
1. Introduction

Mechanical activation of powder compositions by treat-

ment in planetary ball mills is an efficient method for the

synthesis of inorganic compounds and materials. Indeed,

there is considerable literature on the title topic and the

number of original communications, analytical reviews 1 ± 7

and monographs 8 ± 12 concerned with research and develop-

ment in this area continuously increases. Depending on the

method used to carry out a chemical reaction, all studies in

this field can be divided into two large classes.

The first class includes experiments where the chemical

reaction between components of a powder mixture proceeds

during the treatment in a planetary ball mill. This approach

is termed mechanochemical synthesis,2, 8 mechanical alloy-

ing or mechanical doping since a mill is loaded with a

mixture of starting powder reactants that are treated to give

a product, that is, a chemical compound or an alloy.

Vigorous exothermic reaction in the course of mechano-

chemical synthesis was for the first time reported for metal

chalcogenide systems.13

The second class includes studies where mechanical

treatment is arrested prior to the start of a chemical

reaction. Usually, such a treatment has no effect on the

chemical and phase compositions of powder mixtures, but

the reactivity of the mixtures changes significantly. This

approach is termed preliminary mechanical activation,9, 10

or arrested reactive milling.14 ± 16 Preliminarily mechano-

activated compositions can be used in various processes of

the synthesis of materials and fabrication of items, in

pyrotechnics, as additives to solid propellants and for

other purposes,16, 17 but in all cases the chemical reaction

follows the activation process and the activated composi-

tion is removed from the mill activator.

In spite of fundamental differences between the two

approaches, they are practically implemented using the

same activators under similar treatment conditions; there-

fore, it is impossible to separate studies on mechanochem-

ical synthesis and preliminary mechanical activation. In this

review we will consider both approaches. The emphasis is

placed on the recent results concerning preliminary mechan-

ical activation, since there are numerous issues to be solved

in this area. In our opinion, most of them can be reduced to

the following:

Ð what are the changes in mechanically treated solid

reactants that influence the reactive properties of powder

mixtures and the routes of heterogeneous reactions in them?

Ð what are the mechanisms of this influence?
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Urgent need to solve these issues was in a general way

formulated by Academician V.V.Boldyrev in a review:3

`... the information gathering step should be already

replaced with the systematisation of the available informa-

tion and construction of models for the mechanical activa-

tion and mechanochemical reactions. So far, this has been

accomplished only in a few particular cases. The accumu-

lation of experimental facts is still underway but it should

not last forever'.

Mechanical activation is applicable to various chemical

classes of compounds and uses various types of equipment.

Being not intended to cover all aspects of mechanical

activation in a single review, we restrict ourselves to

consideration of treatment of exothermic powder mixtures

of inorganic components in planetary and vibratory ball

mills. An analysis of publications shows that at present

high-energy ball milling in planetary ball mills is the main

method of mechanical activation { for basic research and

technology. Exothermic mixtures, i.e., mixtures whose com-

ponents can react with one another with release of a

considerable amount of heat, attract the attention of

researchers not only due to various practical applications

of these systems. Mechanical treatment of such composi-

tions allows one to obtain valuable information on high-

temperature heterogeneous reactions involving solid par-

ticles and melts, on the influence of microstructure, grain

boundaries, structural defects and other microscopic factors

on the kinetics and mechanisms of these reactions. Recently,

most research activity has focused on powder mixtures of

elemental metals and nonmetals used in self-propagating

high-temperature synthesis (SHS) technologies as well as on

mixtures of metal oxides with aluminium or magnesium

(thermite compositions). This review mainly concerns the

SHS compositions. More comprehensive information on

other systems can be obtained from original communica-

tions concerning metal ± oxide thermite systems,7, 18 ± 20

organic 21 ± 23 and other systems.

We will discuss the most important results obtained in

the last 10 ± 15 years. Section 2 is devoted to critical analysis

of experimental data on the combustion velocity and

temperature and on the ignition temperature of reactive

exothermic mixtures treated in planetary ball mills, aimed

to determine the most reliable characteristics of the reac-

tivity of the systems in question.

In Section 3 we will analyze the influence of mechanical

factors on powder particles activated in planetary ball mills.

Most mathematical models for mechanical activation are

usually based on the assumption of intense plastic deforma-

tion of reactants under the action of impact load. Recent

experimental data obtained using high-speed video record-

ing inside the milling vials of planetary ball mills showed

that impacts are not the main factor responsible for activa-

tion. A critical comparison of the mechanical mathematical

models with experimental data allows one to quantify the

impacts of grinding balls on the components of reactive

mixtures. It is commonly accepted that impact load causes

certain changes in the structure of chemical compounds and

that these changes influence their reactivities. However,

opinions are different as to the nature of the changes in

question and on the mechanism of their action on reaction.

We will consider such factors as a decrease in the activation

energy of the reaction, grinding of reactants and an increase

in the specific contact surface area, an increase in diffusion

coefficients resulting from accumulation of structural

defects, increasing role of grain boundary diffusion of

reactants, seeding of product phases, etc.

Various hypotheses concerning an increase in the

reactivity of mechanically activated powder mixtures are

analyzed and compared in Section 4. Application of high-

resolution transmission electron microscopy (HR TEM) in

studies of activated compositions made it possible to

detect nanosized precursors that are formed during

mechanical activation and significantly influence the ini-

tiation of heterogeneous reactions in the powder mixtures.

These new experimental data are presented in Section 5.

Next, in Section 6, we will consider some examples of how

mechanical activation is used in the synthesis of ceramic

and intermetallic materials and in pyrotechnic composi-

tions. In Conclusion, we briefly summarize the key trends

of the development of the title field of research in the last

decade and point to the issues to be solved in the nearest

future.

Notations and abbreviations used in the review are as

follows:

e Ð excess energy influencing the activation energy of

reaction;

Z Ð dimensionless conversion;

b Ð constant characterizing the properties of the mate-

rial being ground;

Da Ð activation dose;

E Ð activation energy of reaction;

E0 Ð activation energy for the initial mixture before

mechanical treatment;

Eb Ð ball impact energy per hit (collision);

Et Ð total energy of milling that took the time t;

F Ð friction force;

fb Ð frequency of impacts;

F (Z) Ð kinetic function;

Gm Ð energy efficiency of mechanochemical reaction /

mol MJ71;

J Ð specific power density of activator;

K Ð parameter of planetary ball mill;

k Ð friction coefficient;

k0 Ð pre-exponent;

mp Ð mass of powder being treated;

n Ð order of chemical reaction;

N Ð normal force pressing rubbing bodies to each

other;

nb Ð number of balls in milling vial;

q Ð heat release rate;

Q Ð heat of reaction;

r Ð radius of milling vial;

R Ð universal gas constant;

rb Ð radius of grinding ball;

Rd Ð radius of Sun Disk;

S Ð specific contact surface area between reactants;

S0 Ð maximum specific surface area of particles;

T Ð temperature;

t Ð activation time;

Tad Ð adiabatic temperature;

Tc Ð combustion temperature;

Tign Ð self-ignition temperature;

Tmax Ð maximum temperature of products;

{ In addition to `mechanical activation', the term `high-energy ball milling'

is often used. Usually, the latter is indicative of the use of planetary rather

than conventional ball mills.
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T 0
ign Ð self-ignition temperature of initial mixture

(before activation);

U Ð linear combustion velocity;

V Ð friction velocity;

W Ð angular velocity of Sun Disk;

w Ð angular velocity of milling vial;

x Ð fraction of activated particles in mixture;

DSC Ð differential scanning calorimetry;

MDS Ð molecular dynamics simulation;

SHS Ð self-propagating high-temperature synthesis;

SPS Ð spark plasma sintering.

2. Influence of planetary ball milling on the
reactivity of powder mixtures

The main modes of self-sustained exothermic reactions in

powder mixtures are the autowave and thermal explosion

ones.24 In the former case the reaction is initiated locally

and spontaneously propagates from the heated region

throughout the sample (powder mixture, compacted sam-

ple, etc.) in the form of a combustion wave. Usually,

experimentalists measure the linear velocity of the combus-

tion wave front (U ) and the temperature of reaction

products immediately behind the combustion wave front

(Tc). These characteristics of an autowave process are

termed the combustion velocity and combustion temper-

ature, respectively.

In the thermal explosion mode, the entire reactive

sample is heated homogeneously in order to minimize the

nonuniformity of the temperature distribution inside the

sample. Ideally, the temperature at any point of a reactive

sample should be the same at any instant; therefore, a self-

sustained reaction will be initiated at all points simultane-

ously (so-called volume self-ignition of the sample). This

reaction mode corresponds to the thermal explosion model

by N.N.Semenov 25, 26 and is also called volume combus-

tion. The key experimental parameter of this mode is the

self-ignition temperature (Tign); some authors also reported

the maximum temperature of products after completion of

the reaction (Tmax). In the text below we will analyze the

experimental dependences of these parameters on the

mechanical activation condtions.

