, Будаев А.Х.2, *

