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Abstract

The work is devoted to the activation of metal powder mixtures suitable for use in 
flameless food heaters. Four activated powders have been manufactured starting 
from the reference material using a standard technique. Activated powders exhibited 
a significant increment of the reactivity for the reference mixture. Experimental tests 
were carried out to characterize the resulting composites in terms of the combustion 
rate. The oxidation reaction at a low heating rate was monitored using a SEIKO 
EXTAR II thermal analysis machine and its tests were carried out at open air in 
temperature range starting from room temperature up to 1150 °C at the heating rate 
of 10 °C/min. Powders activated by mechanical activations and the initial mixture 
of materials were characterized in terms of apparent density, absorbed surfactant 
with the mass of sizing, i.e. granulometry, oxidation properties at a low heating 
rate. With increase the grinding time, the color of the powder switches to dark 
tones. Powder granulometry was performed on a MALVERN laser granulometer 
MASTERSIZER 2000 using dry block SCIROCCO. Three measurements for each 
sample were performed and the results were averaged. The tests were recorded 
and processed by digital technology to make the combustion rate of the powders, 
also the experimental setup used for investigations was presented. The sample 
AlS-AlF_MnO2_SiO-150 is characterized by the lowest metal content, and by the 
most regular combustion propagation. The powder AlS-AlF_MnO2_SiO-50 features 
the highest metal content, but the less regular combustion propagation. The use of 
mechanical activation allows increasing the number of nanoscale materials, which 
contributes to the synthesis of highly effective flameless food heaters.
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1. Introduction

Nowadays, in many countries of the world, 
great attention is paid to the development of new 
formulations for flameless food heaters. Heaters 
along with canned products are part of the indi-
vidual rations of military personnel in the United 
States, Europe, Japan, Russia, and other countries. 
They provide an easy and safe method for heating 
food [1‒4].

The technology of manufacturing flameless 
heaters has been known for over a hundred years. 
Flameless food heaters which consist of a variety 

of their compositions found wide application. A 
well-known flameless ration heating is exothermic 
reaction provided by calcium carbonate, sodium 
carbonate, calcium oxide and aluminum powder 
mixtures. Another type of flameless ration heater 
is oxidized metals, such as magnesium, which is 
activated by adding water. Flameless heating de-
vices suitable for using at night without producing 
visual effects and which are not affected by wind 
or inclement weather are of an urgent need [5‒6].

The compositions being developed have an 
excellent perspective in the field of application 
in all facilities of the Ministry of Defense of the 
Republic of Kazakhstan, where military personnel 
and staff are fed in the field conditions. Hunters, 



Effect of Mechanical Activation on the Reactivity of Composites for Flameless Heaters142

Eurasian Chemico-Technological Journal 22 (2020) 141‒147

professionals of a survival, fans of adventures and 
active recreation also have a huge interest in the 
flameless food heater (FFH).

The new method of obtaining compositions for 
flameless food heaters is aimed at using mechano-
chemical activation of metal powders and other 
components, increasing the efficiency of interac-
tion between reagents.

Unfortunately, there are no published investiga-
tions in the development of flameless food heaters 
in Kazakhstan. Flameless food heater (FFH) com-
positions in Kazakhstan are mainly imported from 
different countries of the world. Therefore, con-
ducting research and technological development 
for the creation of domestic compositions of flame-
less food heaters is relevant and practical impor-
tance within the framework of national interests.

Therefore, conducting research and develop-
ment of technological methods aimed at the cre-
ation of domestic composite materials for the 
flameless food heaters can be performed by the use 
of mechanical activation, which allows the pow-
der to get out of equilibrium and acquire special 
properties. As the distance from the equilibrium 
state increases, the number of parameters that de-
termine the state of the system increases, thereby 
expanding the variety of structures implemented in 
the material, and, consequently, its properties. Me-
chanical activation allows creating active states in 
a solid body, opening up a certain perspective for 
carrying out and accelerating chemical reactions 
between solid bodies and obtaining materials in a 
highly non-equilibrium state. The use of the meth-
od of mechanical activation is also a promising di-
rection in the synthesis of composite materials for 
flameless heaters for the rational supply [7‒10].