2.1. Influence of activation on the combustion velocity and
temperature
The influence of activation on the combustion velocity of

SHS compositions was for the first time observed in the

experiments on mechanical treatment of titanium powder

and its mixtures with carbon black in conventional (non-

planetary) ball mills.27 A two- or threefold increase in the

combustion velocity and a considerable decrease in the self-

ignition temperature of the hybrid system Ti7N2 (solid ±

gas) and the gasless system Ti7C was found. Interestingly,

the combustion velocity of the Ti+C composition increased

equally both for an individually treated Ti powder that was

manually mixed with carbon black and for a treated mixture

of titanium and carbon black. However, mixing titanium

and soot in the same milling vial without grinding balls had

no effect on the combustion velocity. A noticeable increase

in the combustion velocity required prolonged (up to 120 h)

treatment in ball mills.

Experiments using planetary ball mills allow the treat-

ment time to shorten by a factor of 1 000 and more. This is

an interesting feature of high-energy mechanical activation

since, in spite of higher power density of planetary ball

mills, the ball impact energies in them are comparable with

the impact energies in conventional mills that are usually

equipped with heavier balls (see below). More information

on the influence of low-energy treatment on the combustion

parameters can be found in a review;28 here we restrict

ourselves to activation in planetary ball mills.

The dependences of combustion velocity on the treat-

ment duration (Fig. 1) were measured for various powder

compositions. The most complete data obtained for the

Ni7Al systems (see Fig. 1 a) do not allow one to reveal a

trend that could be treated as common to all systems

studied. Most often, curves passing through a maximum

are observed, that is, the combustion velocity initially

increases and then gradually decreases (see curves 1 ± 3,

8 ± 10, 12, 14, 15 in Fig. 1).

Activation, i.e., an increase in combustion velocity,

depends on various factors and can be achieved in different

manner (see below). Deactivation (decrease in combustion

velocity after mechanical treatment) is most often explained

by the formation of some amount of products in the reactive

mixture during mechanical treatment; this leads to reduc-

tion of the specific heat release of the activated mixture and

to blockage of the contact surface of the reactants.10

Although such an explanation is obvious, it seems to be

unsatisfactory. The experimentally observed considerable

decrease in combustion velocity requires that the fraction of

such products be rather high (tens of per cent), but this

contradicts the results of chemical analysis or X-ray powder

diffraction studies of activated mixtures. For instance,

activation of the 5 Ti+3 Si mixture is accompanied by the

appearance of trace amounts of the product Ti5Si3 (diffrac-

tion peaks of negligible intensity against the background) in

the activated mixture after vacuum annealing; clearly this

cannot be responsible for the fourfold decrease in the

combustion velocity (see curve 16 in Fig. 1 b).38 Contrary

to this, a study of 3 Ti+B4C mixture revealed a noticeable

amount of product (TiC) after 5 min of treatment, but the

combustion velocity increased twofold rather than

decreased as the treatment duration increased from 3 to

9 min (untreated mixture does not burn, see curve 11 in

Fig. 1 b).34

An interesting feature was observed in a study of the

3 Ti+2BN composition (see curve 12 in Fig. 1 b).35

Namely, the combustion velocity of the mixture activated

from 0 to 1 min initially increases and then decreases; the

composition activated from 1 to 4 min does not burn at all

(this corresponds to the dashed line). Eventually, activation

over four minutes and more causes the composition to

combust, but the combustion velocity decreases consider-

ably. Noteworthy, the X-ray diffraction patterns of the

samples activated for 1 and 10 min exhibit no traces of

crystalline intermediates or final reaction products.

It should be noted that the authors of many studies on

correlations between the combustion velocity and activation

time do not report the dependences of the composition of

the mixture on the treatment duration. Moreover, even for

the same mixture Ni+Al and similar mechanical activation

modes, different dependences of the combustion velocity on

the treatment duration were obtained (see Fig. 1 a). In

addition, the combustion velocity of activated Ni+Al

compositions depends on the external pressure of inert gas

(Ar), and the dependences obey different patterns for differ-

ent mechanical treatment modes.40 Activation of a Ni+Al

A.S.Rogachev Russ. Chem. Rev., 2019, 88 (9) 875 ± 900 877



mixture along with some amount of hexane in a planetary

ball mill for 10 and 40 min led to an increase in the

combustion velocity from 12.7 to 22.5 cm s71, respec-

tively.41

Without claiming a final explanation of the experimen-

tal data presented above, one can assume the following. In

the classical theory of combustion the combustion front

propagation velocity is unambiguously determined by the

heat release rate.42 Theoretical 43, 44 and experimental 45, 46

studies of gasless combustion of powder mixtures showed

that the reaction wave propagation velocity can depend on

the time of heat transfer between particles in the mixture.

Thus, there are two stages of the process and each of them

can be the limiting stage for the combustion front propaga-

tion. This creates prerequisites for realization of complex-

shape nonmonotonic dependences of combustion velocity

on mechanical activation parameters. The rate of a chemical

reaction should increase in mechanically activated mixtures

owing to milling of reactants, an increase in the contact

surface area between particles of the mixture, cleaning of

the contact surface from contaminants and oxide films, as

well as intensification of bulk and grain boundary diffusion.

However, mechanical activation can lead to either increase

or decrease in the efficiency of heat exchange between

particles, which depends on the particle shape and size, on

the particle size distribution, the interparticle contact sur-

face area and the thermal resistance of interparticle con-

tacts. For instance, a feature of mechanically activated

mixtures Ni+Al, Fe+Al and Ti+Al consists in the for-

mation of layered composite particles with submicrometre-

thick internal layers of metallic reactants, the composite

particle size being as large as hundreds of micro-

metres.31, 47 ± 51

Composite particles were also detected in Ta+C

(Refs 52 and 53) or TiN+B (Ref. 52) mixtures containing

no highly ductile components, e.g., aluminium. As a con-

sequence, the reaction involving a single particle is very fast,

while heating and ignition of a neighbouring particle

requires much longer time; this was shown using high-

speed micro video recording.35, 41 Macroscopic combustion

velocity is limited by heat exchange between the composite

particles rather than the chemical reaction rate. Therefore,

in this case the experimentally observed linear combustion

velocity cannot characterize the reactivity of the powder

composition. This conclusion also seems to be applicable to

other compositions for which data on the morphology of

activated particles are unavailable or fragmentary. Thus,

mechanical activation influences the linear velocity of the

combustion wave of SHS compositions through the shape

and size of the composite particles, which determine inter-

particle heat exchange.

The apparent combustion velocity can also be influ-

enced by the elongation of the samples, which is often

observed in SHS processes. Gases that were initially

present in pores of the sample or formed as a result of

desorption and evaporation of impurities create an internal

pressure that can expand the plastic zone of the combus-

tion wave, which was formed as a result of partial melting

of components, and thus lead to elongation of cylindrical

samples immediately during combustion.40, 54 Mechanical

activation causes the intensity of gas production and the

extent of elongation of the samples to increase. Owing to

elongation the medium becomes more porous, the condi-

tions deteriorate for heat transfer from combustion prod-

ucts to the initial mixture, and the distance for the

combustion wave to travel also increases. Taken alto-

gether, these factors can lead to a decrease in the apparent

combustion front propagation velocity. An analysis of

experimental data on the combustion velocity of mechan-

ically activated compositions showed that this parameter

cannot be used as a reliable characteristic of the reactivity

of compositions.
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Figure 1. Combustion velocity plotted vs. duration (t) of mechanical activation in planetary ball mills for Ni+Al mixtures (a) and other
compositions (b):
3Ni+Al (1);29 3Ni+Al (2);30 Ni+Al (3);30 Ni+Al, mechanical activation in air (4);31 Ni+Al, mechanical activation in argon (5);31

Ni+Al, loose powder (6);32 Ni+Al, pressed sample (7);32 Ti+Ni (8);30 40 mass% (Ti+2.1 B)+60 mass% Cu, ball acceleration of 60 g
(9);33 40 mass% (Ti+2.1 B)+60 mass% Cu, ball acceleration of 40 g (10);33 3 Ti+B4C (11);34 3 Ti+2BN (12);35 Ta7Zr7C (13);36

5 Ti+3 Si, fine titanium (14);37 5 Ti+3 Si, ultrafine titanium (15);38 5 Ti+3 Si, fine titanium, vacuum annealing (16);38 and 80 mass%
(Ti+C)+20 mass% Ni (17).39
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Published data on the combustion temperature of vari-

ous compositions (Table 1) are also contradictory since

either an increase or a decrease in the combustion temper-

ature are observed after activation. It should be noted that

the Tc value determined from the maximum on the temper-

ature profile of the combustion wave can differ from the so-

called leading temperature that, theoretically, should influ-

ence the combustion wave propagation velocity.63 At

present, we have no experimental data on the fine structure

of the temperature profiles of combustion waves in mechan-

ically activated SHS compositions measured using micro-

thermocouples. Studies of powder mixtures carried out in

the 1980s involved no mechanical activation. It would be

interesting to perform a similar research into mechanically

activated compositions; however, this has not been done so

far since this experimental method is rather complicated

and requires thermocouples less than 10 mm in diameter

that can operate under the combustion wave conditions.

Optical methods based on high-speed video record-

ing 24, 40, 45 or infrared thermal imaging 41 revealed signifi-

cant thermal micro-heterogeneities in the structure of the

combustion wave, which also complicate the determination

of the `leading temperature'. Thus, the values listed in

Table 1 characterize the temperature of the final reaction

product, i.e., the total heat of exothermic reaction minus the

heat loss (if exists); here, listed are the data for compositions

activated in conventional ball mills but the results of experi-

ments with additional chemical, electrical or thermal acti-

vation are not included.

