
Chemistry for Sustainable Development 32 (2024) 559–564� 559

UDC 544.576

DOI: 10.15372/CSD2024590

EDN: XQWTBL

Mechanical Activation Methods in Inorganic Materials Science

E. G. AVVAKUMOV

Institute of Solid State Chemistry and Mechanochemistry, Siberian Branch of the Russian Academy of Sciences,  
Novosibirsk, Russia 

E-mail:  ega@academ.org 

(Received 17.05.2024; revised 26.06.2024; accepted 30.08.2024)

Abstract

Many branches of science and technology need new materials. Different methods are used to obtain them. In 
particular, one of the promising methods used both at the stage of preparation for the thermal synthesis of ma-
terials and as an independent method is the mechanical activation of solids. Research carried out by domestic and 
foreign scientific organisations is devoted to the development of fundamental principles of mechanochemical 
technologies. This review summarises and formulates some patterns of mechanochemical reactions, such as the 
reactions of hydrated compounds and mechanically stimulated solid-phase thermal reactions, and indicates the 
most effective ways of their use. Examples of the synthesis of materials with valuable properties for use in mod-
ern technology are presented.
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INTRODUCTION

The synthesis of materials possessing practi-
cally significant properties is currently one of the 
urgent problems. A disadvantage of commonly 
used solid-phase thermal synthesis is in low reac-
tion rates, because they are limited by the rates 
of diffusion processes, which occur with noticea-
ble effects only at a high temperature. To accel-
erate synthesis, new physical methods are in-
volved, and at present the method moving to the 
forefront is mechanical activation based on the 
treatment of solid mixtures in grinding and acti-
vating devices. The joint mechanical treatment of 
solid mixtures involves their grinding, and they 
are subjected to plastic deformations. Mass trans-
fer processes are accelerated, and the components 
are mixed at the atomic level, which provides an 
acceleration of the chemical interaction between 
the solid reagents. 

The materials of the highest interest for mod-
ern materials science are those possessing unique 
characteristics, such as a high melting point, low 
thermal expansion coefficient, high hardness and 
resistance to wear, high conductivity or high re-
sistance, piezo- or pyroelectric properties, etc. 
Many of the listed properties are characteristic of 
simple and complex oxides and the compounds of 
transition metals with carbon, nitrogen, boron, 
sulphur. The present work summarises the meth-
ods of obtaining the indicated compounds with 
the help of mechanical activation. To choose the 
most optimal routes for the implementation of 
this method, its new versions have been pro-
posed, taking into account the chemical proper-
ties of reagents and energy effects of chemical 
reactions that proceed under the effect of me-
chanical activation, in particular soft mechano-
chemical synthesis, implying the use of hydrated 
compounds as initial components, and mechani-
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cally stimulated exothermal solid-phase synthe-
sis. The prospects of using soft mechanochemical 
method for the synthesis of materials are de-
scribed in review [1]. However, since then, new 
works contributing to the development of this 
method have been published. The present work 
should be considered as a continuation of the 
above-indicated review. The published articles 
are so numerous that many essential works can 
inevitably be omitted. The author hopes that the 
main ideas and notions will be understandable to 
the readers despite the indicated shortcoming. 

THERMODYNAMIC AND KINETIC ASPECTS  
OF MECHANOCHEMICAL REACTIONS 

By present, the syntheses of a large number of 
compounds have been carried out, some regulari-
ties of mechanochemical processes have been es-
tablished, and their mechanisms have been stud-
ied. These studies are summarised in a series of 
reviews and monographs [2–9]. 

Before passing to the description of specific 
works, some general regularities typical not only 
for mechanochemical reactions but also for other 
chemical processes are to be considered. 

The probability for chemical reactions to occur 
is determined by thermodynamic calculation of 
the difference of isobaric-isothermal potentials 
(free Gibbs energy changes, ∆G) for final prod-
ucts (∆Gfin) and initial reagents (∆Gin). 

∆Greaction = ∑ ΔGfin – ∑ ΔGin� (1)

A reaction proceeds spontaneously in the direc-
tion towards a decrease in the free energy, that 
is, in the forward direction if ∆Greaction < 0 and in 
the reverse direction if ∆Greaction > 0. 