2. Materials and methods

2.1. Aluminum powder

Aluminum is a high-density energetic materi-
al (enthalpy of aluminum oxidation in O2 by mass 
was 31.0 kJ/g and by volume was 83.6 kJ/cm3). 
This, together with the relatively low O2-demand 
and the reduced cost, yields to the extensive use 
of Al in condensed energetic systems. Typically, 
Al particles are passivated by air and present a 
layered structure with a metal core surrounded by 
an amorphous Al2O3 shell. The latter is purposely 
generated by controlled powder exposure to a dry 
air environment during the production phase. The 
Al2O3 layer prevents the fast Al reaction with the 

surrounding environment at ambient conditions. 
The thickness of the oxide shell is primarily con-
trolled by the diffusion of oxidizing species (in 
particular, O2) toward the metal core. For tempera-
tures in the range ambient-temperature to 673 K, 
the limiting thickness of this layer (4‒5 nm) seems 
independent of powder morphology and size [11]. 
For T > 673 K, the oxide layer thickness and its 
crystalline structure change in the presence of 
O2. Currently, commercial powders are based on 
air-passivated Al. The key features of Al powders 
in the micron-sized range are high Al content (typ-
ically higher than 95 wt%) with specific surface 
area (SSA) usually lower than 1 m2/g. While the 
metal content grants a high theoretical energy con-
tent to the powder, the relatively low SSA yields in 
limited reactivity (i.e., high ignition temperature). 
Nano-sized Al (nAl) powders exhibit increased re-
activity over the conventional micron-sized Al (Al) 
[12]. In general, air-passivated nAl shows SSA ≥ 
10 m2/g, and a reduced Al (< 90 wt%). Taking into 
account the enhanced performance in a combustion 
environment, nAl with a high reactivity may yield 
issues related to aging under storage. In particular, 
powders may lose Al during storage. As a conse-
quence, the effects of their combustion are altered 
(i.e., reduced enthalpy release, different reaction 
mechanism). In general, air-passivated nAl shows 
SSA ≥ 10 m2/g, and a reduced Al (< 90 wt%). 

In the work were used Al powder with parti-
cle sizes ranging from micron to submicron and 
nanoscale. Nanosized aluminum particles have 
several features, which make them interesting for 
energy applications. Compared to micron-sized 
aluminum, they have a higher reactivity and low-
er flash point. The advantages of using aluminum 
nanoparticles are regarded to provide agglomera-
tion characteristics of larger particles, earlier ig-
nition, a higher overall rate of thermal evolution 
and a further increase in the combustion rate for 
functionalized particles. In the course of the analy-
sis, various properties of powders are investigated 
with an emphasis on application in energy systems. 
Specific surface area (SSA) measurement are con-
ducted for comprehensive characterization of pow-
der morphology (particle size, shape and texture), 
structure and composition [13, 14].

In this process, two different powders, spherical 
and flakes, were investigated. The microstructural 
features of the powder particles were determined 
with scanning electron microscopy (SEM). Figure 
1 presents the shape and microstructure of the two 
types of different aluminum particles.
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Fig. 1. SEM micrographs of spherical (a – 200 x, b – 1K x) and flakes (c – 7K x, d – 8K x) Al powder.

2.2. Mechanical Activation and Powder 
Formulation

Mechanical activation is a versatile technique, 
which can be potentially applied to produce ad-hoc 
materials, as well as for mixtures of metal powders 
to be used in flameless heaters. The parameters 
of the process have a strong influence on the fi-
nal product characteristics and on their further be-
havior. Mechanically activated powders are more 
reactive than their corresponding mechanical mix-
tures and can be successfully applied in order to in-
crease the mixture reaction rate [15, 16]. Mechan-
ical treatment of powders was carried out in the 
planetary mill RETSCH PM 100, with a platform 
rotation rate of 100‒650 rpm. The PCA (process 
control agent) was toluene. A process control agent 
(PCA) is usually used in the process of mechan-
ical alloying to avoid bonding between the pow-
der particles and the balls and the agglomeration 
of powder during the milling [17]. The additive 
was pre-mixed with the virgin Al through a res-
onant acoustic mixer (RAM technique) before the 
ballmilling treatment. The modified powders have 

been activated accordingly to the standard proce-
dure reported in Table 1.