Often, an increase in Tc is explained by accumulation of

additional energy in the material during the activation

process,55, 56 while a decrease in Tc is thought to be a

consequence of partial product formation. Clearly, only

the fact that the combustion temperature of an activated

Table 1. Changes in maximum combustion temperature after mechanical activation.

Reaction mixture Character of changes in combustion Tad /K Tc /K Combustion tempera- Ref.
temperature with increasing duration (see a) ture of activated
of mechanical activation composition /K

3Ni+Al Maximum at t=60 s 1586 990 1040 29

3Ni+Al Maximum at t=120 s 1586 900 975 30

Ti+Ni Maximum at t=180 s 1418 690 910 30

Ti+2.1B+1.66Cu Monotonically decreases 2239 1800 1500 (t=360 s) 33

xTi+B4C (x=3±5) Monotonically decreases as t increases 3193 ± 3169 7 From 2370 (t=3 min) 34

from 3 to 10 min to 1970 (t=10 min)

3Ti+2BN Maximum at t=30 s 2624 2300 2350 35

Ta+Zr+2C Increases as t increases from 3 to 5 min 3206 7 2133 (t=180 s), 36

2284 (t=300 s)

Cr+2B 7 1942 7 1570 55

Ti+0.46Cr+0.72B 7 2064 7 1770 55

Ti+0.71Cr+0.72B 7 1928 7 1645 55

W+C Monotonically decreases as t increases 1340 (at Tign=1223 K), 7 1350 (Tign=1223 K) 56

from 4 to 15 min 943 (at Tign=298 K)

Ti+C Increases as t increases from 2 to 11 h 3290 7 3088 57

(see b)

Ti+0.43C Increases as t increases from 1 h 1995 7 2415 57

to 6 h 30 min (see b)

Nb+2Si Increases as t increases to 9 h (see b) 1870 1636 1881 58

Nb+0.6 Si Increases as t increases to 4 h (see b) 2290 7 2185 58

Ta+2Si Increases as t increases from 2 to 8 h 1794 7 1770 (2 h), 59

(see b) 2030 (8 h)

Ta+0.6 Si Increases as t increases from 2 to 8 h 1823 After 2 h 2238 59

(see b) activation

Tc=1992 K

Ti+2Si Increases as t increases to 216 min, 1690 1612 1673 60

then decreases and again increases (see b)

Ti+0.6 Si Weak maximum at t=4 h (see b) 2400 2133 2185 60

SiO2+1.4Al Decreases as t increases from 5 to 15 min 1464 7 1330 (5 min), 61

1260 (15 min)

3Ti+3(17x) Si+3xAl Decreases as t increases from 3 to 6 h From 2550 (x=0) 7 From 2150 62

and x increases to 1900 (x=0.6) (x=0, t=3 h)

to 1450

(x=0.6, t=6 h)

Ta+C Remains below the adiabatic value 2743 7 2487 53

after 4 min of activation; mixtures

activated for more than 6 min do not ignite

a The adiabatic combustion temperature (Tad) was calculated using the Thermo program.
b Treatment in conventional (not planetary ball) mill.
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mixture is higher than the adiabatic combustion temper-

ature of this mixture provided a 100% transformation

(combustion) of reactants in the absence of heat sink to

the environment can be considered as a direct proof of

accumulation of additional energy in the reactive mixture. If

the combustion temperature remains lower than the adia-

batic value, its increase as a result of mechanical activation

is most likely indicative of higher degree of combustion due

to the milling of reactants and to an increase in the specific

contact surface area. As far as we know there are only three

publications 56, 57, 59 whose authors detected superadiabatic

combustion temperatures of activated compositions (these

data are given in bold in Table 1).

The results of a study 56 on high-energy activation of the

W+C reactive mixture in planetary ball mills allowed the

authors to conclude that Tc is `almost twice higher' (!) than

the adiabatic temperature. We believe this is an incorrect

conclusion. The case in point is that the Tad value was

calculated assuming that the initial temperature of the

mixture equals room temperature; this led to

Tad= 963 K.56 However, the reaction proceeded in the

thermal explosion mode, i.e., the entire sample was heated

to the self-ignition temperature (1223 K) at which thermal

explosion occurred. If this value is taken as the initial

temperature of the sample, the calculated adiabatic com-

bustion temperature appears to be nearly equal to the

experimentally measured one (see Table 1). It was also

reported 56 that heating to temperatures above 973 K causes

the formation of W2C as intermediate product while heating

above 1000 K leads to the appearance of trace amounts of

WC. However, even if the initial temperature of the reaction

is set to 973 K, the adiabatic combustion temperature will

still be almost equal to the experimentally measured value.

Therefore, at present there are no studies of compositions

activated in planetary ball mills reporting the combustion

temperatures exceeding the corresponding adiabatic values.

Consider compositions that were exposed to long-term

mechanical treatment in conventional ball mills.57 ± 60 Infor-

mation on `super-adiabatic' temperatures determined after

treatment of Ta+Si mixtures in conventional ball mills over

long periods of time 59 was discussed earlier in a review 28

and a monograph.24 We pointed out that the initial temper-

ature of the samples was not specified (ignition was

achieved after prolonged heating of samples, so their

temperature could increase), the pyrometric technique used

includes errors due to uncertainties in the emissivity of

samples during the combustion process 59 and that the

thermodynamic functions of tantalum silicides at high

temperatures are not known with certainty. These argu-

ments are also applicable to the Ti+0.43C composition.57

In addition, mention may be made that the Thermo soft-

ware does not allow one to calculate nonstoichiometic

compounds and solid solutions, which can introduce addi-

tional errors into calculations of adiabatic combustion

temperatures. Indeed, the calculated Tad value of stoichio-

metric composition Ti+C is higher than the measured

combustion temperature of the activated stoichiometric

composition.

The combustion temperatures of activated mixtures

reported in all other studies known to date do not exceed

and are often much lower than the adiabatic combustion

temperatures at 100% conversion of reactants (probably,

due to heat loss or incomplete combustion). Summing up,

accumulation of rather high additional energy in mechan-

ically activated reactive mixtures leading to an increase in

the combustion temperature seems to be improbable.

2.2. Influence of activation on the ignition temperature
Unlike contradictory data on the influence of mechanical

activation on the combustion velocity and temperature, the

decrease in the self-ignition temperature of activated mix-

tures was reported in almost all publications. According to

theory of combustion,25, 26, 42 the self-ignition temperature

is a kinetic parameter rather than a constant of a chemical

compound or a mixture of individual compounds. As a

consequence, it depends on the heating rate and heat

exchange with the environment, as well as on the reaction

kinetics and other external and internal factors. The

decrease in Tign was observed under different heat exchange

conditions [fast heating in thermal explosion experiments,

slow heating in differential scanning calorimetry (DSC)

studies, etc.] and at different modes of preliminary mechan-

ical activation. The effect can be more or little pronounced

depending on the chemical composition and external con-

ditions.

A very strong effect was reported for Ti+C mixtures

activated in a ball mill for 10 h,57 viz., Tign decreased from

1600 (for the non-activated mixture) to 770 K. The self-

ignition temperature of Ti+Si mixture decreased by 9008
from 1670 to 870 K after a few hours of milling.64 The self-

ignition temperature of Ti+Si+C mixture was 1190 K

before activation and decreased to 430 K after 90 min of

milling. The further milling led to self-ignition of the

mixture in the 106th minute inside the milling vial.65

When using high-energy planetary ball mills, it takes a

much shorter time, from tens of seconds to a few minutes, to

achieve a similar effect. An analysis of the plots of Tign vs.

activation time (Fig. 2) reveals two trends. One of them,

viz., a monotonic decrease in the self-ignition temperature

of preactivated compositions to a critical value with increas-

ing activation time, is characteristic of highly exothermic
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Figure 2. Self-ignition temperature plotted vs. duration of activa-
tion in planetary ball mills:
Ni+Al, ball acceleration of 90 g (1);66 Ni+Al, 60 g (2);66 Ni+Al,
30 g (3);66 Ni+Al, 8 g (4);66 Ti+Ni (5);67 Ti+Al (6);67 Ti+0.6 Si
(7);67 2 Ti+3BN (8);67 3 Ti+SiC+C (9);67 3Ni+Al (10);68

SiO2+1.4 Al (11);68 and Ni+Al, activation in the presence of
hexane (12).40
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compositions (curves 1 ± 3, 5 ± 7). As the critical value is

reached, a self-sustained reaction occurs in the milling vial

and the entire mixture of reactants is transformed into a

product. The limiting values of activation times are denoted

by vertical dashed lines in Fig. 2. A similar dependence is

also observed for the Ni+Al mixture activated along with

hexane (see curve 12), although no self-sustained reaction is

initiated in this case.41 Shortening of the ignition delay time

of activated mixtures was observed in addition to the

decrease in Tign.

The other trend (see curves 8 and 9) is characteristic of

low-exothermic mixtures. In this case, Tign also initially

decreases, but a self-sustained reaction is not initiated and

therefore the self-ignition temperature reaches a certain

minimum value and then slowly increases but remains

lower than the ignition temperature of the non-activated

composition. Probably, the increase in Tign can be explained

by local formation of reaction products, as is confirmed by

X-ray powder diffraction data, but the amount of heat

liberated is insufficient to initiate the reaction in the entire

mixture.

