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INTRODUCTION 

 Assessment of the current state of a scientific or scientific and technical 

problem. Energy materials are materials that emit heat during a chemical reaction, 

having a high amount of accumulated internal energy. Among the energy materials 

are: hydrocarbon fuel, rocket fuel, explosives, pyrotechnic compositions, etc.

 Pyrotechnic compositions indeed play a crucial role in various industries due to 

their ability to release intense energy through chemical reactions. These compositions 

are used in fireworks, flares, airbags, and even in some military applications. Their 

significance lies in their controlled release of energy, which can be tailored for specific 

purposes, whether for entertainment, signaling, safety, or defense. 

 One of the key attributes of pyrotechnic compositions is their energy intensity, 

which refers to the amount of energy they release per unit volume or mass during 

combustion. This characteristic determines their effectiveness for different 

applications. For example, in fireworks displays, pyrotechnic compositions with high 

energy intensity create vibrant colors and dramatic effects, while in airbags, 

compositions with controlled energy release ensure rapid inflation without causing 

harm to vehicle occupants. The development of new pyrotechnic compositions with 

enhanced energy intensity, stability, and safety features is an ongoing area of research 

and innovation. Scientists and engineers continuously strive to improve the 

performance and versatility of these materials to meet the evolving needs of various 

industries while prioritizing safety and environmental concerns. 

 Pyrotechnic formulations are widely used in pyroautomatics tools, pyrotechnic 

heaters, airbags, rocket engines as igniters, fireworks products, precipitation-causing 

formulations, products for extinguishing fires, etc. 

 In recent years, flameless heaters used in conditions where it is impossible to 

light a fire, use an electric source and blue gas, in open ground, in field conditions, or 

when the use of these sources of heat generation is limited due to natural and various 

adverse conditions, have become quite popular. To equip such autonomous heating 

devices, pyrotechnic powders based on energy metals (magnesium, calcium, iron, 

aluminum, etc., or their mixtures) are used, which are prone to carrying out an 

exothermic reaction.  Classic types have been widely used in military places to warm 

up food or prepare it. 

 Formulations for flameless heaters are also widely used in the medical field. 

Due to the intense heating effect, thermo-heaters based on flame-free heating 

formulations are an indispensable first aid tool in order to relieve unpleasant and 

painful sensations in rheumatism, arthritis, osteochondrosis, bruises and fractures. 

Such heaters play an important role in providing first aid to various closed injuries, 

electric burners and field injuries that are difficult to obtain physiotherapy procedures.  

 Pyrotechnic compositions for such flameless heaters have a number of 

advantages: economy, ease of use, ease of management, fire safety, environmental 

friendliness, small size.  

 The prospects for the use of such heating elements are very wide. 

The issue of their use in centralized production requires further continuous research. 

Modern technologies do not stand still, and even more so the question arises of the use 
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of new formulations, which have more advantages, are cost-effective and safe for its 

transportation or long-term storage. In this regard, one of the urgent problems is the 

creation of environmentally friendly pyrotechnic compositions that have targeted 

characteristics. 

 Justification and initial data for the development of the thesis. Today, the 

use of flameless heaters for heating various liquids or solids in field conditions by 

activating chemical (exothermic) materials with water or air is becoming widespread. 

 The powder mixture for conducting an exothermic reaction is based mainly on 

magnesium, iron and additives based on them. In addition, the basic composition of 

these composites can also be replaced or supplemented with powders of calcium 

carbonate, sodium carbonate, calcium oxide and aluminum. 

 Based on literary sources and studying the existing pyrotechnic powders, one 

can also notice a number of their shortcomings.  

 The main part of the composition of existing flameless heaters consists of large 

particles, therefore, it interferes with the uniform distribution of intense heat at the 

stage of exposure to the redox process. The oxidation of coarse powder is intense only 

at the initial stage of the reaction, which inhibits the process of heat exchange with the 

substance to be heated, thus indicating a significant disadvantage. Another 

disadvantage is that a heating device that produces heat as a result of oxidation by an 

exothermic reaction can be flammable or prone to corrosion. That is, there is a high 

probability of limiting the expiration date.  

   Taking into account all the shortcomings of the previously studied flame 

retardant heaters, in this dissertation work, in order to improve these shortcomings, 

scientific research is carried out and the creation of new composites that meet modern 

requirements is envisaged. 

 Justification of the need to conduct this research work. The dissertation 

work is aimed at obtaining flameless heat sources with high energy efficiency.  In 

order to implement an exothermic reaction, it is aimed at obtaining a new powder 

mixture of chemical composites based on aluminum, calcium oxide, as well as 

studying its effect on the reactivity and energy efficiency of a new exothermic 

composite using the mechanochemical processing method.  

 Data on patent studies and their conclusions on the planned scientific and 

technical level of development. During the implementation of the dissertation work, 

a review of the scientific, technical and patent literature was carried out, as a result of 

the analysis of the patent literature, it can be seen that the composition of currently 

existing flameless heaters consists only of magnesium, calcium, iron or their 

impurities. The size dimensions of these traditional formulations are large microns. It 

can be noted that no data on highly dispersed composites and the use of activation or 

composition modification methods were found in the patent literature.  

 Metrological support of the dissertation. In the course of research work, 

Metrological support was covered by the use of modern physicochemical methods of 

analysis performed using 9 certified methods, measuring instruments, equipment and 

instruments tested by the state standard bodies of the Republic of Kazakhstan.  

 Relevance of the research topic. It is envisaged to conduct research on the 

development of new energy-efficient materials, primarily in connection with the 
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importance of their practical application in various fields. Research in the field of 

creating such materials includes volumetric synthesis, engineering and materials 

science, as well as microscopic research in the field of molecular dynamics and 

structure formation. Although Energy Materials began to be used practically from the 

early period, modern pyrotechnic mixtures, explosives require a lot of research and 

scientific updates. 

 Aluminum powders indeed have several advantages over other materials, as 

you've pointed out. Their high combustion enthalpy per unit mass makes them highly 

efficient in energy systems, as they can produce a lot of energy relative to their weight. 

This high performance is particularly beneficial in applications where weight is a 

critical factor, such as in aerospace or automotive industries. Moreover, aluminum 

powders are generally more affordable than other high-performance materials, 

providing cost savings without compromising on performance. Their safety in use, 

transportation, and storage is a significant advantage, as it minimizes the risk of 

accidents or mishaps during handling.The ability to easily obtain aluminum powders 

in various dispersed sizes allows for greater flexibility in the design and optimization 

of energy systems. This characteristic is particularly valuable in industries where 

precise control over particle size distribution is crucial for the system's performance. 

 Additionally, the extended shelf life of aluminum powders ensures their 

usability over an extended period, reducing the need for frequent replacements and 

maintenance. However, it is important to note that poor mixing of solid components 

in energy systems can lead to inefficiencies and compromised performance. Proper 

mixing techniques and thorough understanding of the system's requirements are 

essential to ensure optimal performance and safety. Poor mixing of solids 

components in energy systems, small contact surface areas, strong diffusion resistance 

make it difficult for solid-phase reactions to occur, they pass at a very slow speed and 

require long-term maintenance at high temperatures. Therefore, the next important 

direction of the doctoral dissertation is the use of the process of mechano – chemical 

processing (MCP) for the synthesis of highly dispersed flameless heaters. After all, it 

allows you to effectively manage the process of forming new structural compositions, 

which ensures an increase in the energy capacity of the system. 

 Scientific novelty of the work: 

  - For the first time, the AlS-AlF-MnO2-SiO system for flameless heaters 

activated by air was obtained by mechanochemical activation, and was determined, 

that the maximum combustion temperature of the system is 886.4°C, the uniform 

combustion rate is 0.22 mm/s;  

 - The composite material Al-Al2O3-CaO-Na2CO3 was obtained, providing 

temperatures in the range of 28-55°C during the exothermic reaction, calculated 

thermodynamic characteristics: combustion temperature (T=859K) and enthalpy 

(∆G=21140.5 kJ/mol); 

 - The addition of SiO2 to the Al-Al2O3-CaO-Na2CO3 system and the 

mechanochemical activation of the composite material made it possible to increase the 

temperature of the exothermic reaction with water to 101°C. It was calculated, that the 

combustion temperature of the system is 2134 K, and the value of ∆H is -9947.5 

kJ/mol. 
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 The research objective of the thesis is to obtain and study new energy-efficient 

composites based on highly dispersed aluminum powders, calcium oxide and silicon 

dioxide by mechanochemical activation for flameless heaters. 

 The object of the study is aluminum powders obtained by mechanochemical 

processing and high-energy pyrotechnic dispersed powders based on magnesium and 

calcium.  

 The subject of the study is the study of the influence of mechanochemical 

activation on the reactivity and structural stability of composite materials for flameless 

heaters.  

 To achieve the set goal, the following tasks were set:  

 - Development of air-activated flameless heater composites based on Al and 

SiO for autonomous heat sources and study of their energy and thermodynamic 

characteristics; 

 - Study of the influence of mechano-chemical treatment conditions and 

parameters on the reactivity of the composition of an air-activated flameless heater 

based on Al and SiO; 

 - Development of exothermic composites of water-activated flameless heaters 

based on calcium oxide and mechanically activated aluminum for flameless heaters 

for medical purposes; 

 - Development of a method for increasing the energy efficiency of a water-

activated flameless heater based on CaO, Al by introducing SiO2 into the composite 

system by mechano-chemical activation in order to expand the range of applications 

of the resulting composites. 

 Methodological base of scientific research. To conduct scientific research on 

the topic of the dissertation, the following modern laboratory tools and equipment 

were used: planetary mill "Retsch PM100", electron microscope "Pulverisette 5" 

Fritsch, Germany, Quanta 3D 200i, laser granulometer MALVERN MASTERSIZER 

2000, for differential thermal analysis – NETZSCH 449f3a-0372-M. 

 Basic principles to be protected: 

- Obtained air-activated composite material for a flameless heater by 

mechanochemical activation of the system AlS-AlF-MnO2-SiO for 50 minutes, which 

is characterized by an Al content of 67.8%, a maximum combustion temperature of 

886.40С and a speed of combustion 0.22mm/s. 

- Determined optimal composition of the water-activated system 40% CaO-30% 

Al2O3-15% Al-15% Na2CO3  for flameless heaters for medical purposes, which release 

heat up to 550С, according to thermodynamic calculations, composite system gives an 

energy of 21140.5 kJ/mol at 859 K and in accordance with it, determined the 

compositions of the combustion product; 

- Obtained water-activated composite material for flameless heaters for food 

heating purposes with adding 15% SiO2  to the system Аl-Al2O3-CaO-Na2CO3 by 

mechanochemical modification of 15 min, which gives a temperature of up to 1010С, 

according to thermodynamic calculations, the combustion process of this system gives 

an energy of 9947.5 kJ/mol at temperature of 2134K. 

 The practical significance of the work is that on the basis of the results 

obtained, approaches were proposed to obtain composites for autonomous flameless 
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heaters based on dispersed aluminum powders and their modification by mechano – 

chemical activation. The proposed methods can be used to replace metal impurities 

such as traditional magnesium, iron used in flameless heaters with a simpler and more 

affordable metal, as well as to improve the operational characteristics and shelf life of 

composites. 

 The personal participation of the author in obtaining the results of the 

dissertation consists in setting research goals, reviewing and analyzing domestic 

and foreign scientific and technical literature, performing a complex of experimental 

studies on the preparation of dispersed aluminum powders by preliminary mechano-

chemical processing, obtaining composites for flameless heaters and converting them 

by mechano-chemical activation. It consists in analyzing the composition and 

properties of the obtained composites and products, processing and summarizing the 

results obtained, as well as identifying ways to solve the practical and theoretical 

problems posed, writing articles based on the results obtained.  

  Publications. The main results of the dissertation work were published in 7 

printed works, of which 1 article was included in the Scopus and Thomson Reuters 

databases, 3 publications were published in publications recommended by the 

committee for control in the field of Education and science of the Republic of 

Kazakhstan, 3 printed works were published in collections of international scientific 

and practical conferences and symposiums. 

 Approbation of the work. The results of the dissertation were reported and 

discussed at the following international scientific conferences: 

 -  Materials of the conference of students and young scientists dedicated to the 

30th anniversary of the Institute of combustion problems (Almaty, November 30, 

2017); 

 - X International Symposium “Physics and chemistry of carbon and Nanoenergy 

materials” (Almaty, September 12-14, 2018); 

 - International Conference of students and young scientists “Farabi Alemi”, 

April 8-11, 2019, Almaty, Kazakhstan.  

 The structure and content of the dissertation. The dissertation work is 

presented on 101 pages of machine-printed text and includes 34 Figures, 22 Tables. 

The work consists of an introduction, a review of the literature, a description of objects 

and research methods, results and their discussion, a conclusion and a list of 161 

sources of literature used. 
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1 LITERATURE REVIEW 

1.1 Modern and perspective Energetic Materials (EMs) 

 

 Energetic materials (EMs) are a class of material that can release chemical 

energy stored in their molecular structure. Upon external stimulations, such as heat, 

shock, or electrical current, these materials will emit energy in a short time [1-4].  

 EMs typically contain fuel and oxidizer, and do not require atmospheric oxygen 

to sustain the exothermic reaction. Upon decomposition EMs rapidly release large 

quantities of gaseous products, heat and pressure. There are three classes of energetic 

materials: pyrotechnics, propellants and explosives. Pyrotechnics are energetic 

mixtures that contain reducing agents (i.e. metal powders) and oxidizers (i.e. nitrates 

or perchlorates) in a composition rather than on the chemical structure of one molecule. 

The energy released by the non-detonative exothermic transition of pyrotechnics is 

accompanied by light, sound, gas, smoke, or a combination of these effects. Typically, 

pyrotechnic reactions proceed more slowly than explosive detonations and produce 

larger quantities of solid residue than gaseous products. Propellants are energetic 

materials that violently burn and do not explode. After initiation, propellants transition 

from solid to large volumes of gaseous products in millisecond or longer timeframes 

and exhibit a spark or flash. [5,6]. 

 Propellants and pyrotechnics are designed to burn slowly through a process 

known as deflagration, where the reaction propagates through the material at subsonic 

speeds. This slow combustion process allows for controlled release of energy over a 

longer period, making propellants suitable for applications such as rocket propulsion 

and fireworks where a sustained release of energy is required [7]. 

 The distinction between deflagration and detonation is crucial in understanding 

the behavior and applications of energetic materials. Proper selection of the type of 

material and understanding of the respective processes are essential in ensuring safe 

and efficient utilization of propellants, pyrotechnics, and explosives in various 

applications. Despite these differences, explosives, propellants, and pyrotechnics 

share several chemical similarities. In fact, explosive and propellant mixtures often 

share the same ingredients, although in different quantities. Energetic materials have 

numerous military and industrial applications. The vast majority of energetic 

materials are used by industry. There is a continuing need for improved energetic 

materials. In developing new energetic systems, one seeks optimal tradeoffs in energy 

content, safety, and cost. This is achieved through formulation, that is, combining 

known chemical compounds, and/or synthesis, producing new compounds. There are 

significant costs associated with either of these activities. In recent years, the demand 

for industrial and defense applications for energetic materials, including 

pyrotechnics, explosives, and propellants, inspired new developments in this field. 

The occurrence of advanced energetic materials in particular offers a unique new 

opportunity to improve the performance of energetic formulations [8]. 

  The most important component of energy materials are pyrotechnic 

compositions (PC) containing in certain proportions combustible, oxidizing agents 

and other components in the form of highly dispersed powders. PC are one of the 
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types of energy materials, the chemical energy of which is released under the action 

of an external pulse and converted into other types of energy. The peculiarity of PC 

is that chemical transformations in them occur mainly in the form of combustion - a 

self-propagating exothermic process that proceeds with relatively low linear 

velocities in the range from fractions of millimeters to meters per second. PC are 

widely used in various fields of technology to produce thermal, light, dynamic and 

many other useful effects. The fields of application of PC and their based products 

are constantly expanding, which is facilitated by the study of the mechanisms of their 

ignition and combustion, the creation of more and more effective compositions with 

desired properties, as well as the improvement of technological processes for 

processing pyrotechnic materials into products [9].  

 Traditionally pyrotechnics have been made from the fuel and oxidant in the 

form of finely-divided powders. Fuels have ranged from metals, such as 

aluminum, magnesium and iron, to non-metals, such as silicon, carbon, sulfur and 

some organic compounds. Oxidants have included oxides, peroxides and oxysalts. 

Various additives may be included to promote particular properties important to the 

manufacture or application of the pyrotechnics. Of more recent origin has been the 

development of bimetallic alloying pyrotechnics and the use of resin-bonded and 

polymeric materials [10-12]. 

 Pyrotechnic compositions are used in military affairs and the national economy. 

Among the pyrotechnic compositions used in the national economy, it is necessary to 

distinguish: fireworks, thermite for exposure to supercooled clouds and mists, gas-

generating, pesticide, for producing refractory metals, heating food, protecting 

gardens, match compositions to reduce shrinkage and shell formation during the 

cooling of molten metal, etc. They are also divided into plasma, aerosol-forming, 

thermal, and gas-generating. According to the technological properties, pyrotechnic 

compositions are divided into powdered, granular, thermoplastic and injection. 

Classification of pyrotechnic devices and compositions PС are traditionally divided 

into the following categories according to their use in pyrotechnic devices: lighting; 

photo-illuminating; tracing; compositions of night signal lights; compositions of 

colored signal lights; high-temperature, incendiary compositions; compositions of 

masking and protective fumes; flammable; infrared radiation; compositions of the 

signaling effect (imitation, dynamic, whistling, etc.); gas-generating; SHS systems – 

self–expanding high-temperature synthesis; gunpowder and mixed rocket fuels. 

Pyrotechnic compositions can also be subdivided depending on the nature of the 

processes occurring during their combustion into: 1) flame; 2) thermal; 3) smoke; 4) 

compositions burning due to oxygen in the air. The division of PC into these 

categories is purely conditional, because several categories of the same pyrotechnic 

compositions can be used in different pyrotechnic products [7,13]. 

 One of the promising areas of application of pyrotechnic compositions and 

means are systems of various versions of autonomous heat and energy sources used 

to equip autonomous heating devices and vessels for heat transfer based on 

exothermic reactions (flameless heaters), because gas, electricity and other energy 

sources are not required for the operation of such heaters [14,15]. 
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1.2 Flameless heaters based on exothermic reactions of pyrotechnics 

 

 Pyrotechnic compositions are incredibly versatile, and their effects can be 

customized by adjusting the types and proportions of chemicals used. Here's a brief 

overview of some common effects achieved through pyrotechnic compositions: 

different metal salts are often added to pyrotechnic compositions to produce vibrant 

colors when ignited. For example, strontium compounds produce red flames, copper 

salts produce blue or green flames, and barium compounds produce green flames. 

Metal powders, such as aluminum or magnesium, are commonly used to create 

sparkling effects. When these metals are ignited, they rapidly oxidize, releasing bright 

sparks. Some pyrotechnic compositions are designed to produce large volumes of 

colored smoke when ignited. This effect is achieved by incorporating specific 

chemicals that generate non-toxic smoke upon combustion [16-18]. 

  One of the fairly new and promising types of pyrotechnic compositions are 

composites based on flameless exothermic mixtures, in which a large amount of heat 

is released. This makes it possible to use such mixtures as heat sources to heat vessels 

or to power heating devices . 

 An important advantage of flameless composites is their safety in use, since 

they do not emit flammable gases or open flames. In addition, they have a high energy 

density, which allows them to be efficient and compact heat sources. 

 However, when using composites based on flameless exothermic mixtures, 

their storage and handling must be taken into account, since they can be dangerous if 

used incorrectly. In addition, the selection of the optimal mixture and its dosage 

should be based on the requirements of a particular application in order to achieve the 

desired level of thermal energy. 

 In general, composites based on flameless exothermic mixtures represent a 

promising technology for various applications where efficient and safe heat sources 

are required. Their use can be especially useful in situations where it is necessary to 

provide autonomous heating or flameless heating, for example, on a hike, in space 

research or in industrial processes [19-21]. 

  

1.2.1 Air activated flameless heating systems: effects of oxygen and 

pressure 

 Flameless air-activated heating systems are innovative technologies that rely on 

the use of oxygen and pressure to provide heating. These systems have a number of 

advantages over traditional burner devices, such as gas- or electric-heated stoves. 

