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Building the scientific foundation for the obtaining of materials with specified physical and 
chemical properties for specific operating conditions is a fundamental problem of modern materials 
science. This problem lies in the development of model concepts on the ways of the formation 
of structural-phase material states, which are responsible for a certain set of physical and chemical 
properties. One of the ways for solving the problem is the mechanochemical activation of solid-phase 
reactions, which has now found wide practical application [1 – 6].

A mathematical model is a very convenient tool to analyze the mechanochemical synthesis of precursors.
To model mechanosynthesis, the model uses a macroscopic approach [7], which assumes an 
averaged description of the process in the mechanoreactor in which a mixture of reagents is subjected 
to intense mechanical stress.

The macroscopic mathematical model has been constructed for the mechanochemical 
synthesis of precursors in this work. The model comprises the equations of heat 
balance of the mechanoreactor, the dynamics of excess energy in condensed matter, 
grinding, changes in the interfacial reaction surface, and the kinetics 
of chemical conversions.
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Mathematical model

A three-component mixture consisting of a stoichiometric mixture of reacting components 
A, B and an inert substance C is considered in the work. A chemical transformation is described by 
a one-step irreversible gross reaction, during which the product F is formed, where c0 is the mass 
fraction of component A in product F.

A macroscopic description of mechanochemical synthesis within the framework of the approach 
proposed in [7] generally includes a chemical reaction equation that takes into account kinetic, 
structural and temperature factors, as well as the equations describing the dynamics of excess energy 
in substances, the structure and temperature of the powder mixture.

The rate of chemical conversion during the formation of product F from a mixture of two 
reagents A + B can be obtained from the following equation 

)S(F)(f)T(k
dt

d




 is the conversion depth (the mass fraction of the product F with respect to the mass of the reaction mixture, 
 excluding the mass of the inert substance, and the product F; 

k(T)=k0exp(-E/RT), k0, E are the constant, pre-exponent and activation energy of the chemical reaction; R is the gas constant ; 

f() is the kinetic law of the reaction; 

F(S) is a dimensionless function characterizing the change in the interfacial reaction surface;

T is the temperature; 

E=E0-E is the activation energy of a chemical reaction, E0 is the activation energy of the chemical reaction in the absence 
of structural defects; E=aE[Ac0+B(1-c0)] is the excess energy that affects the activation energy of the chemical 

reaction; A, B is the excess energies in reagents A and B, respectively; aE is the coefficient. 

(1) 
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The equations of dynamics of excess energy determine two processes: the occurrence of structural imperfections 
(and with themthe “accumulation” of excess energy), and their relaxation (reduction of excess energy). According 
to [7], the change in excess energy in the inert substance and the reaction product can be represented by
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(2) 

(3) 

In (2, 3) I, Ii, mi, Ui, ai, ai1 are the values of excess energy in the components and the product, the accumulation
 rate of excess energy due to the mill operation, pre-exponents, activation energy, and coefficients (i = A, B, C, F). 

The excess energy per unit volume of the powder mixture  is equal to the sum of the excess energies in the 
reagents A, B, the inert component C and the product F  multiplied by their volume fractions vA, vB, vC, vF

FFcCBBAA vvvv  (4) 
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In the heat balance equation in the simplest case when there is no temperature distribution in grinding bodies and 
chamber walls, which occurs when the thermal relaxation time in grinding bodies and chamber walls is less than 
the characteristic times of chemical and dissipative heat release, the thermal balance of the system is described
 by the following equation 
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(5) 

In (6), the following notations are taken: Vk is the internal volume of the chamber, excluding the volume 
of grinding bodies; Vm, VW are the volumes of the grinding body and the chamber walls; SW is the 
surface area of the chamber; nm is the number of grinding bodies; cg, c, cm, cW are the 
heat capacity of gas, condensed substance, materials of grinding bodies and chamber walls; g, m, W  
is the density of gas, materials of grinding  bodies and chamber walls; 0 is the initial density of the mixture; 
mg, mmix are the volume fractions of gas and powder mixture in the chamber (mg+mmix=1); Q is the thermal
 effect of the reaction per unit mass of the product F; J is the mass formation rate of the product; 
aW is the dimensional coefficient that characterizes thermal dissipation; TW is the ambient temperature;  
is the heat transfer coefficient of the mill chamber with the environment,V0=Vkmmix, 
c=vAcA+vBcB+vCcC+vFcF is the heat capacity of the powder mixture; cA, cB, cC, cF are the heat capacities 
of substances A, B, C, F; aI is the coefficient.