The efficiency of the influence of mechanical treatment

in planetary ball mills on the initiation temperature of a

reaction depends on both the composition of the mixture

and the treatment conditions. For instance, a significant

decrease in Tign from a few hundreds to a thousand of

degrees was reported for the Ti+C (Ref. 69) and

70 mass% (Ti+C)+30 mass%Ni (Ref. 70) compositions.

Using high-energy planetary ball mills, this effect is

achieved much faster than using slowly rotating conven-

tional ball mills.63 However, Tign of SiO2+1.4Al composi-

tion decreases by less than 1008 under high-energy

treatment conditions 60 (see curve 11 in Fig. 2). Taking the

Ni+Al composition as an example, it was shown that the

efficiency of mechanical treatment rapidly increases with

increasing mill rotation rate and acceleration of grinding

balls (see curves 1 ± 4).66 Indeed, the ignition temperature

remains unchanged even after 1h of activation at an accel-

eration of 8 g but decreases by 300 ± 3508 within 5 ± 7 min as

the acceleration increases.66 Noteworthy, it is the velocity

and acceleration rather than the mass of balls that do

influence, that is, the use of heavier balls does not compen-

sate the slow rotation of the milling vial.

The key parameter characterizing the operating mode of

a planetary ball mill is the ratio

K=
w

W
(1)

where w is the angular velocity of the milling vial rotating

about its axis in the laboratory coordinate system and W is

the angular velocity of rotation of the vials about the

common axis of the mill. For instance, the case K=2

means that the milling vial makes two revolutions about its

own axis during one revolution about the axis of the mill;

at K=0, the milling vial moves about the axis of the mill

with retention of its own spatial orientation relative to the

environment. The kinematics of motion will be discussed in

more detail in the text below; here we will consider only

how the parameter K influences the self-ignition tem-

perature.

The influence of the parameter K on the efficiency of

activation, in particular, on the self-ignition temperature

was studied (Fig. 3).71 Experiments were carried out at

variable angular velocity w and constant angular velocity

W and activation time. Horizontal dashed lines near the

vertical axis denote the Tign values of corresponding non-

activated mixtures. As can be seen, activation causes a

considerable decrease in Tign (shown by arrows) at any K

values, but the efficiency of mechanical treatment is differ-

ent depending on K. The most efficient mode is character-

ized by K=1.5 and combustion of the Ti+0.65 Si mixture

with the formation of a reaction product inside the milling

vial. Probably, nonlinear character of the dependences

shown in Fig. 3 can be explained by specific features of the

interaction between the reactive mixtures and the grinding

balls (see below).

A rather complex pattern of the influence of mechanical

activation on the initiation temperature was revealed by

DSC for the ZrO2+H3BO3+Al thermite mixture treated in

a planetary ball mill for 15 h.72 At a milling speed of

350 rpm, the ignition temperature was lower than at 200

and 450 rpm. The shift of the temperature peak in the DSC

traces was up to 408. Unfortunately, the K value was not

specified 72 and therefore it is unknown what is the milling

speed, W or w. A similar effect was reported for the

TiO2+H3BO3+Al mixture and it was concluded that the

activation time has a stronger impact that the milling

speed.73

A simultaneous decrease in the ignition and combustion

temperatures as a result of mechanical activation was found

for the thermite composition MoO3+3Zn (combustion

experiments using DSC).74 It was reported that the ignition

temperature of the Mo+2.2 Si composition equal to 931 K

is independent of the activation time.75 However, the

authors 75 presented only the data for the activation times

from 240 to 319 min and no comparison was made with the

behavior of the non-activated composition. Therefore, the

influence of activation on this mixture can be considered as

quite probably relying on the comparison with the other

two mixtures, Ti+Si (Refs 67 and 71) and Nb+Si.76 The

ignition temperature of the Nb+2Si composition equal to

750 K after 2 min of activation in a planetary ball mill

decreased by *1008 upon activation over a period of 4 min
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Figure 3. Self-ignition temperature plotted vs. dimensionless
parameter K that characterizes the operating mode of the planetary
ball mill.
Treatment duration is 5 min. The plot is constructed using the data
taken from Ref. 71.
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and then gradually increased up to 1140 K after further

activation for 28 min.76

A recently proposed ball milling at cryogenic temper-

atures, which allows one to carry out high-energy ball

milling in chambers cooled with liquid nitrogen, was used

to study the reactivity of Ni+Al composites.77 It was found

that ball milling at room temperature for 90 min caused Tign

to decrease to 675 K, while cryogenic milling led to a

decrease in Tign to 600 K after 3 h of activation. A compar-

ison of these data with the available results for nickel ±

aluminium mixtures treated in the highest-energy mills 66, 68

showed that Tign= 600 K and lower can also be achieved

without cryogenic milling and in a shorter time. Never-

theless, cryogenic activation seems to be a rather promising

technique since it allows one to process mixtures of ductile

metals by reducing their sticking to walls of the milling vial

and to the surface of grinding balls.

Thus, mechanical treatment has a strong and proven

activating effect on such an important kinetic parameter of

reactive mixtures as the self-ignition temperature.

2.3. Slow reaction and self-ignition during activation
As mentioned above, activation can be accompanied by

either an instantaneous self-propagating reaction resulting

in transformation of the entire mixture into the product or a

slow reaction characterized by gradual accumulation of a

product (this is the classical regime of mechanochemical

reactions). At present, there is no answer to the question

which of the pathways will be followed by a particular

mechanochemical reaction. Often, reactive mixtures dem-

onstrate an unpredictable behaviour. Atzmon 78 treated a

Ni+Al mixture in a shaker ball mill and observed the

following unusual phenomenon. If treatment was carried

out continuously over a period of a few hours, a noticeable

amount of product (NiAl phase) was observed only after

180 min of activation and then gradually increased as ball

milling continued. However, if the process was stopped

after 100 ± 120 min, the milling vial was cooled within

30 min or more under a fan, and then the ball mill was

switched on again, the restart was followed in 30 ± 60 s (!) by

an instantaneous reaction that converted the entire mixture

into NiAl within less than a second. Atzmon 78 assumed that

arresting the ball milling process and cooling the powder

(with possible oxidation) leads to a decrease in ductility and

to concentration of energy in a smaller volume upon the

impact of a grinding ball and, consequently, to a higher

local temperature upon impact. However, this assumption

was not confirmed experimentally.

A study of Mo+Si mixture showed that instantaneous

reaction with transformation of the entire mixture into

MoSi2 occurred abruptly after two or three hours of con-

tinuous milling and that no chemical transformations of the

system under study were observed during the milling time.79

Unlike the situation with Ni+Al mixture, arresting the

process was not required. It was assumed that prolonged

milling is needed to reduce the reactant particle size to a

certain critical value at which ignition becomes possible;

accumulation of a considerable excess enthalpy in the

activated particles was rejected as highly unlikely event. A

mechanical alloying study of a Cu+Al mixture using a

shaker ball mill demonstrated that only a slow reaction

occurred during treatment of the mixture for 8 h.80 As the

duration of mechanical activation increased, the content of

solid solution and intermetallic phases in the mixture

gradually increased while the reaction heat release of the

treated compositions gradually decreased by one of two

orders of magnitude according to DSC measurements. This

is indicative of almost complete transformation in the slow

reaction regime within 8 h. The existence of both regimes,

slow reaction and instantaneous transformation, was estab-

lished for the Ti+xC compositions depending on the

reactant ratio.81, 82 A fast self-sustained reaction was

observed only at 0.394 x4 1.22, whereas a slow reaction

proceeded at 0.254 x4 0.39 and 1.224 x4 4.82

Emphasize that studies 78 ± 82 were carried out using a

`Spex 8000' shaker mill with a small number of relatively

heavy grinding balls (at most 11 and even only one 81, 82) for

activation and that the milling vial executed a reciprocating

motion. Probably, this provides an explanation for the

difference of the results obtained in Refs 78 ± 82 from the

data obtained using planetary ball mills for activation. In

the planetary ball mills the slow reaction mode is realized

only for weakly exothermic and difficult-to-initiate mix-

tures, such as Ti+BN, Nb+Si or Ti+SiC+C,67, 76, 83

whereas an explosive reaction of highly exothermic compo-

sitions Ti+C, Ti+Si, Ni+Al, etc. occurs a few minutes

after the activation began (see Fig. 2). No coexistence of

both modes in a single system, as well as the `Atzmon effect'

in the activation in planetary ball mills has been reported so

far.

A common fact independent of the activation mode is as

follows. Activated mixtures are characterized by enhance-

ment of a certain (activating) factor that reduces the thresh-

old self-ignition temperature of the mixture and can lead to

self-ignition during the milling process. This cannot be

mechanical heating through impacts and friction of grind-

ing bodies because, first, cooled mixtures retain high reac-

tivity and, second, measurements of the milling vial

temperature in the vibrating mill showed that it remains

low (at most 50 ± 60 8C) even after many hours of milling,

up to the ignition of the mixture.78, 81 It is logical to assume,

like in the early studies on mechanochemistry,84 ± 87 that it is

structural transformations of the powder particles that play

the role of the activating factor.