 One of the key advantages of using oxygen in flameless heating systems is the 

efficiency of combustion. Oxygen has a higher oxygen concentration than air, which 

contributes to the complete combustion of fuel. This increases energy efficiency and 

reduces emissions of harmful substances into the environment. In addition, the use of 

pressure in these systems allows for an even distribution of oxygen and fuel in the 

heating device. This contributes to more efficient combustion and uniform heating 

without flame formation. This technology eliminates the need for constant control and 

regulation of the flame size, which makes flameless heating systems safer and more 

convenient to use [22-27]. 
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 Flameless heating systems with air activation have found application in various 

industries, including industry, construction, agriculture and even household needs. 

They can be used for water heating, room heating, material handling and many other 

tasks. Due to their efficiency and environmental friendliness, flameless heating systems 

with air activation are one of the promising areas of development in the field of energy 

and heating. 

 Air-activated heaters and chemical warming devices utilize exothermic chemical 

reactions to generate heat for various purposes, including therapeutic applications.  

 The device typically has a peel-away layer that, when removed, allows air to 

penetrate the holes of the outer foil layer. This step initiates the activation process by 

exposing the reactive components to oxygen in the air. Once the peel-away layer is 

removed, air can enter the device and come into contact with the reactive components 

inside. The air reacts with the materials inside the device, which typically include 

activated carbon, electrolytes, and a rate-controlling binder. These components are 

carefully selected and combined to facilitate a controlled exothermic reaction. 

 The reaction between the air and the reactive components generates heat. In the 

case of air-activated chemical warming devices, one common mechanism involves the 

rapid oxidation of iron. This oxidation process releases energy in the form of heat, 

raising the temperature of the device. The heat generated by the exothermic reaction is 

then utilized for therapeutic purposes, such as providing warmth to the user's body or 

helping to alleviate muscle soreness or discomfort. These devices are designed to 

provide a controlled and safe source of heat, making them valuable for a variety of 

applications, including outdoor activities, medical treatments, and emergency 

situations [23-25]. The precise formulation of the reactive components and the design 

of the device play critical roles in ensuring optimal performance and safety.Placing 

these products in a hyperbaric oxygen environment greatly increases the supply of 

oxidant and thus increases the rate of reaction and maximum temperature. Testing for 

auto-ignition and maximum temperatures attained by ThermaCare Heat Wraps, 

Playtex Heat Therapy, and Heat Factory disposable warm packs under ambient 

conditions and under conditions similar to those encountered during hyperbaric oxygen 

treatments in monoplace and multiplace hyperbaric chambers (3 atm> 95% oxygen) 

revealed a maximum temperature of 269 F (132ºC) with no spontaneous ignition. The 

risk of thermal burn injury to adjacent skin may be increased significantly if these 

devices are used under conditions of hyperbaric oxygen [26]. 

The inscribed involves a portable flameless heating apparatus made from a 

flexible porous substrate. This substrate contains a reducing agent that undergoes an 

exothermic reaction upon oxidation, along with a promoter for oxygen reduction and a 

binding agent. Once an electrolyte is added, the apparatus generates heat through the 

reaction with ambient oxygen.  

By utilizing ambient oxygen for the exothermic reaction, this flameless heating 

apparatus eliminates the manual addition of reagents, making it a convenient and 

environmentally friendly heating solution. The incorporation of a promoter for oxygen 

reduction and a binding agent further enhances the efficiency of heat generation. This 

innovative design presents a practical and effective alternative for portable heating 
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devices, offering a streamlined manufacturing process and utilizing easily available 

atmospheric oxygen for operation. 

 The authors of the work [27] have investigated and developed an air-activated 

flameless heater based on Zn. An air-activated, flameless ration heater that harnesses 

the energy of oxidation of Zinc to heat an MRE entrée pouch in a reasonably simple, 

practical and cost-effective way has been achieved. The electrochemical heater is 

entirely self-contained, requiring only exposing the heater pouch to air. The rate of 

reaction or “cooking” time has been adjusted by controlling air permeation and heater 

configuration. The heater meets the Army specification of increasing the temperature 

of an eight-ounce water pouch from 40 °F to 140 °F (+100 °F) in less than 12 minutes. 

The heater is based on the exothermic oxidation reaction of Zn: 

 

 Zn + O2  → 2ZnO       ∆Hf = -1.28 kcal/g Zn    [27] 

 

This electrochemical reduction of oxygen readily takes place on activated 

carbon. To achieve the reaction, Zn powder and activated carbon are embedded into a 

flexible binder substrate. This substrate is then rolled into sheets which can be cut, 

wrapped or folded into the  desired form. 

 Air-activated reactions that utilize common metals, have been categorized as 

“difficult to control”, “produces extreme temperatures”, and “requires special handling 

procedures”. For these reasons, air-activated heaters have found niche markets at each 

end of the spectrum: slow reactions (hand warmers, medical heating pads) and very 

aggressive reactions (infrared countermeasures). No air- activated reactions have been 

demonstrated to operate safely, affordably, and fast enough to provide the 

time/temperature profile required for heating of the MRE. However, the application of 

this technology within combat rations extends far beyond only the MRE. The flexibility 

of the heater sheets provides for application to commercial beverages, soups, and other 

platforms.  

 

1.2.2 Heat releasing water-activated pyrotechnic powders for flameless  heater 

 

Exothermic mixtures activated by water with the release of heat are a special 

type of chemical reactions in which heat is released. This is due to specially selected 

components of the mixture, which react with water with high reaction energy. When 

an exothermic mixture interacts with water, an exothermic reaction occurs, resulting in 

a significant amount of heat being released. The heat released during the reaction can 

be used for various purposes, such as heating, heating water, or powering technical 

systems. 

The most common example of an exothermic reaction with water is the reaction 

between aluminum and water. Aluminum reacts with water, releasing heat and forming 

an aluminum hydroxide mixture. This reaction can be used to generate heat, for 

example, to heat water in a heating system or generate steam. 

Another example of an exothermic reaction with water is the reaction between 

calcium and water. When calcium interacts with water, calcium hydroxide is formed 
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and a large amount of heat is released. 

Activating the mixture with water is a simple and effective way to turn on the 

reaction. It is enough to add water to the exothermic mixture, and the reaction will 

begin, accompanied by the release of heat. This makes it possible to widely use 

exothermic mixtures with water activation in various industries, including 

construction, industry, firefighting and others [28-30].   

 

1.2.3 Exothermic compositions based on metals 

 

Most of the works presented compositions for flameless heaters, the main 

components of which are involving metals from the group Fe, Mg, Al, Zn, and oxides 

of metals with variable valences such as MnO2, PbO2, Ni2O3, for carrying out 

exothermic oxidation-reduction reactions [14,20]. These reactions are often utilized for 

various applications, including the production of hydrogen and heat generation. One 

specific example mentioned is a magnesium-iron alloy prepared through a "mechanical 

mixture" method. This alloy, containing up to 10% iron by weight, is produced in a 

ball mill by mixing magnesium and iron powder in an inert solvent. After solvent 

evaporation and excess iron separation, the resulting alloy exhibits high reactivity with 

water, especially in the presence of sodium chloride, with a specific heat of reaction up 

to 5.6 kJ/g (Mg) [14,31]. 

However, the rapid reaction rate of this mixture with water limits its efficiency 

in heat exchangers, making it more suitable for hydrogen production devices. To 

address this limitation, methods for producing magnesium alloys with various metals 

including iron, iron oxide, zinc, chromium, aluminum, and manganese, are of interest. 

These alloys aim to form a phase interface between magnesium and the respective 

metal, promoting micro electrochemical cell formation [14]. 

In works [32-37], a heating device is presented in which heat is generated by 

oxidizing an exothermic composition of aluminum, copper sulfate, potassium chlorate, 

and calcium sulfate activated by adding water. The reaction of the mixture produces 

gases, which can be flammable or corrosive [14]. 

 The work [29] describes various methods and compositions used for flameless 

heating, particularly focusing on devices utilizing magnesium alloys reacting with 

water to generate heat: 

 

Mg(s) + 2H2O(l) → Mg(OH)2(s) + H2(g) + heat [ΔH = –351 kJ/(mol Mg)]  [29] 

  

The electrochemical heater pads rely on a reaction triggered by the addition of 

water [14,30]. When water is added to the electrochemical heater pad, it initiates the 

reaction between the components inside. The reaction between the magnesium anode 

and iron cathode produces various reaction products. In this case, the main product is 

a nontoxic residue composed of magnesium hydroxide [Mg(OH)2] dissolved in a saline 

solution [14,29,30]. 

The activation of electrochemical heater pads by water triggers a series of 

reactions between the magnesium anode and iron cathode, ultimately producing heat 
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and generating a nontoxic residue consisting primarily of magnesium hydroxide 

dissolved in a saline solution. These heater pads are commonly used for applications 

where a portable and safe source of heat is required, such as outdoor activities, 

emergency situations, or medical treatments. The electrochemical heater pads are 

activated by the addition of water. After reacting with water, a nontoxic residue is 

produced which consists of a weak solution of magnesium hydroxide [Mg(OH)2] in a 

saline solution. The reactions and reaction products between the magnesium anode and 

iron cathode are divided into three types [14,30]: 

 

1. Electrochemical Reaction: 

Air Cathode: O2 + 2H2O + 4e → 4 0H- Anode: 2Mg →2Mg+2 + 4e-   

Net Electrochemical Reaction: 

2Mg + 02 + 2H20 → 2Mg(OH)2     

Corrosion Reaction: 

Mg + H20 → Mg(OH)2 

Mg2+ + 2Сl- → MgСl2                

2. Hydrolysis Reaction: 

MgCl2 + H2O + OH-→Mg(OH)Сl-(H2O) + Cl-       [14,30] 
 

This new flameless electromagnetic heater sounds like an innovative solution, 

especially for military field conditions where traditional heating methods might not be 

feasible or safe. Using hysteresis and vortex thermal power in solid iron, along with 

thermal short-circuit power in short copper rods, to generate heat is quite clever. 

Developing a mathematical model based on the inverse problem of temperature 

increase and losses in electric machines seems like a rigorous approach [14,33,34]. It 

allows for a deeper understanding of how the heater functions and how to optimize its 

efficiency and performance. 

The finite element analysis mentioned in the study is crucial for understanding 

the distribution of magnetic fields, eddy currents, and short-circuit currents within the 

heater. This analysis likely provides valuable insights into how these factors interact 

and affect the overall heating process. Regarding magnesium-based compositions, the 

article discusses several disadvantages associated with their use. Magnesium's 

interaction with water releases heat, but this reaction is limited to a pH below 8.5. 

Increasing the pH leads to passivation of the magnesium surface, hindering further 

interaction with water. To regulate the reaction rate, additional compounds that affect 

pH must be introduced. Acid anhydrides, free acids, and salts of strong bases and weak 

acids are examples of such compounds [14,29,30]. 

However, these additional compounds decrease the magnesium content in the 

mixture, reducing the overall heat release efficiency. To enhance heat release, 

magnesium alloys with metal catalysts are utilized, creating micro-galvanic elements. 

Despite these improvements, magnesium-based compositions still exhibit uneven heat 

release, primarily at the beginning of oxidation-reduction reactions. This unevenness 

poses challenges for efficient heat exchange with heated objects [14,30]. 

Moreover, the nature of oxidation-reduction reactions necessitates complex, 
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multi-compartment designs for heaters and compresses. Proper mixing of components 

is required to initiate the reaction, which can be inconvenient for practical use [14]. 

In summary, while magnesium-based compositions offer potential for heat 

generation, they face challenges related to reaction control, heat release efficiency, and 

storage stability. Research continues to address these limitations and improve the 

practicality of such compositions for various applications. 

 

1.2.4 Alkali metal based exothermic powder mixtures 

 

Since the early 1900s, there has been interest in utilizing alkali metal carbonates 

for heating purposes. One notable application was in self-heating canned goods, which 

were initially designed for mountain expeditions and exploration. For instance, 

American balloonist Alan Ramsey Howley mentioned using self-heating soup cans 

during his 1910 Gordon Bennett Cup balloon race victory. Similarly, archaeologist 

Hiram Bingham documented using self-heating canned food during his travels through 

South America from 1909 to 1915 [14,38]. 

Despite these early uses, self-heating packaging did not become widely 

adopted. During wartime, self-heating canned goods were primarily reserved for 

military use and only returned to civilian shelves six years later. However, even after 

their reintroduction, they did not gain mass popularity due to their high prices. 

Consequently, self-heating technology remained predominantly associated with 

military applications for a long time. 

In more recent times, there has been renewed interest in self-heating technology, 

particularly in packaging. Matthew Searle, who currently leads the company Steam to 

Go, was involved in the development of self-heating technology for Nescafe coffee in 

2002 as the director of development at Thermotic Developments [14,39]. This 

technology involved placing a thermos-block containing water and calcium oxide 

(quicklime) within standard 330ml drink cans. Upon activation, the quicklime would 

react exothermically with water, heating the contents of the can. 

The history of self-heating technology demonstrates its evolution from early 

military applications to contemporary commercial use, with ongoing innovation 

driving its development in various industries. 

The composition of the heat source, consisting of a dry powdered mixture of 

alkaline earth peroxide, alkali carbonate, and a reducing agent, is intriguing [14,40]. 

This combination likely facilitates the controlled release of thermal energy when water 

is added, triggering exothermic reactions between the components. The process by 

which the alkaline earth peroxide and alkali carbonate produce peroxide in solution, 

which then reacts with the reducing agent to generate thermal energy, sounds efficient 

and straightforward [14]. This mechanism likely ensures a reliable and consistent 

source of heat for heating meal-ready-to-eat packages. 

Key components of the invention may include [38]. 

- Alkaline Earth Peroxide: This compound likely serves as one of the primary 

sources of oxygen for the exothermic reaction. It contributes to the production of 

peroxide in solution when water is added. 

- Alkali Carbonate: The alkali carbonate likely plays a role in adjusting the pH 
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of the solution and possibly acts as a catalyst for the reaction between the alkaline 

earth peroxide and the reducing agent. 

- Reducing Agent: This component is crucial as it reacts with the peroxide 

produced in solution to generate thermal energy. The choice of reducing agent is 

likely carefully considered to ensure efficient heat production without unwanted 

byproducts. 

The invention's ability to generate heat without the need for an external flame or 

electricity makes it particularly suitable for meal-ready-to-eat packages, where 

portability and simplicity are essential. It could prove invaluable for military personnel, 

outdoor enthusiasts, or emergency preparedness situations where access to traditional 

heating methods is limited. The proposed reaction involves the interaction of these 

components upon the addition of water, resulting in a controlled exothermic reaction 

without the substantial emission of hydrogen gas. The specific chemical reactions 

involved in this process are not provided in the excerpt, but the described components 

are intended to facilitate a safe and efficient heat generation mechanism suitable for 

meal-ready-to-eat packages [39]: 

  

3CaO2+3Na2CO3+2Al=3CaCO3+2NaAlO2+4NaOH     [39] 

 In these work, discusses various methods and compositions used for generating 

heat through exothermic chemical reactions, particularly for heating food.  

 Indeed, a wide range of reactants, both liquid and solid, can undergo exothermic 

reactions, producing heat as a result. Here are some examples of such reactants: 

Quicklime (Calcium Oxide, CaO)-reacts exothermically with water to form calcium 

hydroxide (slaked lime), releasing heat in the process, sodium Hydroxide (NaOH)-an 

alkaline compound that releases heat when dissolved in water, a highly exothermic 

reaction. Each of these substances has its unique properties and reactivity, which can 

be harnessed for various applications requiring heat generation. Depending on the 

specific requirements of the application, different reactants may be chosen to achieve 

the desired outcome efficiently and safely. Additionally, the choice of reactants may 

also depend on factors such as cost, availability, and environmental considerations 

[39,40]. 

 Various reactants, both liquid and solid, are investigated for their ability to 

produce heat through exothermic reactions. Examples include quicklime (CaO), 

sodium hydroxide, metallic elements like cobalt, chromium, iron, magnesium, 

manganese, molybdenum, tin oxide, titanium, and sodium, as well as compounds like 

calcium hydroxide, sulfuric acid, and nitric acid. These reactants typically generate 

oxides that react with oxygen at room temperature, producing heat [38,41]. 

 Container Design for Exothermic Reactions, Consideration is given to the design 

of containers to facilitate exothermic reactions. Special containers, such as disposable 

trays with compartments separated by watertight partitions, are designed to allow 

controlled mixing of reactants upon activation. These containers may include tearing 

elements or control knobs for user activation.  
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 The analysis of literature highlights the importance of studying and determining 

exothermic compositions for food heating, emphasizing the need for both high heat 

generation and controlled release for practical applications [14,38].  

 

 1.3 Applications of flameless heaters 

 

 Flameless heating systems have a wide range of applications in various fields. 

Here are some examples of using such systems [38-51]: 

 1. Heating: Flameless heaters can be an effective solution for space heating. 

They work on the basis of special technologies, such as infrared radiation or ceramic 

or graphite-based heating elements. These systems provide fast and uniform heating, 

do not require gas or fuel connections, and are highly energy efficient. 

 2. Industrial processes: Flameless heaters are widely used in industry to heat 

various materials or media. They can be used for preheating materials in production 

lines, for drying or surface treatment, as well as for heating liquids in tanks or 

containers. 

 3. Agriculture: Flameless heaters can be useful tools in agriculture. They can be 

used to maintain optimal temperatures in greenhouses or greenhouses, to heat water for 

animals or birds, as well as to combat frost or icing in fields or crops. 

 4. Medical industry: Flameless heaters are used in the medical industry to 

maintain a certain temperature in medical instruments or equipment, to warm up liquids 

or solutions, as well as to heat rooms in medical institutions. 

 5. Automotive industry: Flameless heaters can be used in the automotive 

industry to heat the interior of cars or trucks, as well as to warm up the engine or fuel 

heating. 

 6. Military Applications: Flameless heaters also find application in military 

applications. They can be used to heat living quarters, canteens or shelters, as well as 

to heat food or water in field operations. 

 So, depending on the specific needs and conditions, they can be adapted and 

used in a variety of other industries and fields of activity.  

  

 1.3.1 Military flameless heaters  

 

Flameless ration heaters first of all used for the flameless cooking of a self-

heating meal known as Meals, Ready to Eat (MRE).  The technology behind flameless 

ration heaters is based on a combination of food grade iron and magnesium.  When salt 

water is added to the iron-magnesium combination, the mixture results in an 

exothermic reaction, reaching temperatures of up to about 100°C in a relatively short 

amount of time.  This rapid rise in temperature is used to then cook the MRE.  They 

are used extensively by the military as a method of providing meals to soldiers while 

in the field; however, they are finding their way into other uses, and are now being 

used by campers, boaters, disaster response teams, etc [52].  

The need for hot meal rations for military personnel resulted in an investigation 

into the design of a flameless heating device. The criteria for an optimal heating system, 

as outlined in the initial studies, are indeed critical considerations, especially for 
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military applications where lightweight, safety, convenience, and efficiency are 

paramount. The U.S. Army's Natick Research, Development, and Engineering Center 

(Natick) recognized these requirements and sought innovative solutions to meet them 

[14,30]. Studies concluded that the pad would require certain modifications in order to 

be utilized. In 1980 the Navy conducted research on electrochemical reactions, based 

on powder metallurgy, for use in certain devices. Natick provided additional funds for 

the ongoing research since the products would be more cost-effective. The research 

resulted in the development of a portable electrochemical heater, referred to as the 

Dismounted Ration Heating Device (DRHD). The DRHD consisted of chemical 

heating pads composed of magnesium-iron alloy attached to the inside surfaces of the 

insulated pouch, and a separate pouch containing saline solution. The DRHD was 

considered too bulky and fragile to use in an operational environment. The principal 

inventor of the chemical heating pad used in the DRHD formed a corporation called 

ZestoTherm Inc., soon after filing a patent for the device. ZestoTherm modified the 

heating pad and developed the flameless Combat Ration Heater (CRH) by 1986. In 

1989, the Food Engineering Directorate (FED) initiated a program to provide a more 

convenient and effective method of heating the MRE entree. The result of the program 

was the development of the Flameless Ration Heater (FRH) which is now used to heat 

MRE entrees [45]. 

This heat of reaction is utilized to warm soldier meal rations in the field. This 

heater consists of magnesium, iron, polyethylene powder, salt, surfactants and 

buffering agents blended together and sintered' into a 3.5" by 4.5" by 0.125" flexible 

pad. Magnesium was chosen as the anodic material because of its relatively high energy 

density, cost and availability. In the presence of salt water, magnesium oxidizes slowly 

and energy is not produced at a usable rate. However, when anodic magnesium and 

cathodic iron materials are electrically connected, forming an electrochemical cell, the 

system sufficiently liberates energy (heat) for use as shown in the following equation 

[45]:  

 Mg + 2H2О                 Mg(OH)2 + H2 + Q        H = -86.6 kcal/mole  [45] 

 

 One by-product of the magnesium-to-magnesium hydroxide conversion is the 

production of hydrogen gas. Hydrogen is a small molecule and the lightest of all gases. 