Table 1 
Mechanical activation parameters used in the work

Parameter Modified Reference 
Formulation 

Mill Planetary RETSCH PM 100
Milling Time 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 (balls-to-powder 
mass ratio) 20:1

PCA (process control 
agent) Toluene

Sphere Material Stainless Steel
Vessel Material Stainless Steel
Vessel Volume 125 ml

(a) (b)

(c) (d)
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Table 2
Formulation selected for mechanical activation 

(the reference powder is reported for comparison 
purposes [18])

Powder Orig. Formula-
tion [18]  

Modified Ref. 
Formulation

Al (spherical) 5% 5%
Al (Flake) 70% 70%

MnO2 25% 15%
SiO 0% 10%

The reference formulation [18] is inspired by 
the powder reported in Table 2. The original mate-
rial is characterized by the highest combustion rate 
among the proposed alternatives. For this reason, 
the formulation has been modified as reported in 
Table 1 to guarantee a lower regression rate. The 
investigated composition also included manganese 
dioxide (MnO2) and silica (SiO). Manganese diox-
ide was used to enhance the availability of oxygen 
and to control the rate of oxidation. SiO acts as a 
“flame retardant” used to regulate heat conductiv-
ity and heat capacity to prevent local overheating.

3. Results and discussion 

The powders prepared by ball milling (mech-
ano-activation) and the virgin material mixture 
were characterized in terms of apparent density, 
absorbed PCA in relation to the sample mass, gran-
ulometry, metal content and oxidation behavior at 
low heating rate. Powder features are presented in 
Table 3. Activated powders exhibit different colors 

with respect to the reference material suggesting a 
significant inclusion of MnO2 and SiO into the Al 
matrix. The color change is also symptomatic of the 
reduction of the particle size as investigated by both 
apparent density and the absorbed PCA. In the case 
of very small particles, characterized by a signifi-
cant specific surface area (SSA), the extraction of 
the PCA by standard drying procedure is extremely 
complex. In this regard, the appearance of higher 
milling time and lower density should be noticed. 
Correspondingly, with an increase of the milling 
time, the powder color switches to dark tones. All 
these behaviors become dramatic with the powder 
activated trough the innovative technique.

Powder granulometry was investigated by a 
MALVERN MASTERSIZER 2000 laser granu-
lometer with the use of the dry unit SCIROCCO. 
Three measurements for each sample were carried 
out and averaged. The obtained results are summa-
rized in Table 4. 

It was found that the mechanical activation 
promoted a significant reduction of the average 
particle size of powder as shown in Table 4. Av-
erage diameter by mass D [4,3] indicates that the 
particle size decrease with increasing mechani-
cal activation time (i.e. milling time). The sole 
exception is represented by the powder activated 
for 65 min, showing the highest D [4,3] among 
the activated materials. From this point of view, 
it is necessary to remember that the particle size 
is not directly dependent on the time in an acti-
vation process due to the peculiar phenomena oc-
curring during the milling. Non-isothermal oxida-
tion at a low heating rate was monitored using a 

Table 3
List of the activated powders and their main properties

Powder Label Color Absorbed PCA, wt.% Apparent density, g/cm3

AlS-AlF_MnO2_SiO-MM Brown - 1.18
AlS-AlF_MnO2_SiO-50 Grey 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

Table 4
Main particle size parameters 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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SEIKO EXTAR II simultaneous thermal analysis 
machine. Measurements were carried out at open 
air, starting from room temperature and up to 
1150 °C at with heating rate of 10 °C/min. The re-
sults of thermogravimetry are presented in Fig. 2.

Figure 2 presents the behavior of the four test-
ed powders at a low heating rate. The mechanical 
mixture (reference material) is characterized by an 
evident mass loss (about 1.1%) starting at 548.6 °C 
(onset temperature). This behavior can be associat-
ed with the presence of MnO2 and its transforma-
tion into Mn2O3 as observed also by other authors 
[19]. Independently on this peculiar feature, the 
reference material exhibits a different trend with 
respect to the activated powders. In fact, activat-
ed materials are characterized by two mass gain 
steps instead of the single one shown on the refer-
ence powder. Moreover, all the activated samples 
feature an initial mass loss due to the desorption 
of the PCA excess. The loss tends to be more im-
portant increasing the milling time. The sample 
AlS-AlF_MnO2_SiO-65 was an exception probably 
due to the higher granulometry and then change to 
the lower SSA. The mass loss of the reference ma-
terial is (again) related to the presence of manga-
nese dioxide [20].

Fig. 2. Thermogravimetric traces of the tested powders.