From this point of view, studies of mixtures composed

of activated and non-activated powders of the same chem-

ical composition are of interest. What happens if an initial

mixture of reactants is mixed with mechanically activated

mixture of the same chemical composition having a much

lower self-ignition temperature? Clearly, two scenarios are

possible. According to one of them, the properties of the

mixtures will be `averaged' and the combined composition

will be more reactive than the initial mixture but less

reactive than pure activated mixture. According to the

second scenario, particles of the activated mixture will ignite

at low temperature and thus ignite the surrounding non-

activated mixture, so the self-ignition temperature of the

combined mixture will approach Tign of the activated

mixture. At present, few relevant experimental data are

available and all of them support the first scenario.

A Ti+0.43C composition was activated 81 almost until

ignition (*15 h), but the process was arrested prior to self-

ignition. The activated composition was mixed, in different

ratios, with the initial untreated mixture of the same

chemical composition and the combined composition was

again mechanically activated until self-ignition. The time

necessary for additional activation of the combined compo-

sition until self-ignition (Fig. 4 a) was measured. Note that
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in the original study 81 the duration of the process was

measured as the number of collisions between the steel ball

and the wall. For convenience, in Fig. 4 a it was converted

to minutes based on the fact that the collision frequency in

those experiments was 29.2 Hz. As can be seen, the time of

additional activation gradually decreases with increasing

fraction of activated particles; as this fraction becomes as

high as 61%, a fast self-sustained reaction occurs.

A somewhat different experimental design was used for

the combined composition Ni+Al.83 The mixture was

activated in a planetary ball mill for 5 min (self-ignition

occurred in the sixth minute). The activated and untreated

compositions were mixed in a porcelain mortar and then the

self-ignition temperature of the combined compositions was

measured at different fractions of activated particles (see

Fig. 4 b). It was found that Tign gradually decreases with

increasing this fraction and becomes equal to the self-

ignition temperature of activated composition as the frac-

tion of activated particles reaches a value of 70% and more.

It should also be noted that the measurements of the self-

ignition temperatures of certain fractions of activated pow-

der Ni+Al gave equal Tign values for large and small

particles.88 Thus, by mixing compositions of different reac-

tivity one can gradually vary the self-ignition temperature,

the additional activation time to ignition and other proper-

ties of reactive mixtures.

3. Mathematical models and experimental
observations of interaction between milling bodies
and powders

3.1. Theoretical models for motion
The operating principle and design of various planetary ball

mills have been described in detail in monographs (see, e.g.,

Refs 9, 10, 89, 90). A typical illustration of milling media

motion in a planetary ball mill is shown in Fig. 5. The

milling vials of radius r are mounted on a common disk of

radius Rd called the Sun Disk.{ Often, there are two (in

some cases, four) vials. They are arranged symmetrically

with respect to the axis of the Sun Disk and have equal

masses to avoid strong vibrations.

The vials execute a circular motion with the Sun Disk

about the common axis of the mill with angular velocity W.

In addition, each vial rotates about its own axis with

angular velocity w. The angular velocity ratio [see expres-

sion (1)] is the key parameter determining the operating

mode of the mill. At small K values, a ball inside a milling

vial, rolls along the inner wall of the vial, always remaining

at the maximum possible distance from the axis of the Sun

Disk. These balls will be called `stagnant' since they retain

their positions in the coordinate system of the Sun Disk.

The angular velocity of rotation (rolling) of a stagnant ball

is given by

o&
WRd

rb
(2)

where rb is the radius of the ball. If the parameter K

increases, the friction force on the wall of the milling vial

causes the ball to leave its equilibrium position, to get

carried `up' the wall, and then to separate from the wall at

a certain point and to go to free fall (if the milling vial

contains more than one ball, rolling over other grinding

balls can occur). Eventually, at even larger K values, the ball

is pressed against the vial wall by centrifugal force and

executes a circular motion with the wall. This is a centrifu-

gating ball. What is the motion that has activating effect on
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{The shape of the Sun Disk can be different in some cases.
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the powder mixture of reactants placed in a milling vial

along with grinding balls?

Most mathematical (mechanical) models for combustion

treat collisions of grinding balls with one another and with

the milling vial wall as the main activating factor, while

friction of grinding balls is considered as additional activat-

ing factor. Diagrams of various grinding ball motion modes

developed for conventional ball mills where an increase in K

is followed by transition from tumbling motion of balls to

free fall and then to centrifugal (supercritical) motion

(Fig. 6) are almost commonly accepted. In spite of certain

differences in details of the motion modes and terminology,

this scheme is reproduced in many monographs and reviews

devoted to treatment of powders in planetary ball

mills.10, 91, 92 This approach is often used as a basis for

comparison of the efficiencies of different activators.8, 93

The models for planetary ball mills differ from those

developed for conventional ball mills in that the former

take into account the centrifugal force that is created by the

motion of the Sun Disk, plays the role of artificial gravity

force and is many times higher than conventional gravita-

tion.

A modern trend in theoretical modelling is to perform a

more detailed analysis of the collision event and energy

dissipation. Often, models are based on the Hertz problem

of direct central collisions of balls and on the Kelvin ± Voigt

viscoelastic model (spring ± damper), while the finite ele-

ment method (FEM) is used as research tool.94 Based on the

results of kinematic modelling of a planetary ball mill, it

was concluded that the activation efficiency is directly

related to the impact (shock) power 95, 96 that was defined

as the product of the impact (collision) frequency and the

kinetic energy of balls flying after a hit. Depending on the

impact angle, the kinetic energy was divided into the impact

energy (direct impact) and the friction energy (oblique

impact, rotating balls).

A similar approach was used for comparative analysis of

the kinematics of tumbler and planetary ball mills.97

According to calculations, the shock power should pass

through a maximum with increasing parameter K and this

maximum can be observed at 1.7<K<3.2 depending on

the ratio of the radii r and Rd (see Fig. 5). Based on detailed

mathematical treatment of all components of the velocity

and forces acting at the instant of impact, it was concluded

that the impact efficiency is determined by the tangential

component of the impact force, which monotonically

decreases as K decreases.98 An FEM analysis of the effect

of the velocity and direction of rotation of the milling vial

on the specific impact energy of balls in a planetary ball mill

showed 99 that this energy is much higher if the Sun Disk

and the milling vial rotate in opposite directions. The

dependences on K pass through a maximum at K=2.4,

but the maximum specific impact energy for rotation in

opposite directions is as high as 15.5 kJ s71 kg71 vs. only

3 kJ s71 kg71 for unidirectional rotation of the disk and

milling vial. The FEM approach was improved to simulate

the motion of grinding balls and forces acting at the instant

of impact taking account of their real mass, density, elastic

modulus and other properties.100 Numerical simulation

showed that normal impacts dominate at short times of

milling (to 0.3 s) while the sliding motion of the balls along

the vial wall becomes the main type of motion at longer

times.

The model with allowance for heating of grinding balls

and powder mixtures was constructed under the following

assumptions:101

Ð the maximum possible increase in temperature occurs

if 100% of the kinetic energy of the motion of ball is

converted to heat; and

Ð self-ignition of mixtures occurs if the heat release rate

initiated locally (at the impact points) is higher than the rate

of heat dissipation into massive parts of the mill.

Calculations using this model showed that the mechan-

ical activation time necessary for self-ignition of a mixture is

shortened as the rotation velocity of the milling vials, the

ball size, density and mass, as well as the enthalpy of

formation of reaction product increases. The results

obtained were in good agreement with experimental data

on activation of Ti+C mixtures with different intensity.

Conversion of kinetic energy of grinding balls to internal

energy of powder mixtures upon collisions is the key point

of a number of recent models.102, 103 In particular, it was

concluded 102 that the maximum impact energy and activa-

tion efficiency are achieved at K=1.15 and W=800 rpm.

Attempts were also reported to take account of liquid

media 104 and abrasive wear 105 on mechanical activation.

3.2. Experimental observations
The authors of experimental studies on validation of acti-

vation models use three different approaches. One of them

involves establishment of dependences of the phase compo-

sition, structure and properties of activated mixtures on the

operating modes of ball mills 81, 82, 101, 102, 106 under the

a priori assumption of dominant role of impacts which

serves a basis for most theoretical models of activation.

For instance, the composition of products of mechano-

chemical synthesis was plotted vs. impact energy and

collision frequency for the Ni+Zr mixture,106 but no direct

data on the collision frequency and impact energy were

obtained since all data were plotted vs. the parameters w, W

and K. The dependences of the properties of mixtures on the

number of collisions are available;81, 82 however, the colli-

sion frequency was assumed to be equal to the doubled

oscillation frequency of the shaker mill-mixer and no direct

observation of the motion of grinding balls was done.