It is considered flammable in air within the concentration range of 4.0 to 74.2 volume 

percent and detonable within 18.3 to 59.0 volume percent. The auto-ignition 

temperature for hydrogen is 550° C, thus making hydrogen very difficult to ignite under 

ordinary circumstances. Hydrogen burns cleanly producing water as the by-product 

with very little radiation. The FRH product weighs about 36 grams. It consists of a 

heater pad weighing approximately 20 grams, a heater cover weighing 8.8 grams and 

a high-density polyethylene outer bag weighing about 7 grams. The heater requires 

approximately 2 ounces of activating water for the reaction to go to completion. The 

amount of hydrogen produced during the reaction is approximately 0.7 grams. This 

information is based on the reaction above which states for every gram mole of 

magnesium reacted one gram mole of hydrogen is produced. Therefore, 8 grams of 
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magnesium (0.33-gram moles) will react with water to form 0.33-gram moles of 

hydrogen or 0.66 grams [43-45].  

 Today it is considered very popular to use flameless heaters designed for fast 

heating of liquids or solid food products through exothermic reactions in the field, by 

mixing a chemical reagent with water. In recent years, the scope of application of 

flameless heaters has expanded significantly in various industries, due to the lack of 

the need for a fire, the use of open flame, the absence or impossibility of using electric 

and gas heating devices. Thermo-packaging has been known for a long time, which 

contains a mixture of chemicals for the exothermic reaction. The heating element in 

contact with water generates heat. In this case, the hermetically sealed product is heated 

due to contact with the heating element. Classical examples are provided by the 

military to heat ready-to-eat portioned meals (“MRE”). In addition to the military, there 

are many other consumers, such as emergency rations for shelters, for a field athlete, 

and for heating non-food items [46-51]. 

  

 1.3.2 Use of the flameless heater as a field-expedient means of warming in 

medicine 

 The proposed compositions are used in medicine as a warming compress on any 

part of the body, near the focus of pain. This is a new solution in the field of warming 

in the cold season. They are recommended for use by lovers of winter holidays or for 

those who have been in the cold for a long time. The thermal package will help you 

quickly and effortlessly warm up for skiers, hunters, fishermen, fans, builders, military, 

motorists, etc. Warming bags are an environmentally friendly source of heat that retains 

warmth and comfort in all cold conditions [52-55]. 

 Thermo-bags have also found a wide range of applications in the field of 

medicine. Such heaters play a vital role in the application of first aid for various 

injuries, injuries in the field, where it is difficult to get electric heaters or physiotherapy. 

Due to the intense warming effect, body heating pads based on flameless heaters relieve 

unpleasant and painful sensations during rheumatism, arthritis, osteochondrosis, 

bruises and sprains. Increases the effectiveness of therapeutic ointments (dry heat 

accelerates the healing process) [52]. 

  These heat packs are an economical, safe, and reliable way of delivering heat to 

bruises to relieve muscle pain. It is important that there is a constant change 

(improvement) of the compositions and structure of the mixtures through the use of 

new components, as well as changes in technological methods and manufacturing 

conditions, as a rule, in the direction of their intensification and / or "tightening" [53].  

 Heat packs also used to treat stiff muscles as they recover from overexertion. A 

patient suffering from Bell's Palsy or other facial ailments may also benefit from them. 

Other typical uses of these items are personal hand warming, preparation for scuba 

diving and hypothermia treatment. They may also be found in food containers designed 

to transport casserole dishes or other hot meals [54]. 

 Also studied [55-67], that the study outlined addresses a critical issue in 

prehospital medical care: the prevention and management of hypothermia, particularly 

in trauma victims. The ability to efficiently heat intravenous fluids (IVF) in cold 

environments is crucial for preventing further core cooling and improving patient 

https://www.wisegeek.com/what-is-hypothermia.htm
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outcomes. The study highlights the limitations of current IVF heating systems, 

particularly in terms of their weight, energy efficiency, and battery life. Flameless 

ration heaters (FRHs) from meals ready to eat (MREs) are identified as a potential 

solution due to their portability and ease of use. However, existing models lack 

standardization, making it challenging to consistently deliver warmed IVF. 

 The aim of the study is to establish a reliable method for heating IVF to 

recommended temperatures across a range of ambient conditions using an insulated 

pouch and commercially available FRHs. This research is valuable for forward-

deployed medical units that lack the capability to warm IV fluids before administration. 

 By demonstrating a field-expedient means of warming IV fluids using the 

flameless heater available in MREs, the study aims to prevent hypothermia and 

improve patient outcomes in challenging environments where resources are limited. 

This research could have significant implications for prehospital care, especially in 

situations where hypothermia is a common risk factor.  Room-temperature and 

refrigerated lactated Ringer's solution were organized into three data collection groups 

using either one or two MRE heaters. The temperature change of the fluid was 

recorded. Average temperature increases ranged from 15.8 to 31.20C in times ranging 

from 8 to 20 minutes. Therefore, they conclude that the flameless MRE heater provides 

a simple, field-expedient means of warming IV fluids before their administration [56]. 

The cited study investigates the use of air-activated thermal devices (AATD) as 

a means of providing thermal support for laboratory mice, particularly focusing on their 

susceptibility to hypothermia in various conditions. Laboratory mice are prone to 

hypothermia, especially during anesthesia, illness, and exposure to environmental 

stressors [57]. Maintaining their body temperature within a suitable range is crucial for 

their health and well-being. While there are many thermal support devices available 

for small mammals, they often require a power source and may not be practical for use 

in cages on racks, which are common in laboratory settings. AATDs are chemical 

mixtures that undergo an exothermic reaction, generating heat without the need for 

external power sources. They offer a potentially convenient and efficient solution for 

providing thermal support to laboratory animals. 

 The study examines the environmental effects of AATD on internal cage 

temperatures without the need for additional equipment. It found that AATD raised 

temperatures inside the cage, with peak temperatures reaching 35.6 ± 2.5 °C, 

significantly higher than control cages [58,59]. 

 The study also investigates the physiological effects of AATD as postoperative 

thermal support for mice. It found that mice with AATD showed less marked drops in 

body temperature during the initial hours after surgery compared to those without 

AATD. The physiological results suggest that AATD can provide extended thermal 

support for mice housed in static micro-isolation cages, helping to maintain their body 

temperature post-surgery. This finding has implications for improving postoperative 

care and recovery in laboratory animal research [57-59]. 

 The amount of heat produced by AATD and its temporal distribution were found 

to be dependent on cage and rack types, highlighting the importance of considering 

environmental factors when using such device. Overall, the study demonstrates the 

potential utility of AATD in providing localized and clinically relevant thermal support 
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for laboratory mice, both in environmental and physiological contexts. This could have 

significant implications for improving the welfare and outcomes of research involving 

small mammal models [60-67]. 

 

1.4 Aluminum and its alloys as a propellant, explosive and pyrotechnic 

substance 

The description provided highlights some key properties of aluminum that make 

it a preferred choice for energetic materials: 

- High Density-Aluminum possesses a high energy density, making it an efficient 

fuel for energetic systems. The enthalpy of oxidation in oxygen (31.0 kJ/g Al) indicates 

the amount of heat released when aluminum undergoes combustion, showcasing its 

potential as a source of energy [68,69]. 

- Low O2-Demand-Aluminum has a relatively low demand for oxygen during 

combustion compared to other materials, which contributes to its effectiveness as an 

energetic material. This characteristic can enhance the efficiency of combustion 

reactions. 

- Cost-Effectiveness-Aluminum is comparatively inexpensive, making it an 

attractive option for use in condensed energetic systems. Its affordability contributes 

to its widespread utilization in various applications [70].  

 Additionally, the mention of aluminum particles being passivated by air and 

having a layered structure with a metal core surrounded by an amorphous Al2O3 shell 

highlights the importance of surface chemistry and structure in controlling the 

reactivity and stability of aluminum-based energetic materials [71,72,77]. The 

presence of the oxide shell helps to prevent uncontrolled reactions and can influence 

the kinetics of combustion processes. These characteristics make aluminum a versatile 

and practical choice for use in a range of energetic systems, from propellants and 

explosives to pyrotechnics and power generation. 

The provided information delves into the controlled generation of the Al2O3 

layer on aluminum powder during production and its significance in preventing rapid 

reaction with the surrounding environment [72,73]. The intentional application of an 

aluminum oxide layer to the surface of aluminum powder is an essential manufacturing 

process that helps to stabilize the metal and prevent further oxidation. This protective 

coating is created through controlled exposure to oxygen during the manufacturing 

process, forming a barrier around each individual aluminum particle that shields it from 

corrosion. The thickness of the oxide layer on aluminum particles, typically around 4-

5 nanometers at temperatures up to 673K, remains relatively stable, regardless of the 

particle morphology or size [72,73]. This is due to the diffusion of oxygen into the 

aluminum core, which helps to maintain the stability of the oxide. However, when the 

temperature exceeds 673K in the presence of oxygen, the thickness and crystal 

structure of the oxide can change, leading to temperature-dependent behavior that 

affects the stability and reactivity of the powder. 

Industrial aluminum powders are usually micrometer-sized particles that have 

been passivated in air and contain a high percentage of aluminum (typically more than 

95%). They have a specific surface area of less than 1 square meter per gram, making 

them suitable for applications that require precise reactivity control. It is worth noting 
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that aluminum powders on the nanoscale have increased reactivity when compared to 

those of micrometer sizes. This increased reactivity is due to their higher specific 

surface area (typically ≥ 10 m2/g) and reduced aluminum content (typically < 90 wt%) 

[73,74]. Nano-sized powders are often used in applications where rapid and controlled 

reactions are necessary, such as in energetic materials or catalysts. 

Understanding the properties and behavior of aluminum powders, including the 

formation and stability of the oxide layer, is crucial for optimizing their performance 

in various applications, from industrial processes to advanced materials development. 

Aluminum can act as a water-splitting agent for hydrogen production. The reaction of 

aluminum with water yields hydrogen gas, with a gravimetric hydrogen capacity of 3.7 

wt% and a volumetric capacity of 46 g H2/l [75]. 

The reaction between an aluminum particle and water at neutral pH forms a core-

shell structure, with the aluminum core surrounded by a hydroxide shell. This structure 

facilitates the diffusion of ions or water molecules through the hydroxide layer to reach 

the aluminum core, where the reaction occurs at the interface between the core and the 

shell [76]. 

The diffusion of aluminum-containing ions outward to the surface of the 

oxide/hydroxide shell is a crucial step in the reaction of aluminum with water, 

particularly at neutral pH [77]. Despite the negligible solubility of aluminum ions in 

water, they react with water molecules on the shell's surface to form compounds such 

as aluminum hydroxide (Al(OH)3) or aluminum oxyhydroxide (AlOOH), contributing 

to the thickness of the shell. The diffusion of these ion species or water molecules 

through the hydroxide layer is considered the rate-limiting step for the reaction between 

aluminum and water. As the hydroxide layer thickens and densifies, the diffusion 

process slows down, leading to a decrease in the rate of hydrogen generation [78,79]. 

To enhance the efficiency of the reaction and promote hydrogen generation, 

scientists have conducted extensive research. This research aims to develop strategies 

to overcome the limitations imposed by the diffusion process, such as modifying the 

structure or composition of the aluminum particles, optimizing the conditions of the 

reaction, or introducing catalysts to facilitate the reaction kinetics. 

Ball milling (BM) of aluminum powders, either monolithic or mixed with 

various other materials, has been explored as a method to activate the reaction of 

aluminum with water. These additional materials can include low melting point (LMP) 

metals such as gallium (Ga), indium (In), bismuth (Bi), mercury (Hg), and zinc (Zn), 

as well as water-soluble salts like sodium chloride (NaCl) and potassium chloride 

(KCl), and ceramic powders such as aluminum oxide (Al2O3), titanium dioxide (TiO2), 

carbon (C), silicon dioxide (SiO2), and aluminum hydroxide (Al(OH)3) [80-82]. 

The research aims to understand how BM influences the microstructure and 

reactivity of aluminum particles in the context of the aluminum-water reaction. This 

understanding is crucial for optimizing the performance of aluminum-based systems 

for hydrogen generation, particularly in fuel cell applications [83]. 

The approach outlined for discussing the crystallography of aluminum and its 

alloys is indeed structured and comprehensive. This aspect involves understanding the 

basic crystal structure of pure aluminum. It includes identifying the arrangement of 

atoms in the crystal lattice and any deviations from ideal crystal symmetry. The 
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analysis of the crystal lattice parameter, which is the distance between the points in the 

crystal structure, allows us to gain valuable insights into the coefficient of linear 

thermal expansion for aluminum. This parameter reveals the changes in the 

arrangement of atoms within the crystal as temperature fluctuates [84-89]. 

Understanding the extent of atomic vibrations within the lattice as temperature varies 

is essential, as these vibrations significantly influence the mechanical and thermal 

characteristics of the material. Interatomic bonds play a fundamental role in 

determining the crystallographic characteristics of a material, allowing us to 

understand the nature of interactions between atoms in a crystal structure. This 

knowledge is essential for understanding the behavior of materials under different 

conditions and predicting their responses to external stimuli, such as mechanical and 

thermal stresses. By studying these bonds, researchers gain insight into the structural 

stability, strength, and thermal properties of materials, such as aluminum [85]. 

Analyzing the nature of the bonds between aluminum atoms is essential, as it drives all 

other aspects of material properties. By thoroughly examining these aspects of the 

crystallography of pure aluminum, researchers can develop a comprehensive 

understanding of its structure and behavior. This understanding serves as the 

foundation for discussing aluminum alloys. 

This hierarchical approach ensures a systematic and thorough exploration of the 

crystallography of aluminum and its alloys. By following this approach, researchers 

can establish a solid foundation for understanding the properties and behavior of these 

materials, which is essential for various engineering and industrial applications. The 

face-centered cubic (fcc) crystal structure of pure aluminum is indeed a close-packed 

arrangement of atoms, representing one of the densest geometric packings of spheres 

possible [86]. In the fcc structure, each atom is surrounded by twelve nearest neighbors 

arranged at the corners of an octahedron, with additional six neighbors located at the 

centers of the faces of the cube. 

The layer sequence in the fcc structure follows an ABCABC... pattern, where each 

layer (starting from the bottom) consists of three planes of atoms: A, B, and C. This 

sequence repeats indefinitely, creating a highly symmetric and efficient packing 

arrangement. 

In summary, the fcc crystal structure of pure aluminum features atoms arranged in 

a closely packed manner, with a repeating ABCABC...  Layer sequence, as illustrated 

in Figure 1. This structure provides aluminum with its characteristic properties, such 

as high ductility, conductivity, and corrosion resistance. 
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Figure 1 – The face-centered cubic crystal structure of pure aluminum [86] 

 

The description in Figure 1 [86] provides a visual representation of the face-

centered cubic (fcc) crystal structure of aluminum, emphasizing key aspects of its 

atomic arrangement. (a) In the fcc crystal structure of aluminum 

viewed from above, there is a dense packing of atoms in an A-B-C-A-B-A pattern. 

Each layer of atoms is represented by a different color: blue for A, red for B, and green 

for C. Atoms within a single unit cell are darkly colored, and the boundaries of the cells 

are indicated for reference. (b) From the perspective 

of, it is clear that the layers are arranged in the A-B-C order, but they do not align 

exactly with the direction. (c) To prevent atoms from overlapping, a smaller-

sized atomic model is provided, which allows a 

more accurate representation of their positions. (d) Densely packed structures, such 

as fcc, contain twice as many tetrahedral gaps as octahedral gaps. The figure 

shows an octahedral internode located between two tetrahedral nodes, forming a 

primitive rhombohedral unit cell. This unit cell, containing only one atom, effectively 

describes the crystal structure. Additionally, for reference, the relationships between 

the lattice parameters of face-centered cubic and primitive units are provided, which 

help to understand the geometric properties of the crystal lattice [86,87]. 

So, Figure 1 provides a comprehensive visual understanding of the face-centered 

cubic crystal structure of aluminum and its key features, including atomic arrangement, 

interstitial spaces, and cell representations. 

Understanding this relationship is crucial for understanding the spatial 

distribution of atoms and internodes in crystalline materials, which makes it possible 

to predict their properties and behavior based on their crystal structure. Since this cell 

repeats periodically to describe the entire fcc structure, the ratio of tetrahedral to 

octahedral interstices remains constant throughout the material. Understanding these 

ratios and the arrangement of interstices is fundamental for studying the properties and 
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behavior of materials with close-packed structures like fcc. It provides insights into 

their mechanical, thermal, and electronic properties, contributing to various fields such 

as materials science, metallurgy, and solid-state physics [88]. 

The limitations imposed by the internal structure of crystals are important when 

considering the introduction of alloying atoms into metallic systems, such as 

aluminum and its alloys. These limitations include the maximum size of spheres that 

can be accommodated within the crystal lattice, which depends on the type of 

interstitial site. For octahedral interstitial sites, the largest sphere that can 

fit without causing deformation has a radius equal to 0.593 angstroms (Å). This means 

that alloying atoms aiming to occupy these sites must have a radius less than or equal 

to this value in order to avoid deformation. Similarly, for tetrahedral interstitial 

sites, the maximum radius of a sphere that fits without causing distortion is 0.322 Å  

[86-88]. 

Therefore, alloying atoms seeking to 

occupy these positions must have radii smaller than this value to ensure compatibility

 with the host lattice.These limitations highlight the challenges associated with 

the incorporation of alloying atoms into the crystal structure of metal systems, such as 

aluminum. The narrow range of acceptable radii for these atoms emphasizes the 

importance of carefully selecting alloying elements to avoid 

structural distortions and maintain the desired properties of the material [89]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Figure 2 – “Rules of thumb” for a close-packed elemental structure’s ability to 

accommodate atoms of different elements within its interstices 

 

In densely (Figure 2) packed structures, such as aluminum, the size of octahedral 

and tetrahedral gaps determines the ability of other atoms or ions to fit into the gaps of 

the crystal lattice. Octahedral gaps, designated as a, b, and c, can accommodate atoms 

or ions with a radius not exceeding 0.414 times the radius of the host atom. In a 

rhombohedral cell made from aluminum, these octahedral gaps appear as 

spaces where additional atoms or ions can fit tightly. Since these gaps are 

larger than tetrahedral ones, they can accommodate larger atoms compared to the host 

atom. Tetrahedral gaps, denoted as a, d, and e, are significantly 

smaller than octahedral ones. These tetrahedral spaces can only 
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accommodate particles with a radius less than 0.225 times that of the host particle.In a 

rhombohedral crystal, green tetrahedral voids represent smaller spaces within the 

crystal structure where atoms can be located. These voids are limited by the smaller 

size of the atoms compared to the larger octahedral voids. Understanding these 

size restrictions is crucial for understanding the atomic structure in densely 

packed materials such as aluminum. The ability of atoms or ions to occupy 

these voids affects the properties and behavior of the material, influencing its 

mechanical, electrical, and chemical characteristics [86-89]. 

As most solid solutions in alloys are substitutional for aluminum, 

the varying solubility of different elements in the solid state adds 

to the complexity of understanding the structure of aluminum 

alloys. Accurate characterization techniques are essential to study these 

systems thoroughly and ensure the quality and integrity of aluminum and its alloys. 

Aluminum-containing composites are highly valued for their exceptional 

thermal conductivity properties, making them ideal for use in flameless heaters. These 

materials efficiently transfer heat and ensure uniform heating of surfaces, making them 

suitable for heating devices requiring high efficiency and safety. These composites find 

applications in various fields, including industry, household appliances, electronics, 

and more, where they can be integrated into heating elements, panels, films, and other 

devices. However, when aluminum is in a molten state, it comes into contact with 

refractory materials used in the lining of heating furnaces and casting equipment. This 

contact interaction can lead to the accumulation of impurities in the primary metal, 

impacting its physical and mechanical properties. Thermodynamic analysis of the 

reaction in the Al-SiO2 system suggests the possibility of silicon reduction from its 

oxide with molten aluminum, which can be undesirable when silicate refractory 

materials are used [90-95]. 

Additionally, thermodynamic calculations indicate the potential recovery of iron, 

manganese, and titanium from their oxides through interactions with molten aluminum 

[91,92]. Such interactions may lead not only to silicon saturation in the melt but also 

to gradual refractory destruction, particularly when quartz sand is involved. 