In relation to the milling time, all activated pow-
ders exhibit a significant reactivity enhancement 
according to the baseline. This is testified by the 
progressive anticipation of the second temperature 
onset as well as by the increment of the first step 
mass gain increasing the processing time (Table 
5). It is worth noting, that the first temperature on-
set seems to be unaffected by the milling time and 
that the second mass gain is strongly influenced by 
the powder metal content. A more intense activa-
tion can lead to a reduction of the metal content 
thus bringing to a lower mass gain during thermal 
analysis (this means also less aluminum available 
for the oxidation). In this respect, the activation of 
150 min could be too intense.

Four selected samples were preliminarily char-
acterized in terms of the combustion rate. About 
0.3 g of powder was positioned on an aluminum 
plate forming a stripe 4 cm long and ignited in the 
air by a hot wire. The tests have been recorded and 
post-processed by a digital technique to obtain the 
powder burning rate. The presence of a flame has 
been checked.

The results of the combustion rated of the in-
vestigated samples are presented in Table 6. 
The reference material does not ignite, while the 

Table 5
Relevant thermogravimetric data of the four tested powders

Powder Label ΔmAT-250, % Δm250-700, % Δm700-1050, % ΔmTOT, °C TON-1, °C TON-2, °C
AlS-AlF_MnO2_SiO-MM -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
ΔmAT – ambient temperature, °C; ΔmTOT – theoretical onset temperature, °C; TON – onset temperature, °C
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Table 6
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 3.35/4.00 cm of powder burnt (quenching) 

activated powders can be ignited without prob-
lems. The combustion rate of the powders is relat-
ed to the activation intensity, which is increasing 
the milling time make it possible to enhance the 
combustion velocity (from 0.22 to 0.40 mm/s).

Figure 3 exhibits some representative combus-
tion frames of the selected powders. All the acti-
vated 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 was the less regular. The 
batch AlS-AlF_MnO2_SiO-65 was a midway solu-
tion between the other two powders.

Activated powders exhibited a significant incre-
ment of the reactivity with respect to the reference 
mixture, but also a depletion of the metal content 
depending on the activation intensity. Combustion 
tests evidenced a burning rate ranging from 0.22 to 
0.40 mm/s for the samples activated with the stan-
dard technique. All the powders appeared stable 

and safe to handling, suggesting the possibility to 
partially replace Al with Mg, with special atten-
tion on the sample AlS-AlF_MnO2_SiO-50 (highest 
metal content). It should be noted by experimental 
results, that using a low amount of PCA dramati-
cally influences the activation process (especially 
with the RAM technique) bringing to a strong in-
crement of its efficacy.

4. Conclusions

The work considers the influence of activat-
ed metal powder mixtures for the application in 
flameless food heaters. Thus, highly intense activa-
tion processes should be avoided to hinder a strong 
reduction of the metal content and to prevent the 
generation of flames during the powder combus-
tion due to the inclusion of PCA into the powder. 
The sample AlS-AlF_MnO2_SiO-50 should be con-
sidered as the baseline for further experiments. 

Fig. 3. Preliminary combustion tests of the selected activated samples: (a) ‒ AlS-AlF_MnO2_SiO-MM; (b) ‒ AlS-
AlF_MnO2_SiO-50; (c) ‒ AlS-AlF_MnO2_SiO-65; (d) ‒ AlS-AlF_MnO2_SiO-150.

(a) (b)

(c) (d)
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A possibility consists in changing its formulation 
by adding a small amount of Mg (up to 50%) to fa-
cilitate the ignition, avoid the premature quenching 
of the powder and slightly increase both its com-
bustion rate and enthalpy release.

In particular, applying the RAM-technique ac-
tivation, using a low amount of PCA allows in the 
production of nanometric pyrophoric materials 
with extremely high reactivity. Whereas, appeared 
relatively low metal content. In this respect, two 
opportunities should be evaluated:

• possibility to strongly reduce the activation 
time to obtain a material with the same characteris-
tics using a standard ball milling procedure;

• possibility to encapsulate the powder in an in-
ert environment by use of protective film to inspire 
the ignition of the powders “on demand” breaking 
the capsule.

The use of the technological techniques as pre-
liminary preparation of system components in-
volving mechanochemical processing is aimed at 
increasing the efficiency of creating nanomaterials 
of a certain functional purpose and improving the 
quality of the products obtained. Mechanochemi-
cal activation allows the activation of powder ma-
terials, significantly changing their properties. The 
synthesized powder nanocomposite materials are 
intended as a heat source for thermal packaging.

The heat-generating mixtures studied in this 
project have several advantages, such as they are 
stable for long periods, safe to use and can be eas-
ily disposed of after use.
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