An experimental study of the effect of collisions using a

free falling ball 107 provides an example of the second

approach. A steel grinding ball was released from a speci-

fied height to impact upon a thin layer of steel powder

particles located in a recess of a steel plate. This method has

clearly seen advantages, viz., the possibility of direct meas-

urement of the velocity and the kinetic energy of the ball,

the impact force, the rebound height, as well to study the

a b c

Figure 6. Different motion modes of grinding balls in a ball mill
according to kinematic models.
Friction mode (a), tumbling mode (b) and centrifugal, or super-
critical, mode (c).
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effect of the impact of prescribed specific impact energy on

the powder particles. Based on the results of these measure-

ments, it was concluded that the impact force, i.e., the force

with which the ball presses on the steel plate, is a relevant

parameter for assessing the efficiency of collisions during

the activation process. The porous powder layer dampers

impacts, thus reducing the impact force and increasing the

time of contact between colliding bodies. Therefore, the

simple Hertz model of colliding balls was thought to be

inapplicable in this case and a modified Kelvin ± Voigt

viscoelastic model was proposed instead.107

It should be noted that a similar but improved model

approach was tested in a study of mechanochemical syn-

thesis in organic system glycine ± oxalic adid dihydrate.108

In this case, a solid body inside a solenoid was lifted under

the action of magnetic field when the solenoid was switched

on and fell freely onto the sample placed at the anvil when

the solenoid was switched off. Numerous repetition of the

cycle made it possible to study the dynamics of the

mechanochemical reaction. Probably, the model experi-

mental procedures are most appropriate to study the

activation modes in vibratory (shaking) mills where a

relatively small number of massive grinding balls fall

from one end of the milling vial to the other end and

back, thus following the reciprocating motion of the mill.

The results obtained can also be used to analyze processes

occurring in planetary ball mills, but one should know

parameters of collisions that occur under planetary motion

of the milling vials.

The third approach, which is based on direct observa-

tions of the behaviour of grinding balls during the activa-

tion process, seems to be the most promising. Indeed, even

the pioneering study 109 on direct observation of processes

occurring in a planetary ball mill gave unexpected results.

The motion of grinding balls was monitored through

transparent lids of milling vials and photographs were

taken (exposure duration 1 ms) and high-speed video

recording (exposure duration of 0.25 and 0.5 ms) was

used. It was found that actual ball trajectories do not

agree with the theoretical models based on the kinematic

schemes. Free fall and ball ± ball collisions were not

observed for all operating modes of the planetary ball

mill, friction or rolling of the balls being predominant. As

a result, a conclusion was drawn for the first time that

mechanical activation processes should be analyzed in

terms of attrition and wear in accordance with the results

of in situ observations 109 rather than collisions (as in most

theoretical models).

A complex planetary motion makes a detailed quantita-

tive analysis of trajectories and velocity vectors for each ball

difficult; therefore, the first experimental data were

obtained for a ball mill.110 A mill with an internal diameter

of 0.8 m and transparent lid was alternately illuminated

using blue and red flashes and photographs were taken at

each flash. Pairs of successively taken colour photographs

were processed using a computer and a velocity field at the

instance of flash was constructed for each of a total of 190

grinding balls 30 mm in diameter. It was found that the

rolling mode dominates at all values of rotation speed. The

fraction of free falling balls that do not contact other bodies

was at most 5% even at maximum rotation speed and their

distance from the main group of low mobile balls was

merely 2 ± 3 cm and their velocity was about 1 m s71,

which corresponds to free fall from a height of nearly

5 cm. Thus, the motion of a small fraction of `active' balls

can be characterized as low jumps when rolling down the

layer of low mobile balls rather than free fall.

In the subsequent experiments aimed to determine

actual trajectories of grinding balls a video camera mounted

immediately on the milling vial of a planetary ball mill made

a circular motion about the common axis of the mill with

the milling vial.111 Like earlier, the results of a study of

changes in the parameter K at different number of balls and

different types of powders in the milling vial led to the

conclusion that the observed picture of the motion of

grinding balls is fundamentally different from the trajecto-

ries calculated using kinematic models. It is believed that

the discrepancies are due to neglect of friction and sliding in

the early kinematic models. Therefore, a model taking

account of differences between the sliding friction and

rolling friction coefficients was proposed. Corresponding

FEM calculations showed good agreement between this

model and experimental observations. Both the experiment

and numerical simulation revealed no free-falling balls; the

grinding balls were always grouped and the average relative

rolling collision velocity was *0.1 m s71.

Recently,71 it was shown that a technically complicated

procedure for mounting a video camera inside a planetary

ball mill can be replaced by computerized image processing.

A high-speed video camera is mounted stationary along the

axis of the Sun Disk and the motion of the Sun Disk with

two milling vials (Fig. 7) is recorded. In each video frame,

two square windows were selected, each window centred at

the axis of the milling vial. The window was referenced to

the coordinate system of the Sun Disk and rotated about the

axis of the Sun Disk. Thus, the milling vial is always at the

centre of the window, as if the video camera was mounted

above the vial. The results of observations of the ball

trajectories were compared with the data on the activation

efficiency that was evaluated from the self-ignition temper-

atures and structural transformations of the mixtures. The

most intense activation occurred at K=1.5; as K further

increased, the activation efficiency decreased (see Fig. 3).

Examples of the ball arrangement patterns, ball

motion trajectories and velocity fields are shown in

Fig. 8. As can be seen, the most intense activation

Rd

W

w r

r

w

Figure 7. Analysis of digital images obtained by high-speed video
recording: a schematic.71
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(K=1.5) occurs when most balls are `stagnant', i.e.,

almost do not change their positions, the motion trajecto-

ries of other balls correspond to the rolling mode and the

ball motion velocity is at most 4 m s71 (Fig. 8 a ± c). The

fraction of free falling balls increases at K=1.9, and their

velocity increases up to 8 m s71 (see Fig. 8 d ± f ), but the

activation becomes less pronounced (see Fig. 3). It follows

that ball friction against one another and against the vial

wall is a stronger activating factor compared to impacts of

free falling balls.

3.3. Conditions in the vicinity of ball ± reactant contact region
Irrespective of the type of mechanical activation (impact or

friction), it is microscopic reactant particles localized in the

gap between the colliding or rubbing balls (or between the

ball and the vial wall) that are activated. Therefore, one has

to consider conditions in this gap.

At present, no procedures for measuring instantaneous

local temperatures at the ball ± ball contact points are

available; therefore, indirect methods are used. For

instance, the temperature of cooling water was measured 112
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Figure 8. High-speed video recording of the motion of grinding balls at K=1.5 (a ± c) and 1.9 (d ± f ).71
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velocities in the coordinate system of the Sun Disk (c, f ).
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at the inlet and outlet of a planetary ball mill (mechanical

power dissipated into heat was calculated from the temper-

ature difference); the temperature of the outer surface of the

milling vial was also measured. Within 30 s after stopping

the mill the milling vials were transferred into a calorimeter

where the total heat content of the vials along with the

grinding balls and powder was determined.112 Those data

were used to calculate the temperature of the grinding balls

assuming that they accumulate 80% of the total heat during

the milling process. It was found that the temperature of the

grinding balls can be as high as 885 K in the absence of

powder; however, this value decreased to 470 K taking into

account the presence of alumina powder. The temperature

of grinding balls calculated using this approach increased as

the ball diameter increased from 3 to 9 mm at a constant

total mass of balls in the milling vial. Direct ball temper-

ature measurements were carried out with a thermocouple

that was inserted into the vial immediately after stopping

the mill (time necessary to stop and open the mill was

50 s).67 The average ball temperature after 6 min of activa-

tion of Ni+Al mixture in argon atmosphere was as high as

570 K. Interestingly, heating in argon atmosphere occurred

faster than in air, viz., the ball temperature after milling the

same mixture in air was only 320 K.

Continuous measurements of the temperature and pres-

sure during the milling of Ti+C mixture were carried out

using a special wireless temperature and pressure monitor-

ing system located inside the milling vial of a planetary ball

mill.101 In the course of milling the vial temperature

increased by only 10 ± 128 (from 300 to 312 K) A temper-

ature peak at 325 K (self-ignition point) was accompanied

by a gas pressure peak of nearly 400 kPa. However, calcu-

lations of heating of a porous powder medium in the gap

between colliding balls showed that the local temperature at

the point of collision can reach a value of 870 K. This

corresponds to an increase in the average temperature of the

milling vial to 350 K under assumption that the heat

released at the points of collision is uniformly distributed

in the bulk of the vial. Similar results were obtained for a

vibratory mill using a temperature sensor mounted on the

outer surface of a milling vial executing a reciprocating

motion.81 The temperature of the outer wall of the vial was

at most 320 K after a few hours of treatment of a Ti+C

powder mixture; self-ignition of the mixture was accompa-

nied by the detection of a temperature peak at *380 K.

Thus, it was experimentally shown (although based on

the results of indirect measurements and calculations) that

the local temperature at ball ± reactant contact points can

exceed the self-ignition temperature of the mixture. What is

the driving force of such a heating, impacts or friction?

Common sense tells that dry friction leads to more intense

heating of the contact points than impacts. For instance,

one can make fire by friction of two dry pieces of wood, but

it is hardly possible to light these pieces by hitting them

against each other. However, we will not rely on intuition

and consider this question more strictly, based on the rather

scarce data available in the literature.

The maximum ball motion velocity observed in the

experiments with planetary ball mills 71, 110, 111 is in the

range of 1 to 5 m s71, which corresponds to free fall of

ball from a height of *0.05 ± 1.25 m. In the model experi-

ments with free-falling balls 82 the balls were released from a

height of 0.006 m to 0.25 m to acquire the velocity equal to

that of ball motion in a vibratory mill. At a ball weight of

5N (steel ball 3 cm in diameter) and a ball velocity of

1 m s71, an impact force of about 1000 N was measured.