Neglecting the change in the determined values at the stage of formation of primary particles (agglomerates), 
the initial conditions have the form 

t=0: T=T0, =0, =i=0,r=r0.  (6) 
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In order to reduce the number of parameters, highlight the main ones, simplify analysis and calculations, 
the following dimensionless quantities will be used:

=texp(-E0/RT*)=tk(T*), =E0(T-T*)/(RT*2), W=E0(TW-T*)/(RT*2), =/(RT*), i=i/(RT*), E=E/(RT*), 
i=Ii/(RT*k(T*)), =cRT*2/(aIE0Q), *=cT*/(E0Q), =RT*/E0, i=mi(T*)/k(T*), i=Ui/E0, 

=aWWE0/(RT*2k(T*)cmmixVk), Se= cmmixVk/(SW), K=k*/2k(T*),
 P=1+(Vkmgcgg+ Vmcmm+ +VWcWW)/(Vkmmixc). The initial temperature of the mixture T*=T0 was 
chosen as the scale temperature for nondimensionalization. 

a) b)

Figure 1 shows the temperature (a) and depth of chemical transformation (b) as a function of the amount of inert filler 
in the mixture. It can be seen that the growth of temperature and the conversion depth decrease with an increase in the 
amount of the inert additive. Moreover, at certain values of the inert component, the interaction of the powder mixture 
in the explosive, uncontrolled synthesis mode (curves 1–3) switches to the quasi-isothermal mode of chemical 
transformation under the limit of thermal explosion.

Figure 1. Temperature (a) and conversion depth (b) as a function of time for f()=1-, =0.01, =104, =0.04, Se=10-4,
 S0=0.01, i=103, K=1.6 104, 0=0, i=0.35, aF=3, *=2.2 104, P=6, c0=0.6 для  =0(1), 0.2(2), 0.3(3), 0.6(4). 

Results and discussion
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a) b)

Figure 2. Dynamics of temperature (a) and conversion depth (b) at =0 versus the parameters of grinding and activation of the powder mixture:
 1) K=1.6 104, i=103; 2) K=3.2 103, i=2 102; 3) K=1.6 103, i=102. The other parameters correspond to those given in the caption to Fig. 1.

Figure 2 shows the dynamics of temperature (a) and conversion depth (b) for different parameters of grinding K 
and activation =i (these parameters are interrelated, since they depend on the power of the mill). It can be seen that, 
with a decrease in the value K, the mode of the system switches, as in the first case, from the explosive synthesis of the 
product (F) (curves 1 and 2) to the limit of thermal explosion under controlled conditions (curve 3).
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a) b)

Figure 3. Dynamics of temperature (a) and conversion depth (b) at  = 0 and aF=1.5, W=0 (1), 13(2), 19(3). The other parameters correspond
 to those given in the caption to Fig. 1.

Figure 3 shows the dynamics of temperature (a) and depth of chemical transformation (b) as a function 
of temperature W. It is seen that, at small W, at first, the temperature of the treated mixture decreases relative 
to the initial value.

As the reaction rate increases over the induction period due to the accumulation of excess energy in the reagents, 
the proportion of thechemical source of heat generation increases significantly, and the powder mixture ignites (curve 2). 
At lower values of W, synthesis takes place under the thermal explosion limit (curve 3). In this case, the system 
switches from the modes of obtaining the product (F) (curves 1 and 2) to the modes of obtaining precursors (curve 3).



9

 

 

a) b)

Figure 4. Diagrams «Se, ln(r/rm) – K, » (a) и «W – K, » (b).

In fig. 4 (a), the line Se = Se* is the dependence of the critical Semenov number on the parameters K and , and also 
serves as the boundary between explosive and non-explosive modes of mechanosynthesis. On the vertical line K = 1, 
the characteristic rates of the chemical reaction and grinding are equal. The dashed curve shows the particle size of the 
precursors achieved during mechanosynthesis. The lines Se = Se* and K = 1 divide the diagram into three regions. 
In region III, mechanosynthesis takes place in an explosive, uncontrolled mode with the formation of the final product (F).
In regions I and II, the controlled modes of chemical transformation take place under the limit of thermal explosion. 
Moreover, in region I, the chemical reaction is ahead of grinding, and the particle size is close to the initial size (rr0). 
The optimal modes for obtaining precursors are in region II, in which the grinding rate is higher than the chemical reaction 
rate, due to which the particle sizes are close to minimum (rrm).

The diagram demonstrating the different modes of mechanosynthesis depending on the temperature W and the parameters
 of mechanical activation K and  is presented in Fig. 4 (b). The line W=W* separates the explosive and non-explosive 
modes of synthesis, and in combination with the line K = 1 divides the diagram into the regions that have the same 
meaning as in Fig. 4(a).
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Conclusion
The quantitative calculations of the dynamics of the process were carried out based 
on the developed macroscopic mathematical model for the mechanochemical synthesis 
of precursors. Different modes of mechanochemical synthesis in a three-component 
system were revealed.

It was shown that for the mechanochemical synthesis of precursors the most favorable 
mode is the controlled mode, which takes place under the limit of thermal explosion and 
depends on the following main parameters, which can vary in a practical experiment: 
the amount of inert component in the mixture, mill power, the mechanical activation time, 
the ambient temperature and the heat removal rate .

It was revealed that two extremely possible cases took place in the controlled modes of 
mechanochemical synthesis. In the first case, the chemical reaction is ahead of particle 
grinding; therefore, the size of mechanocomposites is close to the initial one. The second 
case corresponds to the optimal modes of mechanosynthesis, when the size of the 
obtained particles of mechanocomposites is close to the minimum.
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