 Moreover, quartz's high thermal conductivity enables effective heat distribution 

within systems, ensuring thermal equilibrium and overall system efficiency. These 

properties collectively make quartz an essential component in creating dependable and 

effective thermodynamic systems for various applications.In addition, quartz has good 

chemical resistance and is resistant to corrosion, which makes it an excellent material 

for contact with chemically aggressive environments. In general, the use of quartz in 

thermodynamic systems ensures the reliability, durability and high efficiency of these 

systems, which makes it an indispensable component in various industrial and technical 

applications [93-96]. 

Aluminum matrix composites (AMCs) reinforced with ceramic particles have 

garnered significant attention and are extensively utilized in the automotive and 

aerospace industries owing to their exceptional mechanical properties. Studies have 

focused on analyzing the role of reinforcement with various particles on the properties 

of the final product. For instance, the addition of an appropriate amount of Al2O3 or 

SiC significantly enhances the wear resistance of aluminum alloys. Researchers have 
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investigated the impact of factors such as volume fraction, porosity, and particle size 

of SiC on the wear resistance of aluminum alloy matrix composites, particularly those 

obtained through powder metallurgy methods. Experimental findings have consistently 

demonstrated that an increase in the SiC content correlates with improved wear 

resistance of the aluminum alloy [97-99]. Moreover, the mechanical characteristics of 

metal matrix composites (MMCs) are influenced by factors such as the size and volume 

percentage of reinforcement, as well as the type of matrix-reinforcement contact. To 

enhance the durability of the material, it is crucial to incorporate small and stable 

reinforcements with strong interfacial connections that are evenly distributed 

throughout the matrix. The optimization of reinforcement parameters and interface 

properties plays a pivotal role in enhancing the mechanical properties and performance 

of aluminum matrix composites, making them highly sought-after materials in various 

industrial applications. 

 

1.5 Effect of mechanical activation on the reactivity of energy-intensive 

materials 

Mechanochemical processing, a novel and cost-effective method, is utilized for 

producing a wide range of nano-powders. This method involves using a high-energy 

ball mill to initiate chemical reactions and induce structural changes in materials. "High 

Energy Ball Milling: Mechanochemical Processing of Nano-powders" explores the 

latest techniques in mechanochemistry and their applications in synthesizing and 

processing various high-tech materials [100-103]. 

In mechanical milling (MM), a suitable powder charge, typically a blend of 

elemental powders, is placed in a high-energy mill along with a milling medium. The 

primary objective of milling is to reduce particle size and blend particles to form new 

phases. Different types of ball milling can be employed for synthesizing nanomaterials, 

where balls impact the powder charge. These balls may roll down the chamber surface 

in parallel layers or fall freely, impacting the powder and balls below them. For large-

scale production with nano-sized grains, mechanical milling is more economically 

viable. The kinetics of mechanical milling or alloying depend on the energy transferred 

to the powder from the balls during milling. This energy transfer is influenced by 

various parameters such as the type of mill, milling speed, size and distribution of the 

balls, dry or wet milling, milling temperature, and duration [104]. The choice of milling 

media, such as dense materials like steel or tungsten carbide, and optimizing their size 

and distribution are crucial for efficient milling. Dense packing of balls reduces ball 

motion's mean free path, while a dilute distribution minimizes collision frequency. The 

milling temperature affects powder diffusivity, defect concentration, and phase 

transformations induced by milling. 

Higher temperatures are conducive to phases requiring higher atomic mobility 

(intermetallic), while lower temperatures favor the formation of amorphous phases or 

nanocrystalline phases. During milling, high strain-rate deformation and cumulative 

strain lead to particle fracture, with competing fracture and coalescence events 

continuing throughout processing. A suitable balance between these events is crucial 

for successful alloying, often resulting in an approximate steady-state powder size 

distribution.  
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High-energy ball milling is a versatile method that can alter the reactivity and 

properties of materials in various ways. One of the major benefits is the mechanical 

activation that occurs during the grinding process, which enhances the kinetics 

of reactions and reduces the energy barrier for 

chemical transformations. This mechanical activation can result in new reaction 

pathways and products not achievable through conventional 

methods. The mechanochemical reactions that occur during high-energy 

bead milling are fascinating, as chemical reactions take place directly within the 

grinding process [105]. This innovative approach allows for the synthesis of 

compounds and materials under different conditions compared to traditional 

synthesis techniques. The ability to initiate mechanochemical 

reactions provides opportunities for creating novel materials with unique properties.  

In addition, high-energy ball milling promotes phase transformations in starting 

powders, such as the amorphization of crystalline materials or the polymorphic 

transformations of compounds. It can also lead to the disordering of ordered 

alloys, resulting in the formation of metastable phases with different properties. These 

transformations play a crucial role in adapting the microstructure and properties of 

materials for specific applications. The choice of milling device, whether an attritor, 

planetary mill, or horizontal ball mill, depends on the specific needs of the alloying 

process. Each mill type has unique advantages that make it suitable for different scales 

of operation [106-108]. The planetary ball mill, for instance, is ideal for laboratory 

research because it can process small amounts of powder and generate the high-energy 

impact necessary for mechanical alloying. In a planetary ball mill, the rotation of the 

rotary disc and bowls creates a dynamic environment that is conducive to efficient 

mixing and grinding of powders. This environment is created by the centrifugal forces 

generated by the counter-rotation of the disc and bowls, which increase the grinding 

efficiency and ensure thorough mixing of the powders. Such a controlled environment 

is essential for achieving uniform alloying and ensuring the desired phase 

transformations in the materials being crushed. High-energy ball milling, which is a 

powerful tool used by researchers to explore new directions in material synthesis and 

modification, allows for precise control over the parameters and conditions 

of the grinding process [109,110]. This control enables the adaptation of 

material properties at the nanoscale, leading to the development of advanced 

functional materials with unique properties for various applications. This works 

describes the process of mechanical alloying or grinding using high-energy 

balls. The forces generated by the rotation of the rotary disc cause high-energy impacts 

on the powder mixture and the grinding balls located in the mill bowls. These 

impacts result in the destruction of the powder and cold welding. Destruction occurs 

when high-energy impacts break down powder particles, creating smaller particles or 

new surfaces. On the other hand, cold welding occurs when newly exposed 

powder surfaces come into contact and stick together under pressure without the 

application of high temperatures. This process is facilitated by the large surface area 

and high energy present in the powder during grinding. The combination of fracture 

and cold-welding processes during high-energy ball milling is essential to achieve 

desired material properties, such as grain size reduction and homogenization 
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of the alloy composition, as well as the synthesis of new phases or compounds. 

This technique is widely used in the field of materials science and metallurgy 

to create modern materials with specific properties [111,112]. 

Theoretical investigations and analyses of the planetary milling process have 

been extensively conducted to enhance our understanding and interpretation of this 

concept. Notably, [113] work stands as the initial report to examine the shock 

kinematics of a "satellite milling machine." This study focused on determining milling 

parameters optimized for shock energy. Various parameters were geometrically 

determined, and theoretical predictions were experimentally validated using a 

specifically designed planetary mill. 

In [82] work emphasized the crucial roles played by the mill's geometry and the 

ratio of angular velocities of the planetary to the system wheel from a macroscopic 

perspective. In a specific ductile-brittle Mg-Si system, they found that the milling 

efficiency of the planetary ball was significantly influenced by the ratio of angular 

velocity of the planetary wheel to that of the system wheel, as well as the amount of 

sample load. Furthermore, in works [114,115] investigated the impact of rotational 

direction and rotation-to-revolution speed ratio in planetary ball milling, contributing 

to a deeper understanding of the process. Subsequent studies have delved into more 

theoretical issues and kinematic modeling of the planetary ball mill, providing further 

insights into its operation. However, despite these advancements, mechanical alloying 

processes remain complex and dependent on various factors, such as physical and 

chemical parameters like precise dynamical conditions, temperature, nature of the 

grinding atmosphere, chemical composition of the powder mixtures, and the chemical 

nature of the grinding tools. Some theoretical challenges, such as predicting 

nonequilibrium phase transitions under milling, continue to be subjects of debate and 

ongoing research. 

The strategy of ball milling is a mechanical approach to decreasing the size of 

particles of materials, such as powders and suspensions. This strategy is notable since 

the usage of these materials appears to be sustainable. A ball mill is additionally utilized 

to grind and combine materials, commonly with spherical or cylindrical-shaped 

grinding media such as balls or rods. Numerous researchers have effectively used ball 

milling to produce nanostructures of various materials or to investigate structural 

changes in materials during ball milling. Moreover, planetary ball mills are the most 

popular mills used in MA and MM processes for synthesizing almost all types of 

metastable and composite materials. In mills of this type, the milling media possess 

significantly high energy due to the movement of the milling stock and balls against 

the inner wall of the vial (milling bowl or jar). As a result, the effective centrifugal 

force can reach up to twenty times the acceleration due to gravity. The ball mill 

typically consists of a cylindrical shell that spins around its axis and the grinding 

medium is placed inside the shell. As the shell rotates, the grinding medium is lifted 

and dropped onto the material being processed, resulting in particle size reduction, as 

shown in Figure 3 [116]. 

Indeed, the grinding time is a crucial parameter in 

ball milling processes, influencing both the degree of particle grinding and the level 

of material homogenization achieved. Typically, an increase in grinding 

https://www.mdpi.com/1996-1944/16/13/4635#fig_body_display_materials-16-04635-f004
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time results in a decrease in particle size due to continuous mechanical forces on the 

powder. This prolonged grinding process facilitates the conversion of larger particles 

into finer ones and enhances mixing and material homogeneity. However, there is 

a practical limit to the duration of the grinding operation. After a certain 

point, known as the "saturation point," further grinding may yield diminishing returns 

or even adverse consequences [116]. When particles become excessively small, 

they may become unstable, causing issues such as agglomeration, excessive 

deformation, or phase transformations that can adversely affect material properties. 

Optimizing the grinding time is essential to achieve the desired particle size 

distribution and uniformity of the material. It is important to avoid the negative effects 

associated with excessive grinding, such as particle instability and changes in material 

properties. Balancing the need to homogenize the particles with the risk of these 

negative effects is a crucial part of the optimization process. Experimental studies and 

characterization techniques are often used to determine the optimal grinding time 

for different materials and desired outcomes. For instance, Eskandarany et al. [117] 

investigated the impact of milling time on the particle size distribution and morphology 

of MgH2 powders and reported that prolonged milling led to the formation of 

agglomerated particles, which adversely affected the hydrogen desorption kinetics. 

 

 

Figure 3 – Principles of the ball milling method for reducing powder particle size [116]. 

 

The milling duration affects the degree of mechanical activation and particle size 

and distribution, as well as the final structure and qualities of the product. Longer 

milling times typically result in smaller particle sizes, higher surface areas, and 

increased defects, with no phase change occurring during the milling process. 

Similarly, Salur et al. [118] conducted a study to examine the morphological 

transformation of AA7075-0.5 wt% Y2O3 (Yttrium oxide) composites during planetary 

https://www.mdpi.com/1996-1944/16/13/4635#fig_body_display_materials-16-04635-f004
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ball milling for up to 10 h. As the milling time was prolonged, the specific surface area 

of the milled composites gradually increased owing to the reduction in particle size. 

The grinding speed describes the rotation speed of the grinding container, which 

affects the kinetic energy of the grinding balls and the effect energy of the powder. 

Hussain et al. [119] extensively investigated the impact of different ball milling speeds 

while keeping the milling time constant at 30 h on the particle size of Ni70Mn30 samples. 

They observed a gradual decrease in particle size when the samples were milled at 200 

and 300 rpm, attributing it to the collisions between the balls and alloy particles during 

milling. However, at a milling speed of 400 rpm, a noticeable increase in particle size 

was observed due to the simultaneous occurrence of cold welding and micro forging 

processes. When the milling speed was further increased to 500 and 600 rpm, there was 

only a slight reduction in grain size, likely resulting from particle fracturing caused by 

the higher speeds. The variation in average grain size with increasing milling speed is 

clearly depicted in Figure 4. Higher milling speeds lead to higher impact energies, 

resulting in smaller particle sizes and increased defects. However, very high speeds 

will lead to excessive heating and thermally induced reactions. Relatively, to obtain a 

homogeneous distribution and dispersion of nanofillers within the matrix, relatively 

high grinding energy is required. Wet milling is less effective due to the presence of a 

solvent, while high-energy milling during dry milling can reduce the crystal size. 

Therefore, many researchers attempted to optimize the ball milling process of Al-CNT 

powder mixtures with varied milling regimes. In work [120] reported that lower ball 

milling speed led to slower flattening of Al and less damage to CNTs. When the 

flattening of Al continued for several hours, CNTs could be uniformly dispersed onto 

the Al flakes. 
 
 
 
 
 
 
 
 
 
 
 
 
 

.Figure 4 – The co-deformation and dispersion mechanisms of CNT/Al powders 

[120]. 

Thus, mechanochemical processing is a promising method for the synthesis and 

modification of new composites for various applications. Changes in the structure and 

physico-chemical properties of the product eventually lead to the desired properties of 

the material, including increased mechanical strength and thermal conductivity. More 

environmentally friendly approaches and assessment of metal particle recycling 

processes can improve recycling efficiency and expand the scope of application of raw 

materials. 
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1.6  Setting Research tasks 

 

The components of pyrotechnic compositions for flameless heaters and the effect 

of mechanochemical activation on the physicochemical characteristics of these 

components have been studied in detail, as well as the exothermic reaction of 

aluminum-based composites. Based on the above, the objectives of this work are: 

- Development of air-activated flameless heater composites based on Al and SiO 

for autonomous heat sources and study of their energy and thermodynamic 

characteristics; 

- Study of the influence of mechano-chemical treatment conditions and 

parameters on the reactivity of the composition of an air-activated flameless heater 

based on Al and SiO; 

- Development of exothermic composites of water-activated flameless heaters 

based on calcium oxide and mechanically activated aluminum for flameless heaters for 

medical purposes; 

- Development of a method for increasing the energy efficiency of a water-

activated flameless heater based on CaO, Al by introducing SiO2 into the composite 

system by mechano-chemical activation in order to expand the range of applications of 

the resulting composites. 
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          2  METHODS OF CONDUCTING THE EXPERIMENT 

 

2.1 Characterization of ingredients of the investigated  pyrotechnic 

composite 

 

2.1.1 Aluminum powder, their mechanical and physical properties 

 

Experimental work involved the utilization of both chemically pure 

compounds and natural mineral compounds. The primary raw material utilized was 

aluminum powder of the PA-4 grade, comprising approximately 95.9% metallic 

aluminum. The average particle size was determined to be D43=50 microns. As a rule, 

aluminum particles are often passivated by air, forming a protective oxide layer 

consisting mainly of aluminum oxide (Al2O3). This layer has a layered structure with 

a metallic aluminum core surrounded by an amorphous shell of Al2O3. This oxide 

shell acts as a barrier preventing the rapid reaction of aluminum with the 

environment, especially with oxygen and moisture, which can lead to corrosion or 

oxidation of the metal. The thickness of the oxide shell is mainly determined by the 

diffusion of oxidizing particles, in particular oxygen (O2), to the metal coren . This 

diffusion process occurs over time when aluminum particles are exposed to air, which 

leads to the gradual formation of an oxide layer [72,73]. The thickness of the oxide 

shell plays a crucial role in determining the stability and reactivity of aluminum 

particles in various media. Thicker oxide layers provide better corrosion protection, 

while thinner layers can promote faster oxidation under certain conditions. In general, 

the formation of an Al2O3 shell by passivation with air is important for stabilizing 

aluminum particles and ensuring their long-term integrity and functionality in 

practical use [73] . 

 During the experiment in the presence of air, two aluminum powders with 

different structures were used (Table 1). 

 

Table 1 – Ingredients used for the present work 

 

Ingredients Supplier Declared Size, µm 
Declared      

    Purity, % 

Al (Spherical) Alpoco 30.0 N. Av. 

Al (Flake) Metalpolveri 50.0 N. Av. 

MnO2 Sigma Aldrich < 10.0 > 90.0 % 

SiO ALFA AESAR < 10.0 99.8 % 
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2.1.2 The basic oxidizer components 

 

Silicon oxide has been employed as an oxidizer during solid-phase interactions 

to enhance the dispersion of aluminum and to disrupt or eliminate the oxide layer 

present on the surface of aluminum particles. Essentially, it serves as a modifier in the 

process of grinding aluminum in a mechanical reactor [121]. On the other hand, 

manganese oxides have garnered significant attention due to their noteworthy physical 

properties. They find applications as catalysts in various fields such as high-density 

magnetic recording, electrochemical devices, and the chemical industry. The special 

properties of manganese-containing mixed oxides are the addition of oxygen in a 

certain temperature range, that is, a change in the oxidation state of manganese ions 

[122]. Due to such unique properties, it was chosen as the main oxidizing component 

in the work. Table 1 provides a physical description of the main components used in 

the process of obtaining energy composites. 

In the process of obtaining composite materials for flameless heaters that are 

activated by interaction with water, CaO, Na2CO3 and Al powder were selected as the 

main components. The next basic component was silicon dioxide (quartz). Quartz was 

used as an abrasive in the process of grinding aluminum in a mechanical reactor to 

increase the degree of dispersion of aluminum and the destruction of the oxide layer 

on the surface of the particles. The characteristics of these reagents are given in Table 

1. 

2.2 Mechanical activation of powder 

 

Mechanical treatment of powders, such as through the use of planetary mills like the 

"Retsch PM100" and "Pulverisette 5," induces a process known as mechanical 

activation (MA) (Figure 5). This process disrupts the equilibrium state of the powder 

materials, leading to the emergence of unusual properties. The platform rotation rate 

of the mills typically ranges from 100 to 650 rpm for the "Retsch PM100" and up to 

400 rpm for the "Pulverisette 5." This rotation rate influences the intensity of 

mechanical activation and the degree of disruption to the powder materials. The 

disruption of the equilibrium state results in the emergence of unusual properties in the 

powder materials. These properties may include increased reactivity, altered surface 

morphology, changes in crystallinity, and enhanced mechanical properties.  

Mechanical activation, achieved through methods like high-energy ball milling, 

kinetic energy into a system, disrupting its equilibrium and creating active sites in 

solid materials. These active sites provide opportunities for increased reactivity 

and accelerated chemical reactions between solid particles. By breaking up particle 

agglomerates, creating microstructural defects, and increasing surface area, 

mechanical activation facilitates better contact between reactants and promotes 

diffusion, thus accelerating chemical reactions [74,123]. In general, mechanical 

activation is a powerful tool that can be used to adapt the properties of 

materials, making them more suitable for new applications. This process increases 

the reactivity of the materials and facilitates the synthesis of new materials with 

desired properties. Additionally, they enable the synthesis of materials in highly 

nonequilibrium states, which may exhibit unique properties and behaviors.  
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Mechanical activation through processes such as milling plays a crucial role in 

modifying the properties of powder materials, offering opportunities for tailoring their 

characteristics for various applications, including in materials science, catalysis, and 

chemical synthesis. 

 

   a                                                               b 
   

Figure 5 – (a) Planetary Ball Mill “Retsch PM100” (Retsch Technology GmbH, 

Germany) and (b) ”Pulverisette 5” (Fritsch, Germany) 

 

2.3 Thermodynamic calculation method performed using the NASA-CEA 

program 

 

Theoretical and computational studies of the equilibrium composition and 

properties, chemical and phase features, theoretical and computational studies of 

complex thermodynamic systems studied in the dissertation work-NASA Glenn 

Research Center – were carried out using the chemical equilibrium and application 

(CEA) software complex (Figure 6) [124]. The NASA Chemical Equilibrium with 

Applications (CEA) program boasts a wide scope that enables it to calculate the 

characteristics of rocket engines, analyze processes in shock waves, determine the 

parameters of the Chapman-Zhuge point, and explore various equilibrium states of 

thermodynamic systems. Developed by NASA over the past 50 years, CEA represents 

the latest advancement in programs designed to calculate equilibrium composition and 

properties. The program offers convenience through its ability to utilize independent 

databases containing transport properties and thermodynamic properties of individual 

substances. With data on the thermodynamic properties of over 1900 substances, CEA 

provides a comprehensive platform for analysis. Written in standard ANSI FORTRAN 

by Bonnie J. McBride and Sanford Gordon, the CEA program is widely utilized for 

https://khimexpert.com/product_brand/fritsch/


40 
 

solving problems in aerodynamics and thermodynamics, making it a valuable tool in 

scientific and engineering applications. 