As the thickness of the powder layer onto which the ball fell

increased from 0 to 2.7 mm, the impact force decreased

nearly tenfold. The impact duration was in the range of

0.5 ± 2.5 ms and increased as the thickness of the powder

layer increased. The restitution coefficient, that is, the

fraction of kinetic energy retained by the ball upon rebound

from the steel plate covered with the powder layer decreased

from 0.8 (clean steel plate) to 0.2 (powder layer 1.85 mm

thick). Taking into account this fact, let us assume that 80%

of the kinetic energy of the ball dissipated into heat upon

the impact. For the ball in question (mass 0.5 kg, velocity

1 m s71), one gets an energy of 0.2 J. Even considering a

highly activated mixture, e.g., Ti+C, its initiation requires

heating by at least 500 ± 6008 above room temperature.57 It

is easy to calculate that a heat of 0.2 J is high enough to heat

a *0.75-mg titanium particle 0.6 mm in diameter by 500

degrees provided that no heat loss occurs.

Thus, using extreme and non-obvious assumptions, viz.,

(i) 100% of heat is accumulated in a microscopic spatial

domain, (ii) a ball mass of 500 g, (iii) 80% of kinetic energy

dissipates into heat, and (iv) balls remain cold, we found

conditions for impact initiation of the reaction. However,

considering actual operating modes of planetary ball mills,

the following should be taken into account. The mass of a

conventional grinding ball is only 3 to 5 g, the fraction of

balls involved in direct impacts is low, and activated powder

particles are not always available in the gap between the

colliding balls since a ball ± ball collision takes about

*1 ms. Therefore, initiation of a reaction through ball ±

ball collisions seems to be unlikely. This is also confirmed

by the results of experiments on shock initiation of reactions

in powder metallic mixtures.113 ± 116 Indeed, it was found

that even in the case of preliminarily mechano-activated

mixtures (e.g., Ni+Al) with low self-ignition temperatures

the collision velocity necessary for ignition should be of the

order of hundreds metres per second.

Compared to the influence of impact loads, the effect of

friction on local heating of activated powders has been

much less studied. Up to 90% of friction power defined as

P= kNV (3)

where k is the friction coefficient; N is the normal force

pressing rubbing bodies to each other; and V is the relative

velocity of the motion of rubbing surfaces, can dissipate

into heat.

When analyzing collisions, one can restrict himself to

the action of a single ball. Considering friction, the whole

totality of grinding balls should be taken into account.

Indeed, if grinding balls are grouped inside the milling vial

as shown in Figs 6 and 8, the normal force N depends on the

total weight of all balls rather than that of a single ball,

namely, upper balls press on the lower layer of balls, those

transmit pressure to the underlying balls, etc. At a total

mass of all balls of 0.2 kg and a normal acceleration of up to

100 g, the effective weight of all balls can be as high as

200 N, which is comparable with the impact force, but the

impact force acts within a few milliseconds, while the

grinding balls press against one another continuously as

the ball mill is in operation.

The effect of the ratio of the total mass of grinding balls

to the mass of activated powder has been well studied; this
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ratio is one of the key parameters characterizing the

activation mode. For instance, experiments showed that

the extent of activation of Ni+Al mixture increases as the

total mass of balls increases provided a constant mass of a

single ball.117 Ball grouping is also of crucial importance for

the friction velocity. A single ball can roll on the inner

surface of the milling vial and experience a rolling friction

that is much lower than sliding friction. But two contacting

balls cannot roll on the vial surface without sliding friction

since the ball surfaces at the point of contact move in

opposite directions.

The velocities of mutual friction of the surfaces of a

large number of balls have almost not been studied as yet

and no experimental data on the angular velocities of ball

rotation about their centres are available (theoretical mod-

els also usually ignore rotation of balls and often treat balls

as mass points). One can assume that the friction velocity is

of the same order of magnitude as the linear velocity of the

motion of the inner surface of the milling vial. For the most

efficient operating mode of the Activator-2S planetary ball

mill (see above) this velocity is 4.36 m s71 (W=694 rpm,

K=1.5, r=4 cm), being higher than the average velocity

of colliding balls. Assuming a friction coefficient of 0.15

(dry friction of steel on steel) and a normal force of 100N

(rough estimate since no better data are available), one gets

a power friction of *65 W. Since the milling vial makes a

revolution every 0.058 s, a work of 3.7 J per rubbing ball is

done and transformed into heat, which is tenfold higher

than the energy dissipating into heat through collisions of a

massive ball with the steel wall.

Understanding the approximate character of the esti-

mates made, we nevertheless come to the conclusion that

friction has a stronger effect on energy dissipation than

impacts of free-falling balls in the case of mechanical

activation in planetary ball mills. Drawing more accurate

conclusions requires additional experimental and theoret-

ical data on the actual motion modes of grinding ball and

powder mixtures.

4. Theoretical ideas about the causes of changes in
reactivity: a comparison with experimental data

The extent of activation of an exothermic reactive mixture

can be characterized as the chemical heat release rate in a

given mixture at a specified temperature

q=QSF(Z)k0e(7E/RT ) (4)

where q is the specific chemical heat release rate,

J kg71 s71; Q=7DH is the heat of reaction, J kg71; S is

the specific contact surface area between reactants,

m2 kg71; F(Z)= (17Z)n is the kinetic function; Z is the

dimensionless conversion; n is the order of the reaction; k0 is

the pre-exponent, kg m72 s71; E is the activation energy; R

is the universal gas constant; and T is the absolute temper-

ature.

In accordance with the theory of combustion and

thermal explosion,25, 26, 42 the higher the heat release rate q

the lower the self-ignition temperature. This is a measure of

the extent of activation of a given reactive mixture. Con-

sider the influence of mechanical activation on the param-

eters and functions appearing in Eqn (4).

The idea that mechanical energy can be converted into

chemical energy Q dates back to studies by Matthew Carey

Lea (1823 ± 1897), who is considered to be the founder of

mechanochemistry.118, 119 In his works Lea, on the one

hand, stated the fact that almost nothing was known

about the interrelation between the two forms of energy

(mechanical and chemical).120 On the other hand, he con-

sidered experimentally proven the possibility of conversion

of mechanical energy into chemical energy.121 This

approach was developed in studies of Butyagin and Pavli-

chev,84 ± 87 who introduced the notion of the energy yield of

mechanochemical reaction (Gm), which was defined as the

ratio of the number of moles of a substance consumed in a

mechanochemical reaction per second of operation of the

mill (i.e., the mechanochemical reaction rate) to the energy

intensity of the mill; the latter is defined as the energy

consumed by 1 kg of powder during 1 s of operation of the

mill.84 The estimates of Gm are as follows:

0.001 ± 0.1 mol MJ71 for the formation of chemisorption

sites in oxides; 0.001 ± 0.01 mol MJ71 for the formation of

paramagnetic defects; 0.1 ± 1.0 mol MJ71 for solid-phase

reactions; and 100 mol MJ71 for polymorphic transforma-

tions.

We believe the definition of Gm given above is self-

contradictory since the `yield of reaction' in the form of

chemisorption sites or structural defects is placed on a par

with the yield of end products or polymorphic transforma-

tion. Strictly speaking, the notion Gm is only applicable to

the reactions that occur during the act of mechanical

activation (impact, friction, shear) and are stopped as the

mechanical activation is switched off. As mentioned above,

this criterion is met by the slow reaction mode. SHS-type

processes, which are only initiated under the action of

mechanical factors and then proceed without supply of

mechanical energy, do not obey this definition. More

recently it was shown that mechanical treatment of a

reactive mixture causes accumulation of excess energy.

There are a number of carriers of this energy including

residual elastic stresses, interfaces and grain boundaries,

amorphous domains, regions of supersaturated solid sol-

utions and other metastable structures.87 Advances in

microscopic studies of these structures will be considered

below.

At present, the issue concerning forms of stored energy

still remains topical. In many studies on mechanical activa-

tion it is assumed that a fraction of mechanical energy is

accumulated in powders but it is unclear in what form this

energy is stored in the activated mixture. For instance,

taking into account the results of long-term (up to 20 h)

milling of a Ni+Al mixture in a planetary ball mill, it was

reported 122 that the total accumulated energy of the grind-

ing balls is more important for the initiation and completion

of the reaction than the impact energy of a single ball. The

total energy of milling was calculated using the expres-

sion 123

Et �
Ebnb fbt

mp

(5)

where Et is the total energy of the milling that took the time

t, Eb is the ball energy per collision, nb is the number of balls

in the milling vial, t is the milling time, mp is the mass of the

powder being treated and fb is the frequency of impacts

calculated using the kinematic model.93

Based on these results, it was concluded that a total

energy of 200 J g71 is needed to initiate the reaction of
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nickel with aluminium, while the completion of the reaction

requires a total energy of 550 and 700 J g71 for milling in

the steel and tungsten carbide vial, respectively.122 Further

studies of various intermetallic mixtures including Ni+Al,

Co+Al, Fe+Al, Mn+Al, Ni+Ti, Co+Fe, Al+Zr,

Ni+Mn and Zr+Co revealed that the enthalpy of forma-

tion of an intermetallic compound from elements (i.e.,

7DH=Q) is related to the total energy of milling.123 For

certain aluminides the milling energy Et necessary to initiate

the reaction and to form an intermetallic compound linearly

decreased with increasing Q; this was tentatively explained

by a decrease in activation energy.