The formation of products occurs mainly in 
the systems with the negative values of the ther-
modynamic potential. The same is true for mechano-
chemical reactions. For instance, we have studied 
the reduction of tin dioxide by aluminium, silicon, 
tungsten, and carbon, and demonstrated a direct 
correlation between the thermodynamic poten-
tials of reactions and the dynamics of dioxide re-
duction under the conditions of mechanical acti-
vation [7, 9].

One of the fruitful ideas of modern chemistry 
is the concept of element electronegativity. Its 
conclusions are successfully employed in the di-
verse areas of chemistry [10, 11]. The electro
negativity (Х) of an atom is the value characteris-
ing the relative ability of an atom in the molecule 
to acquire a negative charge. According to Mul-

liken [12], electronegativity can be measured as a 
sum of ionisation potential and electron affinity 
of an atom. Another, more complicated method 
to determine electronegativity was proposed by 
Pauling [13]. He established a connection between 
the difference of atomic electronegativities in AB 
molecule and the thermal effect (Q) of AB forma-
tion from atoms А and В:

ХА – ХВ = 0.208 √ Q � (2)

In elaborating this concept, it was proposed to 
characterise molecules using the average orbital 
electronegativity (Хav) of a compound [13]: 

Хav = (∑niХi)/∑ni� (3)

where ni is the number of atoms in the com-
pound, Хi is atom electronegativity, according to 
Mulliken [12].

It is sometimes difficult to calculate the free 
Gibbs energy for reactions in two- and multi-
component systems because of the lack of refer-
ence data. The authors of [14, 15] established a 
clear correlation between ∆Greaction and ∆Х calcu-
lated according to the equation 

∆Х = ∑Хfin – ∑Хin� (4)

where Хfin and Хin are electronegativities of the 
final and initial compounds in the reaction, re-
spectively.

Electronegativity values are tabulated for al-
most all elements of the Mendeleev’s periodic 
table, and calculation of average orbital electron-
egativities does not involve any special problems. 
For this reason, equation (4) can be used to assess 
the probability of reactions to proceed in the mix-
tures of solids in the case if thermodynamic data 
for these mixtures are unavailable or unknown, 
instead of equation (1) for the free Gibbs energy 
of the reaction. The indicated equation (4) does 
not contradict with equation (1), because accord-
ing to the definition of electronegativity formu-
lated by Pauling, it is connected with the thermal 
effect of molecule formation from atoms. 

The probability of the synthesis of compounds 
during mechanical activation of the mixtures of 
solids depends not only on the Gibbs energy dif-
ference between the final products and initial re-
gents but also on some other factors, in particular 
on the difference of reagent hardness values [7]. 
The higher is plasticity of the components of a 
solid-phase reaction, the better is contact between 
particles and the higher is synthesis rate. A cor-
relation between the rate of a solid-phase reac-
tion and the sizes of reacting particles has been 
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also established: the smaller is size, the higher is 
reaction rate [8].

The mechanical energy supplied to the mix-
tures is transformed into other kinds of energy, 
among which the major ones are thermal energy 
and the energy accumulated by the material. The 
thermal component represents losses as a rule, 
while the energy accumulated by the material 
can be used in the reaction process. Initial rea-
gents are transformed into final products as a re-
sult of the interaction between elastic strains 
and chemical forces. Elastic stresses cause an in-
crease in the internal energy of reagents. Conse-
quently, the thermodynamic parameters of initial 
reagents, intermediates and final products differ 
from the standard values, which leads to differ-
ences in equilibrium constants and enthalpies of 
reactions. 

It is generally thought that among two main 
thermodynamic factors of mechanical action, 
namely temperature and pressure, pressure is 
the most significant one. Under its action, shear 
stresses arise in the solids, and the work output by 
elastic stresses is spent to overcome the energy 
barrier that separates the initial and final states 
in elementary acts. Therefore, kinetic parameters 
are changed, and an additional contribution to re-
action enthalpy is made. 

The rate of interaction (dα/dt) in the mixtures 
of solids is determined by the area of contacting 
regions, depending on the energy of mechanical 
action and the mechanical characteristics of solids: 

dα/dt = KmxSn (5)
where Km is the constant characterising the prob-
ability of reaction to proceed under the specific 
conditions of mechanical action; х is the probability 
of contact between solid particles; Sn is the area 
of contact between particles [9].  