 

 

Figure 6 – The interface of the NASA-CEA code program 

  

The program allows to determine the nature of the interaction between the 

components of the system, the conditions for the formation of compounds, the 

composition and properties of the resulting compounds, as well as all thermodynamic 

characteristics. The following standard thermodynamic quantities are used for 

calculations: Enthalpy (H), entropy (S), free energy or Gibbs energy (G), heat capacity 

(Cp). The basic formulas used for thermodynamic calculations and analysis of 

chemical equilibrium in the system are given below:  

The formula for calculating the composition of the mixture according to 

chemical equilibrium [123]: 

n_i = n*Y_i/k_i         (1)   

 

   where: n_i -is the number of moles of the i-th substance in the mixture, 

               n- the total number of moles in the mixture, 

               Y_i - the activity coefficient of the i-th substance, 

               k_i - the equilibrium constant of the i-th chemical reaction. 
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The formula for calculating the enthalpy of the reaction: 

 

ΔH = ∑ (v_i*ΔHf_i)     (2) 

 

where: ΔH - the enthalpy of the reaction, 

            v_i -the stoichiometric coefficient of the i-th substance in the reaction, 

           ΔHf_i - the standard educational enthalpy of the i-th substance. 

 

The formula for calculating the entropy of the reaction: 

 

  ΔS = ∑ (v_i * ΔSf_i)    (3) 

 

where: ΔS - the entropy of the reaction, 

v_i is the stoichiometric coefficient of the i-th substance in the reaction, 

ΔSf_i is the standard entropy of the i-th substance. 

 

The formula for calculating the free energy of the reaction: 

                                 

ΔG = ΔH - T*ΔS   (4)   

where: ΔG - the free energy of the reaction, 

 ΔH - the enthalpy of the reaction, 

   T - the temperature, 

   ΔS - the entropy of the reaction.  

 

All of the above functions are of great importance for metallurgical processes. 

They make it possible to predict the direction of the process, to assess the 

implementation and completeness of a reaction under certain conditions, the formation 

of a product [123].  

 

2.4 Physical and chemical research methods 

 

In the analysis, different features of various powders (passivated by air or 

organic compounds, and eventually coated by hydrocarbons and fluor hydrocarbons) 

are investigated focusing on the application in energetic systems. Scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) are important tools 

for the comprehensive characterization of powder materials. These techniques 

allow us to obtain detailed information about the morphology, structure, composition, 

oxidative reactivity, and behavior of mixtures for flameless heaters applications 

[73,124]. 

SEM provides high-resolution images of the surface morphology of 

powder particles and can reveal information about their size, shape, and texture. 

TEM, on the other hand, provides even higher-resolution images that allow us to 

study the internal structure of powder particles at the nanoscale, including crystal 

structure, defects, and particle boundaries. Specific surface area measurement 

methods allow us to quantify the surface area of powder particles per unit mass or 
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volume. This information is crucial for understanding the reactivity and adsorption 

properties of powder materials. Using these characterization techniques, it is possible 

to gain a comprehensive understanding of the morphology of a powder (particle size, 

shape, and texture), its structure, and composition (including the content of active 

metals). This information is essential for optimizing powder production processes, 

predicting material properties, and designing advanced materials 

with tailored properties for various applications.  

 

2.4.1 SEM investigation  

 

The surface morphology of the obtained samples was examined using a 

QUANTA 3D 200i microscope (FEI, USA) operating at an accelerating voltage of 30 

kV. For local analysis of the chemical composition, a microscope equipped with an 

EDAX energy dispersive X-ray spectrometer was utilized. The semiconductor detector 

used had an energy resolution of 128 eV (polymer, window d = 0.3 mm) [74,124].  

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 – The surface morphology of the obtained samples was investigated 

using a QUANTA 3D 200i microscope (FEI, USA) 
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2.4.2  Laser granulometry distribution size measurement 

 

Powder granulometry has been tested through a MALVERN MASTERSIZER 

2000 laser granulometer employing the dry unit SCIROCCO (Figure 8).  Three 

measurements for each samples have been carried out and averaged [74,124].  

  Malvern Mastersizer can process various types of dispersion, including dry 

powders, as well as samples ground in liquid. A computer system is a stand-alone 

computer that runs the Malvern software. The software controls the optical unit and the 

powder collection units, and analyzes the raw data from the optical unit to determine 

the particle size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 – Laser granulometry distribution size measurement by MALVERN 

MASTERSIZER 2000 

 

2.4.3   Thermo-gravimetrical analysis 

 

Thermal analysis (thermogravimetry - TG, differential scanning analysis - DSC 

and differential thermal analysis - DTA) was carried out on a NETZSCH 449F3A-

0372-M instrument. All samples were tested in nitrogen with a purity of 99.99%. 

Thermal measurements were carried out in the temperature range 30–1000 ° C and at 

a heating rate of 10 K / min. Other characteristics of the device: sample holder - DSС 

/ TG / StdS / S; crucible - DSС / TG pаn Аl2О3; DTA / TG / StdS / S; crucible - DSC 

/ TG from Al2O3; corr. / range limits Meas. - TG, 000/35000 mg, DSC - 000/5000 μV 

[125].  

 

2.4.3.1 Simultaneous Thermal Analyzer (STA) 6000 (Thermogravimetric 

analyzer) 

 The STA 6000 combines two analytical techniques together. It combines TGA 

and DSC. Simultaneously the STA 6000 collects DSC heat flow data and TGA weight 

loss data [126]. DSC Heat Flow is measured in Joules/gram and milliwatts. The STA 

6000 measures the change in temperature (relative to a reference) and weight of a 

sample as a function of temperature and/or time.Applications from the TGA include: 
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compositional analysis, decomposition temperatures, engine oil volatility, 

flammability studies, lifetime predictions, measurement of volatiles, oxidative and 

thermal stabilities, catalyst and coking studies, and hyphenation to identify out-gassing 

products. 

Application from the DTA/DSC include: melting and crystallization behavior, 

glass transition temperatures, specific heat capacity, kinetic studies and transition and 

reaction enthalpies [127].  

 

 

 

 

 

 

 

 

 

 

 

Figure 9 – Simultaneous Thermal Analyzer (STA) 6000 (Thermogravimetric 

analyzer (TGA)). [126] 

 2.4.4 X-ray Diffraction (XRD) System - SmartLab (Rigaku) 

 

The SmartLab is the most novel high-resolution X-ray diffractometer available 

today. Perhaps its most novel feature is the SmartLab Guidance software, which 

provides the user with an intelligent interface that guides you through the intricacies of 

each experiment [128]. It is like having an expert standing by your side. The RIGAKU 

Smartlab XRD X-Ray Diffractometer delivers a guided user experience, multi 

detection in a single instrument, without the need to swap detectors for different 

applications. X-ray Diffraction, used for quantitative analysis of crystalline phases, is 

non-destructive and can be on all kinds of matter from liquids to crystals to powders 

for a versatile method of characterization and quality assurance. This diffractometer 

partners a high-resolution closed-loop goniometer drive, and cross beam optics with 

the fully automated reflection and transmission. The RIGAKU Smartlab XRD 

machine covers all your bases, from thin films, nanomaterials, powders, or liquids, 
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letting you get the measurements you need, even from textile samples. Stages and 

optical components for this X-Ray Diffractometer are interchangeable, permitting a 

large range of x-ray techniques including x-ray reflectivity measurements for thin-film 

thickness, roughness, and density determinations, automated X-Y mapping of wafers, 

stress measurements, and much more. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 10 – RIGAKU Smartlab XRD X-Ray Diffractometer 

 

The RIGAKU Smartlab XRD X-Ray Diffractometer is designed to simplify user 

interaction and hardware complexity with a computer-controlled alignment system and 

automated optical system. The suite of included software covers you from 

measurement to analysis and includes security and validation protocols. 

 

2.4.5  Differential Scanning Calorimetry (DSC) 

 

The DSC method makes it possible to quantify endothermic or exothermic 

enthalpy changes in the sample under study, that is, to study the phase transitions of 

the substance under study. The scheme of the device for DSC looks like this: two 

crucibles are installed on the heater, one with a sample, the other is an empty 

reference. The crucibles are heated at a preset program rate, usually 10 K per minute 

[127]. The heating rate should remain exactly the same throughout the experiment. 

Due to the presence of an additional substance in one of the crucibles, more heat will 
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be required in order for the temperature of the sample crucible to increase at the same 

rate as in the reference crucible. The time dependence of the temperature difference 

between the sample cell and the comparison cell is experimentally measured. The 

following effects may be observed during the experiment:  

- there is a transfer of latent heat (heat given away or absorbed by a substance 

at a constant temperature) during a phase transition of the first kind; 

- there is a change in heat capacity, but there is no latent heat, that is, the phase 

transition is a transition of the second kind. In the DSC method, heat is determined 

through the heat flux – the derivative of heat over time. Based on the measurement 

results, a graph of the dependence of the heat flow on temperature changes is plotted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 – SKZ1052B Differential Scanning Calorimeter and it’s furnace structure  

 

2.5 Investigation the metal content and aging effects of the powders 

 

 The aging behavior of metal powders and mixtures is a key parameter in 

determining the service life of an energetic system. The effects of aging on chemical 

reactions rates of the mixtures is an understudied topic in the open literature. Studies 

performed for the North Atlantic Treaty Organization (NATO) addressed service life 

times of solid propellant systems by means of accelerated thermal aging techniques. 

After that, several further studies have correlated the thermal aging techniques to the 

natural aging; their usefulness was validated by measurements of chemical, 

mechanical, and physical properties [73,129,130].  

 The surface layer of the mixture and the bulk of the mixture undergo similar 

aging processes, but it has to be considered that the aging at the surface of the mixture 

occurs at a faster rate due to higher concentrations of air and water stemming from 

direct ambient exposure. 

 Variations in the properties are highly dependent upon the mixture formulation 

and storage conditions (atmospheric composition, temperature, pressure, humidity). 
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Aging can lead to changes in the thermal diffusivity, heat of combustion, thermal 

decomposition behavior, impact and friction sensitivity, aluminum reactivity, ignition 

delay time, and reaction rate [73]. 

 Aging processes are generally chemical in nature, and their reaction rates can be 

modeled through Arrhenius equations. Accordingly, accelerated thermal aging 

experiments are utilized to approximate the conditions of an energetic material during 

its service life. The approximated service life of an energetic material, t life, is given by: 

 

t life = t hT * f (Th
 – T

s
 / ΔT

R
)     [73]. 

 

where ThT is the time interval during which the material is kept at elevated temperature, 

f is a reaction rate factor,  Th is the high temperature, Ts is the storage temperature, and 

ΔTR is the change in temperature that results in a doubling of the reaction rate. 
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3 DETERMINATIONS OF EFFECTIVE STRUCTURAL RATIOS OF 

PYROTECHNIC COMPOSITION (AlS-AlF-MnO2-SiO) FOR AUTONOMOUS 

FLAMELESS HEATERS. DETERMINE THE OPTIMAL CONDITIONS FOR 

CONDUCTING MECHANICAL ACTIVATION OF ENERGY-INTENSIVE 

ALUMINUM-BASED COMPOSITES 

 

3.1 The results of the study of the physico-chemical properties of aluminum 

powder (µAl) 

 

Aluminum (Al) parts have several features that make them interesting for energy 

applications. During the analysis, different features are studied, focusing on the use of 

different powders (passivated by air or organic compounds and finally coated with 

hydrocarbons and fluorocarbon) in energy systems. For a broad description of the 

morphology (particle size, shape and structure), structure and composition of the 

powder, scanning electron microscope (SEM), transmission electron microscope 

(TEM), and active metal composition determination methods are considered [74,131]. 

Al reactivity is studied at low and high heating rates. The presented results provide a 

comprehensive understanding of the relationships between the structure of nanoscale 

mixtures, oxidative reactivity and the behavior of mixtures for the use of flameless 

heaters. 

 

 3.1.1 Results of mechanical processing of aluminum powders and electron 

microscopy of their morphology and structure 

 

It is known that mechanical grinding of aluminum is difficult due to its ductility, 

therefore, to facilitate the grinding process, surfactants (surfactants), such as hexane, 

toluene, etc., are added, which contribute to both grinding and processing.  A wide 

range of composite systems is synthesized by mechanochemical method [132]. Energy 

composite systems, which combine metal and organic materials such as 

aluminum/Teflon, and magnesium/Teflon, are being developed for a variety 

of applications, particularly in the field of energy storage [74,133]. These 

composite materials take advantage of the unique properties of both metal and organic 

components to create materials with desirable performance 

characteristics. In these systems, the way metal particles like aluminum or 

magnesium are dispersed within an organic matrix like Teflon is critical. The 

dispersion of these metal particles and their structural characteristics significantly 

affect the activity of metal catalysts in subsequent combustion reactions. Mechanical-

chemical processing (MСHP) techniques play a crucial role in achieving the desired 

dispersion and structural characteristics of metal particles within an organic matrix. 

The selection of an organic blend during the MСHP is essential, as 

it influences various aspects, such as the compatibility between metal and 

organic constituents, the level of mixing, and the mechanical activation of the 

composite system [134]. By carefully choosing the organic blend and 

optimizing MСHP parameters, researchers can regulate the distribution of metal 
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particles and tailor the structural properties of the composite material to enhance its 

reactivity and effectiveness in combustion processes. This 

approach allows for the development of advanced energy composites with 

improved characteristics for use in internal combustion engines, pyrotechnics, and 

other energy-related applications.  Electron microscope analysis is commonly used to 

study the structure and morphology of highly dispersed particles. This method allows 

you to study the change in the surface layers of processed aluminum parts and visually 

trace the entire path of creating composite systems with the participation of organic 

and inorganic materials [135]. 

At the first stage of the research on the dissertation work, mechanical processing 

of aluminum powder to a highly dispersed state was carried out. At the second stage, 

the features of changes in the structure of aluminum particles by grinding together with 

inorganic silicon oxide and manganese oxide in a mechanical reactor were studied. 

Aluminum MCP studies were conducted on spherical aluminum (AlS) and Flake 

aluminum (AlF) powders [135,136].  The studied scanning electron microscope images 

show that Al particles have a spherical and scaly shape. According to particle size 

analysis, the average particle size is about 50 microns. Powder particles have a metallic 

sheen, are gray in color and do not contain foreign impurities (Figure 12 and 13).                                    

                             a                                                                  b  

 

Figure 12 – SEM micrographs of spherical Al powder at increasing 

magnifications: (a) 10K x; (b) 1K x       

 

The work utilized aluminum powder ranging from micron to submicron particle 

sizes. The aluminum powders processed by the MA exhibit high reactivity and a low 

flash point. The utilization of activated powders offers several advantages, including 

improved sintering characteristics of particles, early ignition, high overall rate of 

thermal evolution, and enhanced combustion rate for functional particles. The analysis 

is centered on exploiting various properties of powders in energy systems. For a 

comprehensive characterization, the morphology (particle size, shape, and structure), 

structure, and composition of the powder are thoroughly examined [74]. 
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a                                                                  b 

                                               c                                                               d 

 

Figure 13 – SEM micrographs of the flakes μ-Al powder (~ 50 μm), at increasing 

magnifications: (a)4 x, (b) 5x, (c) 8x, (d) 10x. 

 

  3.1.2 Results of study of the aging process of Al powder 

 

Although attractive in terms of improved performance in combustion 

environments, the high reactivity of Al can cause aging-related issues during storage. 

In particular, powders can lose CAl during storage. As a result, their combustion effects 

change (that is, a decrease in enthalpy, a different reaction mechanism) [73]. The 

analysis of the aging process is based on the measurement of the volume of hydrogen 

formed by the interaction of aluminum and water.  

Water is classified as a single energy source, which is not formed in the process 

of its absorption, such as CO and CO2-gas. There are various measures to obtain water, 

including gasification, electrolysis of water, steam reforming of gas, expansion of 

water and hydride chemical reactions. One way or another, these methods have their 

advantages, such as high cost, low efficiency, connection with the surrounding 

environment and the need for external energy sources, which are obtained from the 

selected top. The reaction of hydrolysis between metal and water is one of the most 
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significant features of obtaining pure and economic water [137].  

This method was thoroughly studied in the last few decades. Certain metals, 

determined for obtaining water, include aluminum, magnesium and zinc. Last year, the 

technology of renewable energy sources on the basis of aluminum was studied as an 

alternative to the high level of energy source in the country. Aluminum deposits are 

accessible to the population, which makes this method more ecological. Energy, which 

is contained in aluminum, can be obtained as a result of the reaction with water with 

heating and water. Therefore, aluminum can potentially be a more effective source of 

water for comparison with other metals. At the combined temperature of water 

education, as a result of the reaction of aluminum–water, the oxide of aluminum 

(Al2O3) increases the yield of aluminum, which provides direct contact between water 

and aluminum. This is a kind of passivation [138]. For resolution of this problem, used 

methods, including the addition of NaAlO2 for the inhibition of Al2O3 education and 

the introduction of nut promoters/catalysts, hydroxide materials, as well as splices or 

alloying additives in the process of hydrolysis. The addition of catalysts does not serve 

only for the release of Al2O3, but also for the reduction of energy activation and 

recovery of the reaction. With specially used catalysts in the reaction of aluminum-

water hydroxide catalysts, such as NaOH and KOH, NaOH has more support from its 

economic efficiency when obtaining analog results in water. It is noteworthy that 

NaOH and NaAlO2 are used to improve the efficiency of aluminum and its compounds, 

in particular for plasma electrolysis. The process comes from the stability of the nut 

rack, with the help of which the addition of the NaOH in the rack of the NaAlO2 can 

be made to the education of the stable rack, i.e. for the absorption of aluminate ions 

(Al(OH)4
−) for the breakdown of Al(OH)3. As it is true, aluminum in the nut rack reacts 

with the following reactions (1,2) and figure 14 [139]: 

2Al + 6H2O + 2NaOH → 2NaAl(OH)4 + 3H2 (1) 

   NaAl(OH)4 → NaOH + Al(OH)3      (2) 

 

Figure 14 – Mechanism of hydrogen formation from aluminum–water in the 

three phases of aluminum hydration kinetics [139] 
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           The first reaction (1) suggests that hydrated sodium aluminate forms when 

hydrogen is released. When the concentration of the aluminate exceeds its saturation 

limit, this hydrated sodium aluminate decomposes into NaOH and Al(OH)3, as can be 

seen in the second reaction (2). 

The main challenge in controlling hydrogen generation lies in understanding the 

second reaction, as the equilibrium is not easily achieved. The main goal of this study 

is not to enhance the deposition of Al(OH)3 but to regenerate NaOH through promoting 

sufficient quantities of aluminate, which will lead to further decomposition. 

Since hydrogen is generated as a result of the first reaction, it's crucial to control 

the second reaction. The equilibrium constant varies as a result of a rise in temperature, 

causing an increase in the equilibrium concentration of NaAl(OH)4. This rise in the 

equilibrium concentration of NaAl(OH)4 creates a higher equilibrium concentration of 

NaOH. As a result, the concentration of sodium hydroxide is significantly higher, 

leading to an increase in the consumption of hydrogen. According to the Le Chatelier 

principle, when the equilibrium conditions of a reaction change, the position of the 

equilibrium shifts in order to compensate for the change and restore the original 

equilibrium. When applying this principle to the reaction (2), if sodium hydroxide 

(NaOH) is removed, the equilibrium will shift to the right, towards the formation of 

more Al(OH)3. At the same time, the amount of NaOH formed will decrease. The effect 

of catalysts on the kinetics of this reaction can be approximately estimated using 

mathematical modeling techniques [140,141]. 

The powder is poured into a NaOH/water solution and measured using the 

separated hydrogen (Figure 15). 

Figure 15 – Research experiment on the aging process of Al powders 

 

The aging process described in the study involved a carefully controlled 

procedure to expose the powder samples to specific environmental conditions. Here's 

a breakdown of the key steps involved. Approximately 1g of powder was placed in 

glass weighing bottles with a diameter of 30 mm [73,74]. The use of glass bottles 
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ensured compatibility with the test environment and allowed for accurate measurement 

of the sample weight. The relatively small amount of material (1g) ensured uniform 

exposure of the powder samples to the test environment. This uniform exposure is 

essential for obtaining consistent and reliable experimental results. The open-weight 

glass weighing bottles were then placed inside small plastic jars. This arrangement 

served to prevent direct contact between the glass bottles and the test media, potentially 

avoiding contamination or interference with the aging process. 

Subsequently, the plastic jars containing the weighing bottles were placed in 

pre-prepared sealed glass containers. These sealed containers provided a controlled 

environment for the aging process, maintaining the desired test temperature of 333 K 

(60°C). The sealed glass containers with the test samples were prepared and stored at 

the test temperature of 333 K for a duration of 24-48 hours before the start of the 

experiments. This pre-conditioning period ensured that the samples reached thermal 

equilibrium and stabilized before further testing. The study focused on investigating 

the aging process under a single temperature condition of 333 K (60°C) [73,142,74]. 