The initial stages of mechanical activation in-
volve grinding of all the components in the mix-
ture to equal extents. The hardness of hydrated 
compounds is 3–4 times lower than that of non-
hydrated ones, so grinding proceeds at a higher 
rate. In addition, some amount of water is re-
leased from hydrated compounds due to their 
partial dehydration. In agreement with the Re-
hbinder effect, their hardness decreases, and 
grinding accelerates. Fine particles combine to 
form globules [16].

The reason for aggregation is the transition of 
the substance to the state of plastic flow, and this 
state is responsible for the acceleration of chemi-
cal interaction. It follows from the reported data 

that the conditions necessary for the activation of 
solids are to involve the plastic flow of solid rea-
gents arising as soon as possible. This can be 
achieved either by enhancing the mechanical pa-
rameters (loading rate, device power, etc.) or by 
involving smaller reagent particles, which will be 
able to pass into the state of plastic flow immedi-
ately during activation. 

According to the above-described information, 
the rate of a solid-phase reaction proceeding in the 
grinding devices can be expressed in terms of the 
law of mass action through equation 

dα/dt = KmхSn(1 – α) (1 – eα)� (6)

where Km is an energy-related constant charac-
terising the value of mechanical action in the de-
vice used for grinding that does not depend on 
treatment time; е is the coefficient that takes into 
account the deviation of mixture composition 
from the stoichiometry, е = с/l (where c is the 
stoichiometric coefficient, l is the molar ratio of 
A to B in the initial mixture).

In the case when specific surface is linearly 
dependent on grinding time at the initial stages 
of grinding (that is, Sn = kt), where k is grinding 
constant from the equation of grinding kinetics 
Sn = Sm(1 – e–kt), integration of the equation 
gives 

α/(1 – α) = Kt2� (7)

where K = KmхSm. 
As indicated above [16], fine particles form 

globules in which the particles are bound with 
each other and are in permanent contact, then it 
may be accepted that Sn is a constant value and 
remains unchanged during treatment. Taking this 
into account, we obtain the equation 

α/(1 – α) = Kt� (8)

which is similar to the equation of a bimolecular 
reaction, but the physical sense of constant K dif-
fers from that in the molecular kinetic theory of 
chemical reactions. The indicated equation pro-
vides a satisfactory description of the experimen-
tal data in the case of high mechanical load. Clar-
ification of the physical sense of constant K and 
its quantitative characteristics is the subject of a 
number of publications [17, 18].

APPLICATION OF SOFT MECHANOCHEMICAL SYNTHESIS  
FOR OBTAINING THE MATERIALS

Initial components for soft mechanochemical 
synthesis are the compounds containing hydroxide 
groups and bound water: hydroxides and solid 



562	 E. G. AVVAKUMOV

acids, basic and acid salts, crystal hydrates, etc. [6]. 
The hardness of these compounds is 3–4 times 
lower than the hardness of anhydrous ones, which 
makes it possible to decrease the level of me-
chanical load during activation. The product 
formed in the course of mechanical activation can 
be in the crystal or X-ray amorphous state. For 
the latter one, thermal treatment at rather low 
temperatures is required.

The features and advantages of this method 
for different reactions have been considered pre-
viously in [19]. It is determined on the basis of the 
entire set of results obtained that the difference 
in the acid-base properties of compounds plays a 
significant part in these reactions. The larger is 
this difference, the higher is reaction rate and 
the depth of conversion. One of the products of 
reactions in the mixtures of hydrated compounds 
is water. Thermodynamically favourable reactions 
are those in which a minimal amount of water is 
participating. 

A good example of the high efficiency of the 
method is given by the data reported in [20], re-
lated to the soft mechanochemical synthesis of 
calcium molybdate from the crystal hydrate 
(NH4)6Mo7O24•4H2O and Ca(OH)2.

Crystal CaMoO4 is formed after mixture acti-
vation in a VM-4 vibratory mill for 5 min and 
does not require thermal treatment. Without ac-
tivation, a similar product is formed after anneal-
ing at a temperature of 650 °C.