This approach allowed for a systematic analysis of the effects of temperature on the 

aging behavior of the powder samples. 

The described procedure provided a controlled and standardized method for 

studying the aging process of the powder samples under specific temperature 

conditions. By carefully controlling experimental variables and ensuring uniform 

exposure of the samples, could obtain reliable data to analyze the effects of aging on 

the properties of the powder materials. As shown in Table 2, there is an increase in the 

mass of the tested powders. It can be assumed that the high sensitivity of powders to 

aging is due to the presence of a submicrometric part of the particles, which gives high 

reactivity [74]. 

 

Table 2 – Aging rate of Al powders 

 

FRESH  POWDERS  Active Al content 

Al type Sample mass, mg H2 volume, ml Metal Content, % 

Spherical 53,1±0,7 78±2 101±1,6 

Flakes 68,0±12,2 91±13,5 94,5±5,1 

Tests carried out 14 days later show a similar trend between AlS and AlF 

powders. The powder mass does not change almost within 14 days, regardless of the 

dispersion of the powder. This is due to limited gas-type adsorption on the powder 

surface and damage to the Al-core during storage [73,74]. The presence of relatively 

low H2O in the aging environment limits the destruction of the Al2O3 shell and its 

conversion to a hydrated form [as Al(OH)3]. In the cases under study, the alumina layer 

exhibits an effective passivation action on Al [73,142]. During the 14-day obsolescence 

period, AlS and AlF do not decrease. This result suggests the existence of a threshold 
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condition for the destruction of the Al content by oxidizing species as H2O vapor and 

a good protective action of the Al2O3 passivation layer (Table 3) [73,74]. 

Table 3 – Aging rate of Al powders after 14 days 

 

Thus, it was studied that the effect of aging on the reactivity of Al powders does 

not occur significantly. Al → Al(OH)3 (t) of micron-sized powders, taking into account 

storage in wet conditions, is observed with a step-by-step decrease in the active metal 

content (and a corresponding increase in conversion) [73,142]. These powder 

modifications are mainly due to the formation of various aluminum hydroxide 

polymorphs [73,74].  

 

3.2 Determination of the optimal composition of the Als-AlF-MnO2-SiO 

system and its mechanical activation and study of physicochemical properties 

 

3.2.1 Powder formulation and results of their mechanical activation 

 

The reference formulation is inspired to the powder “F” reported in [143] (Table 

4). The original material is characterized by the highest burning rate among the 

proposed alternatives. The purpose of SiO is to act as a “flame retardant”. The list of 

the ingredients used for the work can be found in Table 4. 

 

Table 4 – Formulation selected for mechanical activation (the reference powder is 

reported for comparison purposes. 

 

 

Studies on the mechanical activation of aluminum were carried out on powder 

grade PA 4. Figure 16 shows the process of preparing the initial powders for grinding. 

 

 

AGED  POWDERS  Active Al content 

Aging conditions: 10 days, H2O+NaCl solution, 75% relative humidity, 60 °C 

Al type Sample mass, mg H2 volume, ml Metal Content, % 

Spherical  50,8±0,01 66,5±2,5 91,3±3,4 

Flakes  50,8±0,15 65,5±3,5 90,0±5,1 

Powder Orig. Formulation [143] Modified Ref. Formulation 

Al (spherical) 5% 5% 

Al (Flake) 70% 70% 

MnO2 25% 15% 

SiO 0% 10% 
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Figure 16 – The process of preparing experimental samples for grinding (Space 

Propulsion Lab, Politecnico di Milano, Italy) 

The mechanical activation (MA) of aluminum-based powders was conducted for 

durations of 50, 65, and 150 minutes. The selection of the optimal MA modes was 

based on the findings of previous studies [73], as summarized in Table 5. To prevent 

the oxidation of aluminum particles by atmospheric oxygen after MA and to evaluate 

the changes specifically associated with mechanical action, samples of the dispersed 

mixture were passivated with toluene [74,135,136]. 

Table 5 – Mechanical activation parameters used for the work [74,136] 

 

 

 

 

 

Parameter Formulation 

Mill Planetary  (RETSCH PM 100) 

Milling Time, min 50 for powder AlS-AlF-MnO2-SiO-50 

65 for powder AlS-AlF-MnO2-SiO-65 

150 for powder AlS-AlF-MnO2-SiO-150 

Milling Speed 500 rpm 

BPR (ball-to-powder weight 

ratio) 

20:1 

PCA (process control agent) Toluene 

Sphere Material Stainless Steel 

Vessel Material Stainless Steel 

Vessel Volume 125 ml 
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 3.2.2 Results of study specific surface area (SSA) of Al-based composites  

 

The information provided indicates that the powders obtained from ball milling 

underwent significant changes in their characteristics compared to the original material 

mixture. Various parameters were analyzed to understand these changes, including 

apparent density, absorbed PCA (toluene), granulometry, metal content, and oxidation 

behavior at a low heating rate. One key observation was the distinct color change in 

the activated powders, suggesting a notable incorporation of MnO2 and SiO into the Al 

matrix. This color change likely resulted from a reduction in particle size, as indicated 

by the changes in apparent density and absorbed toluene [74,136]. The incorporation 

of these elements into the matrix could have influenced the overall properties of the 

powders. Furthermore, the challenges of extracting toluene from very small particles 

with significant SSA were highlighted, indicating the complexity of working with 

materials with high specific surface area. Standard drying procedures may not have 

been sufficient for efficient extraction in this case. 

Interestingly, it was noted that longer milling times were associated with lower 

apparent density and a darker powder color. These changes were particularly noticeable 

in powders activated through the innovative technique, suggesting that the method of 

activation could play a significant role in the final characteristics of the powders. 

These findings emphasize the intricate relationship between processing 

parameters, material composition, and final powder properties. Further analysis and 

exploration of these characteristics could provide valuable insights into optimizing the 

ball milling process for specific applications (Table 6). 

 

Table 6 – List of the activated powders and main properties 

 

Powder Label Color Absorbed 

PCA,  % w.t. 

Apparent 

density, g/cm3 

AlS-AlF-MnO2-SiO-MM Brown - 1.18 

AlS-AlF-MnO2-SiO-50 Grey 0.0 0.62 

AlS-AlF-MnO2-SiO-65 Dark Grey 6.3 0.50 

AlS-AlF-MnO2-SiO-150 Dark Grey 16.7 0.38 

            

 

 3.2.3 Size distribution of powder particles and composites after mechanical 

activation  

Powder granulometry has been tested through a MALVERN MASTERSIZER 

2000 laser granulometer employing the dry unit SCIROCCO. Three measurements for 

each samples have been carried out and averaged [73,74]. Results are reported in Table 

7 and Figure 17. 
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Table 7 – Main particle size parameters for the five tested powders 

 

Mechanical activation led to a notable decrease in the average particle size, as 

evidenced by both Table 7 and Figure 17. The mass-weighted mean diameter (D[4,3]) 

showed a progressive reduction with increasing activation intensity (i.e., milling time). 

However, the powder activated for 65 minutes exhibited the highest D[4,3] among the 

activated materials, which is an exception to the trend. It is important to note that 

particle size is not directly correlated with time in an activation process due to the 

unique phenomena that occur during milling [74,136]. 

In Figure 17, the red line identifies the reference material. Its distribution is 

characterized by a single peak near 70 µm, with a relatively long tail towards small 

diameter values (lower than 10 µm). This feature is related to the presence of a 

significant mass fraction of nanometric metal oxides. After the mechanical activation, 

the peak becomes less evident and moves towards lower particle size value increasing 

the milling time.  

 

 

Figure 17 – Particle size distributions of the four tested powders. 

 

Powder Label  d (0.1), µm d(0.5), µm d(0.9), µm D[4,3], µm 

AlS-AlF-MnO2-SiO-MM 4.96 51.53 149.81 67.12 

AlS-AlF-MnO2-SiO-50 1.05 20.23 71.88 29.28 

AlS-AlF-MnO2-SiO-65 1.34 17.46 90.19 33.57 

AlS-AlF-MnO2-SiO-150 1.39 13.35 61.04 24.85 
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3.2.4 Thermo-gravimetrical analysis. Non-isothermal oxidation at low-

heating rate   

The non-isothermal oxidation behavior of the powders was carefully monitored 

using a SEIKO EXTAR II simultaneous thermal analysis machine. The testing process 

involved ramping up the temperature from ambient to 1150°C at a rate of 10°C/min in 

an air atmosphere. The analysis focused on thermogravimetry data to understand the 

oxidation characteristics of the samples. In the study, it was noted that the mechanical 

mixture, acting as the reference material, exhibited a prominent mass loss of 

approximately 1.1% starting at 548.6°C, which was identified as the onset temperature. 

This mass loss was linked to the presence of MnO2 in the mixture undergoing 

transformation into Mn2O3, which is in line with findings reported by previous 

researchers [74,136]. Interestingly, the reference material displayed a distinct pattern 

compared to the activated powders. The activated powders showed two distinct mass 

gain steps instead of a single step seen in the reference material. Additionally, all 

activated samples exhibited an initial mass loss attributed to the desorption of excess 

PCA, with this loss becoming more pronounced with longer milling durations. An 

exception was noted with the sample AlS-AlF-MnO2-SiO-65, likely due to its larger 

granulometry leading to a lower specific surface area. The mass loss observed in the 

reference material was once again linked to the presence of manganese dioxide. 

Notably, with varying milling times, all activated powders displayed a substantial 

increase in reactivity compared to the reference material. This heightened reactivity 

was evident from the progressive anticipation of the second temperature onset, 

indicating an enhanced oxidation behavior in the activated powders compared to the 

baseline material (Figure 18 and Table 8) [74,136]. 

Figure 18 – TG traces of the tested powders 
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The reader should note that the first temperature onset appears to be unaffected 

by the milling time, while the second mass gain is significantly influenced by the metal 

content of the powder. Indeed, more intense activation may result in a reduction of the 

metal content, leading to lower mass gain during thermal analysis (indicating less 

aluminum available for oxidation) [74,136]. In this regard, an activation period of 150 

minutes may be considered overly intense. 

 

Table 8 – Relevant TG data of the four tested powders 

 

Powder Label      Δm0-250,  

% 

Δm250-700, 

% 

Δm700-1050, 

% 

ΔmTOT, 

°C 

TON-1, 

°C 

TON-2, 

°C 

AlS-AlF-MnO2-SiO -0.50 -0.72 +11.62 +10.40 N.Av. 917.3 

AlS-AlF-MnO2-SiO-50 -1.87 +7.93 +37.85 +43.91 554.9 886.4 

AlS-AlF-MnO2-SiO-65 -1.72 +10.21 +41.21 +49.70 560.1 864.7 

AlS-AlF-MnO2-SiO-150 -2.77 +12.71 +38.05 +47.99 555.1 839.2 

 

3.2.5 Studies of metal content of the selected tested powders 

 

The powder metal content has been evaluated by a hydrolysis technique. A small 

amount of powder is placed into a NaOH/water solution and the evolved hydrogen is 

measured through a graduated device. The alkaline solution dissolves particle oxide 

layer allowing the reaction of Al with water [73], according to the following equation: 

 
𝑨𝒍+𝟑𝑯𝟐𝑶 →𝑨𝒍(𝑶𝑯)𝟑+𝟑/𝟐𝑯𝟐+𝟒𝟓𝟗.𝟏 𝒌𝑱        [73] 

Results are reported in Table 9 The activation is responsible for a progressive 

decrement of the metal content depending on the activation intensity. 

Table 9 – Metal content of the selected tested powders. The baseline is reported for 

comparison purposes. 

 

Powder Label  Al content, %  

AlS-AlF-MnO2-SiO-MM 74.2 

AlS-AlF-MnO2-SiO-50 67.8 

AlS-AlF-MnO2-SiO-65 63.6 

AlS-AlF-MnO2-SiO-150 57.3 
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3.2.6 Preliminary combustion tests 

 

 The four selected samples were preliminarily characterized in terms of 

combustion speed. Approximately 0.3 g of powder was placed on an aluminum plate, 

forming a stripe 4 cm long, and ignited in air using a hot wire. The experimental setup 

is illustrated in Figure 19. The tests were recorded and post-processed using digital 

techniques to determine the powder burning rate. The presence of a flame was verified. 

 

 

 

 

 

 

 

 

 

Figure 19 – Experimental set-up used for preliminary evaluation of powder combustion 

The results are reported in Table 10. The reference material does not ignite, while 

the activated powders can be ignited without problems. The burning rate of the powders 

is related to the activation intensity, that is increasing the milling time it is possible to 

enhance the burning velocity (from 0.22 mm/s to 0.40 mm/s) [74,136]. 

 

Table 10 – Burning rate of the tested samples 

 

Powder Label Ignition Burning 

time, s 

Burning 

rate, mm/s   

Flame 

AlS-AlF-MnO2-SiO-MM No* - - - 

AlS-AlF-MnO2-SiO-50 Yes** 15.60** 0.22** No 

AlS-AlF-MnO2-SiO-65 Yes 14.08 0.28 No 

AlS-AlF-MnO2-SiO-150 Yes 10.00 0.40 No 

 

* the wire has been kept incandescent for 12 s before aborting the test (3 repetitions) 

** only 3.35 cm / 4.00 cm of powder burnt (quenching 
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Figure 20 exhibits some representative combustion video frames of the selected 

powders. Tall the activated powders are flameless and relatively slow. The sample AlS-

AlF-MnO2-SiO-150 features the most regular combustion, while the sample AlS-AlF-

MnO2-SiO-50 is the less regular. The batch AS- AlS-AlF-MnO2-SiO-65 is a midway 

solution between the other two powders 

 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             a) AlS-AlF-MnO2-SiO-MM                          b) AlS-AlF-MnO2-SiO-50 

         

 

 

 

 

 

 

 

 

 

 

          

 

              c) AlS-AlF-MnO2-SiO-65                             d) AlS-AlF-MnO2-SiO-150 

Figure 20 – Preliminary combustion tests of the selected activated samples: 

representative frames [74,136]. 
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The work deals with the activation of metal powder mixtures suitable for the 

application in FRHs. The literature survey evidenced different possibilities to warm up 

emergency rations both for military and civil applications. For safety concerns, a 

powder suitable for the flameless burning in air has been selected. The original 

formulation was modified to promote a slower burning rate guaranteeing a longer 

combustion process. Four activated powders have been manufactured starting from the 

reference material using a standard technique (3 powders) and an innovative activation 

process (1 powder). The samples and the reference material have been characterized to 

evaluate both performance and the possibility to add a small amount of magnesium 

into the formulation. In the meanwhile, the raw materials and a candidate Mg powder 

have been characterized as well. The raw ingredients have been tested also in terms of 

aging properties. 

 The activated powders showed a significant increase in reactivity 

compared to the reference mixture, but also a decrease in metal content depending on 

the intensity of activation. Combustion tests revealed burning rates ranging from 0.22 

mm/s to 0.40 mm/s for samples activated using the standard technique. All these 

powders are suitable for use in a flameless heater. However, the sample AlS-AlF-MnO2-

SiO-MM exhibited a noticeable flame during combustion. The sample AlS-AlF-MnO2-

SiO-150 has the lowest metal content but also the most regular burning propagation. 

The powder AlS-AlF-MnO2-SiO-50 has the highest metal content but the least regular 

burning propagation. All the powders appeared stable and safe to handle, suggesting 

the possibility of partially replacing Al with Mg, with special attention to the sample 

AlS-AlF-MnO2-SiO-50 (highest metal content). Generally, highly intense activation 

processes should be avoided to prevent a significant reduction in metal content and the 

generation of flames during powder burning due to the inclusion of PCA into the 

powder. The sample AlS-AlF-MnO2-SiO-50 should be considered as the baseline for 

further studies. Introducing a small amount of Mg (up to 50%) into the formulation is 

a potential solution to enhance ignition, prevent premature quenching of the powder, 

and slightly boost both combustion speed and enthalpy release [74,136]. This 

adjustment could optimize the performance of the powder in the flameless heater 

application. 
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4 OBTAINING WATER-ACTIVATED EXOTHERMIC MIXTURE FOR 

FLAMELESS HEATERS ON THE SYSTEM Al-CaO-Na2CO3 WITH THE 

REQUIREMENTS OF AUTONOMOUS HEATERS FOR MEDICAL 

PURPOSES 

 

4.1 The results of theoretical and experimental investigations of exothermic 

reactions in the system Al-Al2O3-CaO-Na2CO3 

 

Exothermic mixtures based on CaO-Al refers to reactive composite materials 

and is commonly used in pyrotechnics and other applications where intensive heat 

generation and gaseous reaction products are required [149]. The main components of 

this mixture are calcium oxide (CaO) and aluminum (Al). When these two components 

interact, an exothermic reaction occurs, accompanied by the release of large amounts 

of heat and the formation of gaseous products such as nitrogen and aluminum oxides. 

The exothermic reaction between CaO and Al occurs at elevated temperatures, which 

is usually achieved by igniting the mixture. Various ways of activating the reaction can 

be used, for example, using flammable mixtures or an electric discharge. Pyrotechnic 

mixtures based on CaO-Al have high energy performance and a wide range of 

applications. They can be used in the production of pyrotechnic devices such as 

fireworks, fireworks, rockets and other effects [144-146]. 

However, it should be noted that handling exothermic mixtures requires special 

care and experience, as they can be dangerous and cause undesirable consequences if 

used incorrectly. When working with such materials, all appropriate safety measures 

must be observed and the manufacturer's instructions must be followed. Determining 

the optimal composition and quantity of system components based on CaO-Al depends 

on the specific task or application.  

Thus, the purpose of this study is to obtain flameless burners based on an Al-

CaO mixture. Sodium carbonate (Na2CO3) was introduced in order to enhance the 

properties of the mixture characteristic of heaters. As shown in some literature, Na2CO3 

is used as an additional reagent necessary for efficient energy distribution of the 

system, in order to regulate the direction of the exothermic reaction and to prevent 

excessive temperature rise of the system [147]. 

At the initial stage of the research, a mechanochemical treatment of the aluminum 

powder was conducted in order to increase its reactivity. At the next stage, experimental 

work took place in order to determine the optimal ratio of the components in the system. 

Furthermore, the thermodynamic properties of the system were investigated, 

demonstrating the theoretical feasibility of an exothermic reaction within the Al-Al2O3-

CaO-Na2CO3 framework.  
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4.1.1 Results of experimental studies of the system Al-Al2O3-CaO-Na2CO3 

with water  

 

Experimental work was carried out using chemically pure compounds: Al, 

Al2O3, CaO, Na2CO3, H2O.  The main raw material was aluminum powder of the PA-

4 brand, the amount of pure metall aluminum is 95.9%.  

At the first stage of the research in this area, mechanochemical processing of 

aluminum powder has been carried out. Figure 21 shows an electron microscopic 

image, the energy dispersion spectrum and the mass fraction of the elements of the 

initial aluminum powder. It follows from the presented image that the Al particles have 

a spherical shape. According to granulometric analysis, the average particle size is 

about 50 microns. 
                    

                   a                                                  b                                                  c 

 

Figure 21  – Characteristics of the initial and dispersed powder of Al grade PA-

4 (a – electron microscopic image of Al; b - energy dispersion spectrum and mass 

fraction of Al; c –  electron microscopic image of Al after MA with toluene) 

 

From the results of the energy dispersion analysis of the initial powder, it follows 

that the amount of metallic aluminum is 90.65 wt. %, and oxygen contains 9.35 % by 

weight. The presence of oxygen atoms indicates the presence of a sufficiently dense 

layer of an oxide film on top of the particles [135,147,148]. The powder particles have 

a gray color with a metallic sheen and do not contain foreign inclusions. Preliminary 

mechanical processing was carried out to increase the reactivity of aluminum. The 

optimal conditions of the MА were determined by the results of previous studies. As a 

result of processing aluminum powder with organic matter, aluminum particles are 

encapsulated in a denser organic film, which prevents their oxidation by atmospheric 

oxygen. In this case, aluminum particles have a higher degree of dispersion [74,136]. 

The homogenization process of a mixture of fine aluminum, calcium oxide and 

sodium carbonate were carried out using the mortar abrasion method.  

The rate of the exothermic reaction of the mixture is determined either in the 
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Dewar vessel or in the device. To assemble the device, a 200-250 ml beaker is placed 

in a larger glass. The space between the bottom and the walls of the glasses is filled 

with thermal insulation material (asbestos or slag). The Dewar vessel or the inner glass 

of the device is tightly closed with a stopper in which there is a hole for a thermometer 

(the thermometer is taken with a division price of 1 K and a long tail). It is installed so 

that the mercury ball is 5-10 mm above the bottom of the device. A powder mixture is 

placed in the device and 100 ml of water with a temperature of 293 K is poured, the 

device is closed with a stopper, shaken and left standing, noting the temperature of the 

reaction mixture every 30 seconds. The observation is carried out until the maximum 

temperature is set and its fall begins. The time from the moment of adding water to the 

moment of reaching the maximum temperature is taken as the rate of the exothermic 

reaction. The percentage of the selected components and the results of 

experiments are presented in the Table 11. 

 

Table 11 – The percentage of the selected components and the results of exothermic 

reaction experiments of the system Al-Al2O3-CaO-Na2CO3  [148] 

 

Number of 

samples 

Percentage of the components (%)  

Al-Al2O3 -CaO-Na2CO3 

 

Tmax, 
0C , min 

1 10:30:45:15 35 7 

2 15:30:40:15  55 10 

3 20:30:40:10 28 4 

4 20:30:35:15 25 5 

 

As can be seen from the table 11, a higher temperature (550C) and a long duration 

of heat release time (10 min) are observed in a mixture with a composition of 15% Al, 

30% Al2O3, 40% CaO, 15% Na2CO3 (sample  № 2). This is probably due to the 

reactivity of calcium oxide (CaO) and sodium carbonate (Na2CO3). Since alkali metal 

compounds react vigorously with water, the first stage of the exothermic reaction may 

look like this [144-148]: 

 

CaO+Na2CO3+ H2O → CaCO3 + 2NaOH  

 

CaCO3 → CaO + СО2 

 

It can also be assumed that an increase in the concentration of OH- ions may be 

observed in the solution during hydration of sodium carbonate due to the formation of 

a soluble sodium carbonate salt. The hydrolysis of sodium carbonate proceeds by 

anion, in two stages [143]:  

1 stage:                       Na2CO3 + HOH = NaOH + NaHCO3 
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2Na+ + CO3
2-

   + H2O = Na+ + OH- + Na++ HCO3 

CO3
2- + H2O = OH- + HCO3 

Products of the first stage - NaHCO3 and NaOH   

2 stage:                         NaHCO3 + HOH = NaOH + H2CO3 

Na+ + HCO3 + H2O= Na+ + OH- + Na++ H2CO3 

HCO3 + H2O= OH- + H2CO3 

Products of the second stage - NaOH and H2CO3 

 

Thus, the concentration of OH ions in the solution increases, and the solution 

medium is alkaline. In addition, during the hydration of calcium oxide, calcium 

bicarbonate Ca(OH)2 is also formed, which can also affect the concentration of OH-

ions in solution. 

The presence of an excess hydroxyl group in the solution may contribute to the 

oxidation of aluminum powder. The oxidation of aluminum oxide (Al2O3) leads to the 

rupture of the oxide film and the retention of the aluminum matrix (Al) in a liquid for 

further chemical transformation. Suspected oxidation reactions of aluminum oxide: 

  

1. The interaction of aluminum oxide with a solution of sodium hydroxide: 

 

Al2O3 + 2NaOH + 3H2O → 2Na[Al(OH)4] 

 

2. Or mixing aluminum and sodium hydroxides: 

 

Al(OH)3 + NaOH → Na[Al(OH)4] 

 

3. The aluminum matrix then reacts with the alkaline liquid as follows: 

 

2Al + 2NaOH + 6H2O → 2Na[Al(OH)4] + 3H2 ↑ 

 

4. At 800°C, sodium tetrahydroxoaluminate (Na[Al(OH)4]) completely decomposes 

into sodium aluminate (NaAlO2) and water: 
 

Na[Al(OH)4] → NaAlO2 + 2H2O 

 

Also, direct reactions can occur as: 

2NaOH+ Al2O3 
7000𝐶
→     2NaAlO2 + H2O 

 

2(NaOH∙H2O) + 2Al 
4000𝐶
→   2NaAlO2+3H2  
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Thus, a sample of composite mixtures No. 2, consisting of metal oxides and 

sodium carbonate, can completely enter into a chemical reaction, such as 

electrochemical decomposition of water with the release of hydrogen, which is 

exothermic. It can be noted that with such component ratios as in this sample, a full-

fledged, regulated exothermic reaction is carried out with sufficient heat release, which 

ensures the optimal composition of the flameless heater (Figure 22) 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 22 – Time dependence graph of temperatures of exothermic reactions 

performed by adding water to samples of the system Al-Al2O3-CaO-Na2CO3: a – sample 

№1 (10:30:45:15); b – sample №2 sample (15:30:40:15). 

 

Sample № 1 has a low temperature (350C) and a lower rate of exothermic reaction 

(7 min) compared to composition № 2. This is probably due to the fact that sample № 

1 includes a smaller amount of activated aluminum (10%), which initiates the duration 

of the exothermic reaction and contributes to an even distribution of heat transfer in the 

system [148].  

The decrease in the chemical activity of the mixtures in samples № 3 (T = 280C, 

τ = 4 min) and № 4 (the reaction did not occur) may be partly due to an excess of 

aluminum particles purified from oxide films in the solution, as well as a decrease in 

the percentage of active substances such as calcium oxide and sodium carbonate in the 

system This led to sufficient formation of highly reactive and short-lived hydroxyl 

groups (OH-).  

From the presented data, it should be extracted that with an increase in the content 

of activated aluminum, and a decrease in calcium oxide below 40%, and sodium 

carbonate below 15% in the Al-Al2O3- CaO-Na2CO3 composite system, the reaction 

system as a whole decrease. 
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4.1.2 Conducting thermodynamic calculations of the system  Al-Al2O3-CaO-

Na2CO3 using the NASA-CEA program 

 

The thermodynamic calculation of the exothermic reaction of an aqueous 

solution of the Al-Al2O3-CaO-Na2CO3-H2O system was performed on a computer using 

the NASA Chemical equilibrium and application (CEA) program for calculating 

chemical equilibrium. The necessary initial data for calculations are presented in the 

form of standard sets of tables of thermodynamic functions in the database of the NASA 

CEA Code program (Table 12). 

 

Table 12  – Standard thermodynamic values of simple substances of the Al-CaO-

Na2CO3 system  

 

Simple 

substances 

∆𝒇𝑯𝟐𝟗𝟖
𝟎 ,  

kJ/mol 

𝑺𝟐𝟗𝟖
𝟎 , 

J/(mol∙K) 

∆𝒇𝑮𝟐𝟗𝟖
𝟎 ,  

kJ/mol 

𝑪𝑷,  𝟐𝟗𝟖
𝟎 , 

J/(mol∙K) 

Al (cr.) 0 28,3 0 24,3 

Al2O3 (corund) - 1675,7 50,9 -1582,3 79,0 

CaO (cr.) - 635,1 38,1 -603,5 42,0 

Na2CO3 -1130,8 138,8 -1048,2 111,3 

H2O (liquid) -285,8 69,9 -237,2 75,3 

 

Calculations were carried out on the effect of the content of component 

compositions on the reactivity of the Al-Al2O3-CaO-Na2CO3-H2O system. The 

pressure value in the combustion chamber varies from 1 to 2 bar. The Table 13 presents 

the used calculation parameters of theoretical calculations for the system. 

 

Table 13 – Calculated parameters used in thermodynamical research  

 

Reagents %  

 

Mass, %  Initial 

temperature, K  

Fuel, Al2O3 30.0 298.0 

Fuel, Al 15.0 298.0 

Fuel, CaO 40.0 298.0 

Fuel, Na2CO3 15.0 298.0 

Oxidizer, H2O(l) 100.0 298.0 

Ratio of oxidizer to fuel, O/F = 1:1 

 

Calculations performed for the Al-Al2O3-CaO-Na2CO3-H2O system showed that 

the selected components of the system enter into a chemical reaction completely 

without special conditions. The enthalpy in the calculations has negative values (with 

a minus sign "-"), which indicates that the reaction of the interaction of the system 
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components is exothermic, that is, it proceeds with the release of heat (Table 14). The 

very value of the amount of enthalpy indicates that the amount of energy obtained is 

sufficient to convert into heat at a given set temperature (298 K) and pressure (0.1- 0.2 

MPa).  

 

Table 14 – Results of thermodynamic calculations of the exothermic reaction of the 

Al-Al2O3-CaO-Na2CO3-H2O system 

 

 
According to thermodynamic calculations (Table 15), the final product will 

consist of 10.100% Al2O3, 5.336% NaAlO2, 2.739% CaCO3 (cr), 7.666% CaO (cr), 
73.546 H2O and emitted gases in the amount of 0.386% H2, 0.225% CO2, 0.002% CO.   

 
Table 15 –Products formed as a result of the exothermic reaction of the system Al-
Al2O3-CaO-Na2CO3 with water and their mass contributions 
 

Products formed as a result of the 

reaction 

Mass fraction, % 

α -Al2O3 10,1 

NaAlO2 5,3 

CaCO3 (cr) 2,7 

CaO (cr) 7,6 

H2  0,3 

H2O 73,5 

CO2  0.2 

CO 0.002 

 
Thus, according to thermodynamic calculations, it was found that the 

components of the Al-Al2O3-CaO-Na2CO3-H2O system can carry out an exothermic 

reaction with positive results for their use in flameless heaters. 

Based on the data provided, a reaction with heat release is observed in the Al-

Al2O3-CaO-Na2CO3-H2O system. The enthalpy change (ΔH) is negative, indicating 

that the reaction is exothermic. This means that heat is released as a result of the 

reaction. It should be noted that, with increasing pressure and temperature, ΔfH remains 

constant. This suggests that the reaction does not depend on changes in conditions. 

Additionally, values for entropy (ΔS) and Gibbs free energy (ΔG) indicate that the 

reaction would be favorable from a thermodynamic standpoint, as ΔG is less than zero 

Pressure 

Р, bar 

T, K ∆𝒇𝑯𝟐𝟗𝟖
𝟎 , 

kJ/mol 

𝑺𝟐𝟗𝟖
𝟎 , 

J/(mol∙K) 

∆𝒇𝑮𝟐𝟗𝟖
𝟎 , 

kJ/mol 

𝑪𝑷,  𝟐𝟗𝟖
𝟎 , 

J/(mol∙K) 

1.0132 859.0 -12470.7 10.0 -21140.5 2.4 

2.0265 862.7 -12470.7 9.8 -20964.7 2.2 
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under these conditions at 298 K. Therefore, it is concluded that the reaction observed 

in this system is exothermic and favorable from a thermodynamics perspective. It is 

important to note that no harmful substances CO2 and CO are released in significant 

quantities during the reaction, which is a positive aspect from an environmental point 

of view. 

Thus, the Al-Al2O3-CaO-Na2CO3-H2O system has good thermodynamic 

properties, which can be useful for the composition of flameless heaters. 

 

4.1.3 The results of differential scanning calorimetry (DSC) analysis of the 

system Al-Al2O3-CaO-Na2CO3  

 

To assess changes in the microstructure of powder compositions during their 

heat treatment, enthalpy curves were obtained using the device – calorimeter 

"SKZ1052 Differential Scanning Calorimeter", which provided heating of powder 

samples to 500° C at a heating rate of 20 ° C/min (Figure 23)  

 

 

Figure 23 – Dependence of the heat flux on the heating temperature in the 

calorimeter of the powder sample Al-Al2O3-CaO-Na2CO3 

 

4 endothermic peaks are observed on thermograms (Figure 23): the first, in the 

range from 172 to 185° C, the second, at 177.68°C, the third, in the range from 257 to 

285°C, and the last, from 413°C to 450°C. The observed endothermic peaks indicate 

heat absorption during phase changes or chemical transformations.  
The first three peaks on the thermogram may correspond to phase transitions or 

chemical reactions that occur in certain temperature ranges. For example, the first peak, 
in the range of 95-120°C, may indicate the release of water or other volatile substances, 
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the second peak, at 177.68°C, may be associated with thermal decomposition or 
desorption, and the third peak, in the range of 257-285°C, may reflect deeper chemical 
transformations or phase transitions. The thermal effect (∆H) is 95.9913 J/g and 
115.1251 J/g for the second and third peaks. 

The last peak, marked in the range from 413 to 450°C, indicates a transition from 
the original amorphous or crystalline structure to a plastic or molten state with heat 
absorption (∆H=176.52 J/g). This can be important for molding or material processing 
processes. 

In addition, the experimental results confirm that the powder composition cannot 
spontaneously react at room temperature and that the exothermic reaction occurs only 
when water is added. This is of great importance for the safety and control of 
production processes, as well as for assessing the stability of the composition.  

In general, the results of the analysis indicate that powdered 

formulations exhibit stable thermal properties at room temperature and their chemical 

and physical characteristics remain largely unchanged during heating. 
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5 OBTAINING OF A NEW EXOTHERMIC COMPOSITION Al-Al2O3-CaO-

Na2CO3-SiO2 FOR FLAMELESS HEATERS WITH THE ADDING OF 

SILICON DIOXIDE INTO THE INITIAL EXOTHERMIC COMPOSITE BY 

MECHANO-CHEMICAL ACTIVATION TO PROVIDES HEATING 

DEVICES IN THE FIELD 

 

5.1 Optimization of composite ratios to obtain effective powder mixtures of 

the system Al-Al2O3-CaO-Na2CO3-SiO2 and the effect of mechanical activation on 

their reactivity  

 

To conduct experimental studies on the Al-Al2O3-CaO-Na2CO3-SiO2 system in 

order to create composites based on aluminum and calcium oxide with a highly 

effective exothermic reaction, optimal proportions of components in the system were 

selected based on the results of previous experimental studies, taking into account the 

required content of Al2O3 and CaO in the range of 50-60% of the total weight [155] 

(Table 16). 

 

Table 16 – The optimal percentage composition of the system Al-Al2O3-CaO-Na2CO3-

SiO2 

 

As can be seen from Table 16, silicon dioxide (SiO2) was introduced into the 

matrix of the composite. The presence of silicon dioxide in the matrix of the exothermic 

composite leads to an improvement in the mechanical properties and heat resistance of 

the material [149]. In addition, SiO2 can also participate in chemical reactions, 

contributing to an increase in the efficiency of the exothermic reaction and an increase 

in the heat transfer of the material.  

The mixing and dispersion of the starting materials according to the specified 

proportions was carried out using mechanochemical activation (MA). The 

mechanochemical method of preparing materials for energy systems is the most 

promising, since it allows the most productive management of the process of forming 

new structural compositions that increase the energy intensity of the system. During 

the MA process, not only dispersion occurs, but also accumulation and redistribution 

of defects in the volume of particles, increasing their chemical activity in subsequent 

processes. This method also makes it possible to obtain highly dispersed modified 

material in a large volume, which is effective from a technological point of view [150-

152]. 

 

Reagents Optimal mass fraction,  % 

CaO 20 

Аl 20 

Al2O3 30 

Na2CO3 15 

SiO2 15 
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Choosing the optimal MA time is an important step to achieve the desired 

material properties. Different processing time intervals can lead to different structural 

and chemical changes in the material, affecting its quality and characteristics. To study 

the effective MA time, the processing time interval of 10, 15 and 20 minutes was 

selected (Table 17). 

 

Table 17 – Mechanical activation options used for the preparation of powders 

 

Formulation of the activated samples Activation time, min 

Al-Al2O3-CaO-Na2CO3-SiO2 -10 10 

Al-Al2O3-CaO-Na2CO3-SiO2 -15 15 

Al-Al2O3-CaO-Na2CO3-SiO2 -20 20 

Activation speed                400 rpm 

Mill ball to powder ratio    2:1 

                                                                              

After processing in the mill, the dispersion of the powder was determined by the 

optical method. Measurements showed that after grinding the powder mixture for 10 

minutes, dispersion is uneven, large particles ranging in size from 30 to 50 microns are 

found (Figure 24).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 – SEM pictures after 5 min MA of the system Al-Al2O3-CaO-Na2CO3-SiO2 

 

Uneven dispersion of the powder can lead to undesirable results and 

heterogeneity in the final product. Moreover, with an increase in the grinding time from 

10 to 15 minutes, the number of particles of the specified dispersion increases from 50 

to 80 microns. Hence, the initial state (i.e. the degree of crystallization) and the purity 

of the material are reflected in its ability to grind in the MA process (Figure 25). 
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Figure 25 – SEM pictures after 15 min MA of the system Аl-CaO-Na2CO3 -SiO2 

 

During mechanical activation or dispersion of the Al-CaO-Na2CO3-SiO2 system, 

an increase in the dispersion time does not always lead to a decrease in particle size. In 

some cases, prolonged grinding can cause particles to sinter, especially if the system 

has a high thermal sensitivity. As a result of sintering, particles can combine, which 

will lead to the formation of larger particles (Figure 26) [153].  

 

Figure 26 – Graphical illustration of the mechanochemical crushing mechanism [153] 

 

 

 



75 
 

When silicon dioxide is used in the system, aggregates of aluminum particles with 

quartz particles embedded in the metal surface and encapsulated in a shell are also 

formed. The obtained characteristics indicate complex structural changes in the 

obtained compositions after the formation of the composite both in the volume of 

particles and on the surface. 

An increase in the MA time by another 5 minutes led to a decrease in the particle 

size of the powder mixture and an improvement in their dispersion, which in turn 

responds to the uniformity of the system (Figure 27). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 – SEM pictures after 20 min MA of the system Аl-CaO-Na2CO3 -SiO2 

 

Thus, the use of mechanical action to alter the structure, state of a material and 

its energy level is an effective method of influencing the process of an exothermic 

reaction and obtaining materials with specific properties and intended function. The 

use of pre-treatment by mechanical means will contribute to 

the creation of diverse phase structures. By adjusting the parameters of this treatment 

and the state of activated reagents, it is possible to control reaction pathways during 

subsequent reactions, purposefully altering the thermal impact of reactions 

and producing products with a specified morphology and size of structural elements. 

[81,96,111]. 
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5.2 Results of experimental studies of the interaction of activated mixtures 

of the system with water  

 

The experimental work was carried out according to the description of the 

previous chapter (3.1.1). The data obtained are shown in the Table 18 and Figure 28. 

The results of the experiment show that sample № 2 with mechanical activation for 15 

minutes has the most effective characteristics (Tmax=1010C, = 12 min) when 

interacting with water. This may be due to the optimal activation time, which makes it 

possible to achieve optimal structure and properties of the mixture. It is also possible 

to note the role of silicon dioxide (quartz) in the composition of the composite.   

 

Table 18 – Results of exothermic reaction experiments of the system Al-Al2O3-CaO-

Na2CO3-SiO2 -H2O 

  

Number of 

samples 

Activated time, 

min  

Теmperature  

 Tmax, 0C 

Duration of heat 

dissipation, min 

1 10 58 5 

2 15 101 14 

3 20 45 4 

 

As it was shown in [90,96], quartz is characterized by good dispersibility, i.e., the 

production of a highly dispersed powder as a result of grinding in a mechanical reactor. 

Since it has high hardness values, the crushed particles can serve as a good abrasive 

material when simultaneously processing quartz with soft and ductile aluminum. In 

addition, quartz is a piezoelectric. The deformation of the lattice caused by mechanical 

stress leads to a redistribution of electric charges in the presence of polar directions 

(negative electric charges arise on the negative edges of the hexagonal prism zone, 

positive ones on the positive edges). There is also an inverse piezoelectric effect, which 

consists in the fact that in an electric field, internal stresses arise in crystals, 

proportional to the stress fields. All these factors were taken into account at this stage 

of the work on the mechanochemical processing (activation and modification) of 

aluminum in the presence of quartz. Quartz particles present in the processing process 

can play the role of an abrasive that wears away the surface of aluminum particles. This 

process leads to a change in the surface structure of aluminum particles and the 

destruction of the oxide layer on their surface. As a result of reducing the particle size 

and increasing the active surface, intensive interaction of the system components 

occurs, which contributes to an increase in reactivity. Also, the crushed particles of the 

oxide components are embedded in the surface of the deformable aluminum particles, 

helping to accelerate the reaction between aluminum and other substances involved in 

the process. Thus, the introduction of oxide components and the effect of quartz 

particles during aluminum processing can effectively enhance mechanochemical 

reactions and increase the reactivity of components, as proved by the data in the Figure 

28.  
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Figure 28 – Time dependence graph of the temperature of the system Al-Al2O3-

CaO-Na2CO3-SiO2  when interacting with water 

 

This approach may be useful in developing new formulations for flameless 

heaters or improving the properties of existing materials in order to increase the 

efficiency of reaction processes. 