At present, ceramic materials based on ZrO2–
Al2O3 find broad application in various areas of 
technology due to a unique combination of the 
physicochemical characteristics of this system: 
high chemical and thermal stability, as well as 
lower inclination to low-temperature degrada-
tion, on the one hand, and commercial availability 
on the other hand. Zirconium oxide (ZrO2) in-
tended for mixed corundum ceramics, stabilised 
with 3 % yttrium, was obtained in the finely dis-
persed state by the soft mechanochemical syn-
thesis. This ensured the formation of high-quality 
mixed ZrO2–Al2O3 ceramics [21]. 

This method was also used by the authors 
of [22] to obtain the solid solution of zircon (ZrSiO4) 
with cerium.

The synthesis of aluminium-magnesium and 
aluminium-nickel spinel was implemented suc-
cessfully by the soft mechanochemical method as 
described in [23].

The issues related to the synthesis of catalyst 
supports, in particular using the soft mechano-
chemical synthesis, are the subject of review [24].

MECHANICALLY STIMULATED  
EXOTHERMAL SOLID-PHASE SYNTHESIS 

Another method allowing a substantial decrease 
in energy consumption for mechanical activation 
is based on using the heat of exothermal reac-
tions between the reagents. This contribution is 
substantially higher than thermal heating due to 
the transition of mechanical energy into thermal. 
The exothermal heat effect manifests itself in most 
of mechanochemical reactions and leads to the ac-
celeration of chemical interaction. Sometimes it 
exhibits explosive behaviour, which places it in 
close quarters with the method of self-propa-
gating high-temperature synthesis, however, the 
method of reaction initiation is different. 

Processes based on exothermal reactions, in par-
ticular the reduction of oxides with metal reduc-
ing agents, have been used for practical purposes 
(aluminothermy, magnesiothermy) for a long time. 
They are also successfully used at present to ob-
tain fine metal powders from the mixtures of 
metal oxides with magnesium under the action of 
mechanical activation [25].

Mechanically stimulated exothermal solid-
phase synthesis (explosive mechanochemical syn-
thesis) has come into use not long ago. Neverthe-
less, its application is becoming increasingly ex-
tensive. For instance, some results on the synthesis 
of the carbides of transition metals using this 
method were described in monograph [7], and the 
authors who obtained those results can be recog-
nised as the pioneers of this direction. Though the 
method is names explosive, an explosion not al-
ways can be recorded in grinding devices. Rea-
gent mixtures are placed in tightly closed reac-
tors into energy-intensive mills (vibratory or ec-
centric), with the possibility to adjust vibration 
frequency. The carbides of B, W, V, Ti, Ta, Zr, Hf 
were synthesised using these mills [7]. 

Some carbides and composites based on these 
carbides have been successfully synthesised re-
cently using this method [26].

A new approach to obtaining refractory mate-
rials was implemented as described in [8, 27] for 
the synthesis of tungsten carbide as an example. 
This approach is based on the use of exothermal 
reduction of tungsten (VI) oxide by metal reduc-
ing agents (aluminium or magnesium). For this 
purpose, a ternary mixture WO3 + C + Al (or Mg) 
is subjected to mechanical activation. As a result, 
tungsten carbide is formed, along with a metal 
oxide, which is removed from the mixture through 
dissolution in an acid. 
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Mechanical activation is a promising method 
also for use at the stage of mixture preparation 
for self-propagating high-temperature synthesis. 
For instance, the authors of [28–30] used this meth-
od to make ceramics based on the borides of tran-
sition metals with melting points around 4000 °C.

CONCLUSION

On the basis of the review of the presented 
results, it is possible to outline the routes for the 
most efficient application of mechanical activa-
tion to obtain materials with valuable properties. 
This is achieved in the case if the duration of 
mechanical activation is minimal, and subsequent 
thermal treatment is carried out at the minimal 
temperature sufficient for product crystallisation. 
It is promising to use exothermal effects to ac-
celerate the reduction of oxides by metals. The 
heat released during this interaction is consumed 
for the acceleration of target reaction, while the 
formed metal is in the fine dispersed state and 
possesses increased reactivity, which also pro-
motes acceleration of the synthesis of target 
product. 
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