It should be noted that the amount of aluminum in the composite is 50% [90]. 

Oxygen is a part of both silicon dioxide (quartz) and the oxidized surface layer of 

aluminum particles. This can contribute to the sintering of aluminum particles and 

quartz.  

The process of an exothermic reaction in a system with water can be described 

by the following chemical reaction equations [158]: 
 

           CaO+Na2CO3+ H2O → CaCO3 + 2NaOH              (1)   

                          2Al + 2NaOH + 6H2O → 2Na[Al(OH)4] + 3H2 ↑          (2) 

                       CaCO3 → CaO + СО2                                 (3)              

                                2SiО2 + 6Al + 9/2О2 → 3А12О3•2SiО2                   (4) 

              SiО2 + Al2O3 → А12О3•SiО2  → Al2SiO5              (5) 

Thus, when quartz is added to the composite after an exothermic reaction, a 

material containing corundum, mullite, calcium oxide, sodium hydroxide, water, 

hydrogen, and in small amounts carbon dioxide is formed [93-95].  

As can be seen from Table 18 and Figure 28, the reaction with water and samples 
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№ 1 and № 3 proceeds with the release of temperature in a small amount, this may 

mean that the reaction is not very intense, that the amount of heat released is small. 

That is, with a lesser or greater degree of activation of powder mixtures of this system, 

it leads to a decrease in the reactivity of composites. 

The limited time for the dispersion of systems in the early stages of 

mechanochemical activation may lead to insufficient destruction of the protective 

layers of particles, and also does not lead to the accumulation and redistribution of 

defects in the volume of particles, which contribute to an increase in their chemical 

activity. This can limit the availability of active centers and slow down reaction 

processes, since an increase in the surface and a change in the structure of particles 

contribute to an increase in the rate of chemical reactions [90-92] . 

Prolonged mechanochemical activation of particles, as can be seen from Table 

18, leads to less release of temperature and heat. In fact, indeed, prolonged 

mechanochemical activation of particles can sometimes lead to less heat generation 

and a decrease in system temperature compared to shorter activation periods. This may 

be due to several different factors, including excessive particle dispersion. One of the 

reasons for the decrease in heat generation may be spraying or even deactivation of 

active centers as a result of excessive mechanical processing. With intensive particle 

dispersion and prolonged mechanochemical activation, effects associated with wear or 

destruction of the material structure may occur, which can reduce the efficiency of the 

reaction and, consequently, reduce thermal emission [150-153]. Moreover, the 

dispersion of particles can lead to an increase in the contact area between the 

components of the system, which in turn can contribute to a more intense reaction and, 

as the data obtained prove (Figure 29). 

This phenomenon can also be explained by the sintering process, which is a 

spontaneous process that occurs below the melting point of the material and reduces 

the free energy in the system. During sintering, there is usually a decrease in porosity 

and an increase in strength, which makes it a more energy-efficient process compared 

to solid-phase sintering. 

Liquid-phase sintering uses lower firing temperatures than solid-phase sintering 

and therefore requires less energy input. However, both processes result in a reduction 

in porosity and improvement in strength. Different components of a mass have 

different melting points. The liquid phase, formed as a result of the contact between 

solid particles, spreads over the surface of the solid through two mechanisms: surface 

diffusion and capillary action  [154,155]. The sintering process, in which solid 

particles fuse together under the influence of heat and pressure, is most effective when 

the solid particles are immersed in the liquid phase and the liquid has low 

viscosity. Once a certain level of liquid phase has been reached, a thin film of liquid 

forms around each solid particle. Capillary forces between the particles and the liquid 

layer draw the particles together, filling the spaces between them with molten 

liquid. Processes such as dissolution and crystallization take place in 

the liquid, strengthening the bonds between the particles. 

During sintering, sealing can be achieved through various mechanisms, such as 

viscous flow or volumetric diffusion, which depend on the composition of the 

materials involved. Regardless of the specific mechanism, the main stages of 
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sintering typically include the following stages [156]: 

1) Baking, where contact between particles develops, but the grain boundaries 

remain intact (Figure 29a) [156];  

2) Sintering - the main stage is the separation of "matter phase" and "empty 

phase", particles merge with each other, but closed pores haven't formed yet, local 

sintering occurs ] (Figure 29b) [156]; 

3) Continuation of sintering, crumbling of the "empty phase" - formation of 

closed, closed pores [153] (Figure 29c) [156]; 

4) Removal of closed pores due to diffusion processes, formation of non-porous 

or low-porous materials.  

5) Formation of a thermodynamically stable distribution pattern of condensed 

phases [156]. 

Figure 29 – Stages of the sintering process: a - baking; b - sintering; c - formation 

of closed pores and their overgrowth; 1 - solid phase; 2 - pores [156] 

 

After sintering, the material's structure typically consists of a solid phase and 

pores. The solid phase includes large particles known as filler, as well as an amorphous 

phase called the binder. The sintering process relies on the free energy of the 

system. Larger particles do not sinter on their own. 

To bond larger particles during sintering, a fine dispersed phase with extra free energy 

is needed. Diffusion within this phase contributes to particle bonding. Pores formed 

during sintering can be categorized as open or closed. Open pores allow liquids to flow 

through them, while closed pores do not have an opening to the outside. Open 

pores can be further divided into permeable and impermeable types. Permeable pores 

allow liquids to penetrate, whereas impermeable pores do not allow liquids to enter. 

The degree of sintering is typically assessed based on factors such as density, water 

absorption, and porosity. A higher density, lower water 

absorption, and lower porosity generally indicate a more complete sintering 

process, resulting in a denser, more homogeneous final product. 

These properties are essential for determining the mechanical strength, durability, and 

other characteristics of the sintered material. They 
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are therefore important considerations when optimizing the sintering process to 

achieve the desired properties [153-156].  

Thus, it follows from the presented data that by conducting mechanochemical 

activation of the components of mixtures, it is possible to purposefully influence the 

process of exothermic reaction and the formation of a dense or porous structure with 

finely dispersed phases, which in turn ensure the reactivity of the synthesizing material. 

The use of a mechanical activation process (the initial powder mixture of components 

is ground within a short time with a given frequency and impact energy) leads to the 

formation of new active materials. Mechanical activation allows theoretically to 

increase the rate of chemical reactions and increase heat generation by several times 

compared with the classical value obtained under the same conditions of interaction of 

the components. In addition, in the case of using mechanically activated powdered 

mixtures, the maximum rate of thermal heating, measured during the chemical reaction 

process, is significantly increased, also by increasing the contact surface between the 

components of different names, it allows to intensify the exothermic reaction compared 

with the classical process [157,158]. 

 

5.3 Thermodynamic studies of the exothermic reactions of the system Al-

Al2O3-CaO-Na2CO3-SiO2 

 

Calculations were carried out on the effect of the content of activated component 

compositions on the reactivity of the Al-Al2O3-CaO-Na2CO3-SiO2 system with water. 

The pressure value in the combustion chamber varies from 1 to 2 bar.  The Table 19 

shows the calculated parameters used for theoretical calculations for the system. 

 

Table 19 – Calculated parameters used in the research  

 

Reagents %  Mass, %  Initial temperature, K 

Fuel, Al2O3 30.0 298.0 

Fuel, Al 20.0 298.0 

Fuel, CaO 20.0 298.0 

Fuel, Na2CO3 15.0 298.0 

Fuel, SiO2 15.0 298.0 

Oxidizer, H2O(l) 100.0 298.0 

Ratio of oxidizer to fuel, O/F = 1:1 

 

The Table 20 presents the obtained data of theoretical calculations of the Al-

Al2O3-CaO-Na2CO3-SiO2 -H2O system. 
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Table  20 –Results of thermodynamic calculations of the exothermic reaction of the 

system Al-Al2O3-CaO-Na2CO3-SiO2  with water 

 

Pressure Р, 

bar 

T, K ∆𝒇𝑯𝟐𝟗𝟖
𝟎 , 

kJ/mol 

𝑺𝟐𝟗𝟖
𝟎 , 

J/(mol*K) 

∆𝒇𝑮𝟐𝟗𝟖
𝟎 , 

kJ/mol 

𝑪𝑷,  𝟐𝟗𝟖
𝟎 , 

J/(mol*K) 

1.0132 2134.1 -9947.5 10.2 -31727.7 1.03 

2.0265 2139.1 -9947.5 10.0 -31355.1 1.02 

 

As can be seen from the Table 20, the results of thermodynamic calculations for 

the compositions of the Al-Al2O3-CaO-Na2CO3-SiO2 system, where they are in 

satisfactory agreement with the data in Figure 25, which proves the possibility of an 

exothermic reaction with water, releasing a large amount of heat (P=1 bar, 

T=2134.15K).  

The significant coincidence of the data obtained on possible reaction products 

using the NASA program (Table 21) indicates and confirms the correctness of 

theoretical assumptions about the course of the chemical reaction of the Al-Al2O3-CaO-

Na2CO3-SiO2 system with water. 

 

Table 21 –Products formed as a result of the exothermic reaction of the system Al-Al2O3-

CaO-Na2CO3-SiO2  with water and their mass contributions 
 

Products formed as a result of the reaction Mass fraction, % 

α -Al2O3 17,4 

Al2SiO5  16,6 

NaOH 1,7 

CaO (cr) 8,1 

H2  0,8 

H2O 51,4 

CO2  0.01 

CO 0.006 

 

For a more detailed analysis, diffractometric studies of samples № 1, № 2, № 3 

of the Al-Al2O3-CaO-Na2CO3-SiO2 system were carried out after an exothermic 

reaction.  
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5.4 Results of diffractometric studies of the system Al-Al2O3-CaO-Na2CO3-

SiO2  

As a result of diffractometric analysis, it was found that the phase composition 

of the product is mainly represented by sillimanite (Al2SiO5), corundum (α -Al2O3) and 

residual quartz (SiO2).The main component of the product sillimanite has a chemical 

composition of 37.02% SiO2 and 62.98% ); sometimes Al is partially replaced by Fe. 

It forms shaggy and fibrous aggregates composed of colorless, yellowish-gray, 

brownish and indivisible rhombic systems [159-163]. 

Figure 30 shows an X-ray of the product of an exothermic reaction with water 

of a mixture of Al2O3+Al+CaO+Na2CO3+SiO2 activated for 10 minutes. As can be 

seen, after 10 min MA, partial sintering of the oxide components occurs, forming 

aluminosilicate compounds (mullite 3Al2O3∙2SiO2, sillimanite Al2SiO5, 

aluminosilicate Al2O3∙21SiO2), corundum α -Al2O3, residual quartz (SiO2) and 

calcium oxide. Peaks of the original aluminum, silicon dioxide and calcium oxide are 

also visible.  

A comparison of the experimental diffractogram (Figure 30) and the standard 

radiograph of mullite and corundum (Figure 31 [161]) allows to conclude, that the 

experimental picture contains pronounced mullite and corundum peaks.  

 

 

 

Figure 30 – Diffractogram of the system Al-Al2O3-CaO-Na2CO3-SiO2 -10 after 

the reaction with water 
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Figure 31 – Diffractogram obtained on an X-ray diffractometer at 1600 °C is a mixture 

of clay and calcined alumina [161] 

 

Weaker sillimanite peaks were also detected on the diffractograms of the 3 

samples (Figures 30, 32 and 33). These data suggest the formation of sillimanite and 

mullite Al-Si-O microaggregates during melting. The weak intensity of these peaks 

[160,161] is associated with the extremely small size of the aggregates. 

 

Figure 32 – Diffractogram of the system Al-Al2O3-CaO-Na2CO3-SiO2 -15 after 

the reaction with water 
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Also, in the latest diffractograms, a decrease in the peaks of the starting 

materials, such as aluminum and silicon dioxide, can be noticed, probably due to the 

fact that the sintering of the particles consumes the starting materials. A significant 

decrease in their size and expansion of the peak zone may be associated with grain 

crushing and accumulation of internal stresses as a result of cold deformation [160]. 

The change in the size of the crystallites of individual peaks is also associated 

with microdeformation in the crystal lattice. It is also possible to observe an increase 

in the peak of corundum and sillimanite, as well as a decrease and expansion of the 

peak of mullite.  

 

Figure 33 – Diffractogram of the system Al-Al2O3-CaO-Na2CO3-SiO2 -20 after 

the reaction with water 

 

The formation of mullite, a key ceramic phase in quartz-containing 

materials, can be hindered by several factors, including the composition of the 

mixture. This process usually occurs through a reaction between aluminum oxide 

(Al2O3) and silicon dioxide (SiO2), which are commonly found in materials like kaolin 

clay and raw materials rich in alumina. In mixtures that contain quartz, the formation 

of mullite may be difficult due to insufficient aluminum oxide content. Aluminum 

oxide not only bonds with silica to form mullite but also interacts with other 

components like calcium oxide (CaO), which may be present in the mixture [161]. The 

presence of calcium oxide during firing can lead to the formation of calcium carbonate 

(CaCO3), preventing the formation of mullite. When calcium 

carbonate forms in a mixture, it competes with aluminum oxide for silicon dioxide, 

reducing the chances of mullite forming. Additionally, the presence of calcium 

carbonate may introduce impurities or alter the firing atmosphere, 

further affecting mullite formation. To ensure successful mullite formation in 

mixtures containing quartz, careful control of the 

composition is essential, particularly the ratio of aluminum 
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oxide to silica. Additionally, firing conditions such as temperature, atmosphere, and 

duration must be optimized to promote mullite formation while minimizing the 

formation of unwanted phases like calcium carbonate. 

Weak peaks of mullite and sillimanite on the diffractogram (Figure 33) are 

observed for the initial samples at room temperature, as well as at temperatures above 

the melting point. These two modifications of crystals have similar characteristics in 

their chemical structure. It is important to note that the c parameter of the mullite cell 

is 2 times less than that of sillimanite. The rest of the cell parameters are quite similar. 

Thus, it is impossible to accurately determine the type of ordering in microaggregates 

in this study.  

The ideal mullite cell is shown in Figure 34 [159]. Extremely high CaO values 

indicate that calcium does not play a role in the formation of microaggregates in the 

melt. 

 

Figure 34 – Diffractograms of mullite (black) and sillimanite (red); ideal mullite 

cell (b) [159]. 

 

The short-circuit parameters for the coordination bonds of SiO and AlO remain 

unchanged and are close to the characteristic values obtained earlier or presented in the 

literature on silicate data. 

The above characteristics can be interpreted as follows. The features of the 

diffraction data obtained in the experimental data should be attributed to the 

inhomogeneous microstructure of the material containing microparticles. The liquid 

component is an unordered matrix. Randomly distributed aluminosilicate 

microparticles are in diffusion equilibrium with a liquid disordered matrix. Calcium 

cations are located on the surface of aluminosilicate microcrystallites, partially 

compensating for the negative surface charge of oxygen ions crystallite.  

Oxygen ions in the disordered matrix, in turn, neutralize a small excess positive 

charge of calcium cations. Thus, the core of the microparticle can be assumed to consist 

of microcrystallite mullite-sillimanite surrounded by calcium ions. The core is also 

surrounded by oxygen ions from the disordered matrix, thus forming a diffuse layer 
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around the filler. Microparticles interact intensively with a liquid disordered matrix. 

Presumably, the microaggregate is an aluminosilicate of the type of mullite and/or 

sillimanite. It is difficult to predict the type of microaggregate, since its structure 

depends on the composition and temperature. It was reported in the literature [159] that 

sillimanite decomposes at approximately 1823 K to form mullite in accordance with 

equation (1): 

3Al2SiO5 → Al6Si2O13 + SiO2                   (1) 

 

The possibility of continuous transformation depending on the composition and 

temperature should not be excluded. 

Thus, the X-ray data show that with an increase in the activation time of the 

mixtures, the starting materials are completely consumed with the formation of 

aluminosilicate compounds and corundum. The peaks of residual quartz and calcium 

oxide formed as a result of the decomposition of calcium carbonate also expand. 
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Table 22 – Сomparative Data Table 
 

 

Type Contents Disadvantages  Literature Advantages of our 

samples 

Air-

activated 

Zn, Al, Mg 

 

This reaction release 

with contacting an 

electrolyte, QMg=5,6 

kJ/g 

[22] Alloy metals 

replaced to 

mechano-activated 

aluminum, 

reaction release 

with contacting air, 

QAl=31,0 kJ/g 

Zn, O2,  

Carbon (C) as 

promoter for 

the reduction 

of oxygen; 

an alkaline 

electrolyte 

The difficulty of the 

production stages and in 

the control of the 

composite,  

produces extreme 

temperatures 

[22] With the addition 

of SiO allow to 

regulation and 

control of uniform 

combustion  

Water-

activated 

Mg/Fe 

mixture 

hard-to-reach, expensive 

metals, sensitive to 

corrosion  

[28] Replacement of 

aluminum is 

associated with the 

cheapness and 

corrosion stable of 

the metal 

Electrolyte 

NaCl 

pH=4-7,  [28,32] Replacement of 

Na2CO3 allow to 

regulate the pH of 

the medium (⁓7). 

Mg+H2O Mg(OH)2 strong alkali, 

does not react without 

oxidation of iron,  

addition of an acid or 

acid salt [AlCl3, H3BO3, 

food grade adipic acid, 

and Fe(NO3)3] to 

neutralize pH near 7. 

Tmax =75-820C, heating 

time - 8 min 

[32] without the use of 

alkalis, Tmax = 

1010C, increased 

heating time to 12 

min with addition 

of SiO2 

CaO2, 

Na2CO3, Al 

High oxidative potential 

of calcium peroxide, 

unstable 

[39] CaO stable, easily 

accessible 

CaO, NaOH, 

MgCO3, 

SrCO3, BaCO3 

complex composition, 

NaOH strong alkali 

[45-48] NaOH synthesized 

in intermediate 

reactions 
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CONCLUSION 

 

 1. The optimal conditions of mechanical activation of the composition of the 

system Als-AlF-MnO2-SiO for air-activated flameless heaters and its maximum 

combustion temperature is 886.40C, providing a uniform combustion rate of 0.22 mm/s 

were determind. It was found that, the aging of the powders did not significantly affect 

their reactivity. The metal content decreases with increasing activation time: the Als-

AlF-MnO2-SiO composite without MA contains 74.2% of the metal content, and with 

a time of 150 min MA, the metal content is 57.3%. 

 2. Obtained the percentage composition of the Al-Al2O3-CaO-Na2CO3-H2O 

system, which meets the requirements for autonomous medical heaters activated by 

water, covering a temperature range 28-55°C during an exothermic reaction.  

 3. Thermodynamic characteristics have shown, that at a given temperature (298 

K) and pressure (0.1-0.2 MPa), the reaction in Al-Al2O3-CaO-Na2CO3-H2O occurs 

spontaneously, since ∆G < 0 under the specified conditions. The enthalpy value ∆𝑓𝐻298
0  

= -12470.7 kJ/mol indicates that the reaction in the system is exothermic, and releases 

a sufficient amount of heat (T=859.05 K) and energy (∆𝑓𝐺298
0 = -21140.5 kJ/mol). 

Determined that the final product consist of 10.1% Al2O3, 5.3% NaAlO2, 2.7% CaCO3 

(cr), 7.6% CaO (cr), 73.5 H2O and emitted gases in the amount of 0.3% H2, 0.2% CO2, 

0.002% CO.   
4. The results of DSC indicate partial oxidation of aluminum oxide and calcium 

oxide in the range from 172°C to 185°C. The observed endothermic peaks indicate in 
the range from 257 to 285°C, and from 413°C to 450°C heat absorption during phase 
changes or chemical transformations. The thermal effects (∆H) are 95.9913 J/g and 
115.1251 J/g for the first and second peaks. The last peak, marked in the range from 
413 to 450°C, indicates a transition from the original amorphous or crystalline structure 
to a plastic or molten state with heat absorption (∆H=176.52 J/g). 

5. Obtained a new composition by adding silicon dioxide to the system Al-

Al2O3-CaO-Na2CO3 system by mechanochemical processing (15min), which can give 

the required maximum (T=1010C) temperature and maximum time (=14 min) during 

an exothermic reaction in accordance with the requirements for flameless heaters, 

activated by water. 

           6. Determined the thermodynamic characteristics which prove, that in the 

system Al-Al2O3-CaO-Na2CO3-SiO2 -H2O the reaction releases a significant amount of 

heat. Thermodynamic parameters such as enthalpy change (∆𝑓𝐻298
0 = -9947.48 kJ/mol) 

and Gibbs energy (∆𝑓𝐺298
0 =-31727.7 kJ/mol) indicate that the reaction occurs with a 

high temperature (T=2134.15K).  
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