A dramatic impact of the total milling energy on the

properties of activated mixtures was also reported in studies

of a thermite mixture CuO+Al.124, 125 The notion `activa-

tion dose' (Da) was introduced 125 as the product of the

specific power density of activator (J ) and the activation

duration. In turn, the power density determined from the

rate of increase in the specific surface area upon milling of

materials with known properties was estimated at

9.7 W g71 for the Activator-2SL high-energy planetary

ball mill.125 The maximum reactivity of the mixtures (heat

of reaction, velocity and the brightness temperature) passed

through a maximum at Da= 2000 J g71, which was

explained by optimum combination of the concentration

of structural defects in the components and by high-quality

mixing.124, 125 Note that the authors of studies 122 ± 125 dem-

onstrated an interrelation between the reactivity of the

mixtures and the total mechanical energy consumed by the

activator during the treatment process and made an

assumption that the reactivity is related to defects in the

reactant structure. However, they did not state in explicit

form that the mechanical energy is accumulated in the

activated substance, thus increasing Q, and no superadia-

batic combustion regimes were revealed.

Thus, the question remains as to which fraction of

mechanical energy can be transformed to the excess energy

of crystallite boundaries, vacancies, dislocations and other

structural defects that are accumulated in the substance in

the course of mechanical treatment. The regularities

revealed are in essence empirical, just like the dependences

of the heat release intensity on the rotation speed of the mill

and on the milling duration obtained for Al+TiO2+H3BO3

mixtures using formal methods of regression analysis (it was

shown that optimum activation conditions are attained at a

vial rotation speed of 340 rpm and a milling duration of

17.43 h).73

The influence of the specific contact surface area

between reactants, S, on the rate of a heterogeneous

reaction is obvious. Mechanical treatment not only causes

S to increase, but also changes the contact quality, viz.,

juvenile surfaces are formed that are free from adsorbed

molecules and oxide films (the latter were present on the

surface of the initial particles). This effect can probably be

expressed through the pre-exponent k0 in Eqn (4), but

quantitative evaluation is difficult since the physical mean-

ing of k0 for powder mixtures is unclear. The kinetic

function F(Z) for powder mixtures is poorly studied and

can take various forms including linear, exponential (with

integer or fractional exponent), logarithmic, etc.24, 126, 127

Eventually, the last-mentioned factor in Eqn (4), the Arrhe-

nius exponent, characterizes the dependence of the reaction

rate on temperature. The product of four kinetic factors (the

first factor, Q, can be treated as thermodynamic one)

determines the rate of a heterogeneous reaction and is

analyzed using various theoretical models.

The most mathematically developed is the macrokinetic

theory of mechanical activation and mechanochemical syn-

thesis presented in detail in original communications 128 ± 132

and in monographs.8, 133 Consider those aspects of this

theory that seem to be important for understanding the

activation mechanisms. The macrokinetic theory is based on

the assumption that mechanical activation causes the acti-

vation energy to decrease by a certain value e

E=E07e (6)

where E0 is the activation energy of the initial mixture

before mechanical treatment.

By definition, e is the fraction of the excess energy

accumulated in the structural defects of reactants, which

influences the activation energy of a chemical reaction.133 In

other words, it is assumed that structural defects in reac-

tants (and in the product, if it managed to form) accumulate

energy and that a fraction of this energy influences the

kinetic parameter, namely, the activation energy. Unfortu-

nately, this theory does not specify the physicochemical

nature of the parameter e and presents no methods for

experimental measurement of e, which questions the rele-

vance of the model to actual activation mechanisms. Never-

theless, the macrokinetic theory seems to be useful for

numerical simulation of the experimentally established

dependences of the properties of reactive compositions on

the activation modes. It takes account of the diffusion and

kinetic regimes of heterogeneous reactions. When the rate

of the overall process is limited by the chemical reaction, a

linear kinetic law is assumed:

F(Z)=17Z (7)

Diffusion-controlled processes are described using a

parabolic law

F(Z)= Z71 (8)

The dynamics of changes in the specific contact surface

area between reactants in a binary mixture is given by 134

S=S0(17e7bt) (9)

where S0 is the maximum specific surface area of particles

that can be achieved in a certain mill and b is a constant

characterizing the properties of the material being milled.

The macrokinetic theory was used to calculate the

combustion regimes of activated compositions, the struc-

tures of combustion waves (dependences of the temperature

and conversion on time). The results obtained are in good

agreement with the experiment (it should be noted that this

was done using a large number of arbitrarily chosen

parameters). We believe that a fundamental advance of

this theory consists in that it allows one to compare the

contributions of the changes in S (an increase) and E

(a decrease) to the reaction kinetics of activated composi-

tions under the thermal explosion and combustion regimes.8

The authors of many experimental studies reported a

decrease in the effective activation energy of reactions

owing to preliminary treatment of mixtures in planetary

ball mills, but the measured E values are strongly different
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even for non-activated mixtures. For instance, a combus-

tion study of non-activated Ni+Al mixtures gave

E=75 kJ mol71 from the temperature dependence of the

combustion velocity; this value increased to 140 kJ mol71

for the mixtures diluted with an inert product since the

combustion temperature became lower than the melting

point of nickel.135 In addition, a high-temperature thermo-

graphic study of non-activated Ni+Al mixtures led to

E=155 ± 159 kJ mol71.136 Powders composed of Al ±Ni

clad particles (1 : 1 mole ratio) were studied by Kissinger's

DTA method 137, 138, 139 and E=340 kJ mol71 was

obtained. An electrothermal explosion study 140 of identical

clad powders gave

T /K 1113 ± 1250 1250 ± 1400 1400 ± 1583

E /kJ mol71 192� 29 *0 523� 83

According to DSC data, a mechanically

activated Ni+Al mixture is characterized by

E=117� 8 kJ mol71.141 The DSC method was also used

to establish the dependence of the activation energy on the

mechanical milling temperature and to determine the acti-

vation energies of different stages of the interaction (DSC

traces exhibited up to three exothermic maxima).77 Milling

was carried out in vibratory mills at room temperature and

at liquid nitrogen temperature. The activation energy for

the first reaction stage was 100 kJ mol71 in the former and

150 kJ mol71 in the latter case. The deeper stages of the

reaction were characterized by higher activation energies

equal to 200 and 300 kJ mol71 for cryogenic and room-

temperature milling, respectively. The DSC traces were also

processed 77 not only following Kissinger, but also using a

more accurate method by Vyazovkin 142, 143 that gave

E=75 kJ mol71 for the first stage of the reaction after

cryogenic milling. Studies of mechanically activated clad

powders by DSC (Ref. 139) and electrothermal explosion

technique 140 led to the same value E=104 kJ mol71.

A very large decrease in E was revealed in thermal explosion

studies 144, 145 of mechanically activated compositions

3Ni+Al in AGO-2 planetary ball mill. It was experimen-

tally demonstrated that the effective activation energy

decreases with increasing activation time:144

t /s 60 90 >120

E /kJ mol71 135 38 4.4

A somewhat higher but still abnormally low value of

9.5� 2 kJ mol71 was obtained in another study.145

Probably, a very large scatter of experimentally meas-

ured E values can be explained by different methods used

for measurements. The smallest values were obtained from

the temperature dependence of combustion velocity

(unfortunately, this method still was not applied to mechan-

ically activated mixture Ni+Al). Thermographic methods

(DSC, Kissinger's method, etc.) give larger values. The

highest activation energies were found using thermograms

of non-activated compositions obtained in the thermal or

electrothermal explosion modes. However, it should be

noted that the minimum E values were also determined by

processing thermal explosion data, although obtained for

activated compositions. It follows that the experimental

methods used above give only the effective activation

energies of complex processes that can be different from

the actual activation energies of elementary (atomic-level)

processes, such as diffusion in the crystalline phase or in

melt. A large scatter of E values is also observed for other

powder mixtures (see, for instance, a review of kinetic

parameters of SHS compositions 146).

In spite of large data scatter, a comparison of the

energies E measured by the same methods for activated

and non-activated compositions suggests that treatment of

powder mixtures in planetary ball mills decreases the

effective activation energy of reaction and, consequently,

increases the reactivity of these mixtures. Since in the

systems in question the reactivity of exothermic mixtures

manifests itself through the self-ignition temperature Tign , it

would be logical to relate the effective activation energy to

the self-ignition temperature.

A number of earlier studies 147, 148 were devoted to the

problem of thermal explosion (self-ignition) of reacting

systems followed by the occurrence of several competing

reactions, each being characterized by its own activation

energy. It was shown that in this case one can introduce the

effective activation energy representing superposition of the

activation energies of the competing reactions. Using this

approach, a study 66 was carried out of a mechanically

activated mixture containing two types of particles, namely,

initial non-activated and highly reactive particles with the

activation energies E1 and E2 (E2<E1). It was shown that

such a mixture is characterized by the effective activation

energy

Eef=E17RT ln

�
1� x

�
exp

�
E1 ÿ E2

RT

��
ÿ 1

�
(10)

where x is the fraction of reactive particles in the mixture.

The self-ignition temperature of the activated mixture Tign

is related to the fraction of reactive particles in the mixture

by the equation

x �
�
exp

�
E1

R

�
1

Tign

ÿ 1

T 0
ign

��
ÿ 1

��
exp

�
E1 ÿ E2

RTign

�
ÿ 1

�ÿ1
(11)

where T 0
ing is the self-ignition temperature of the initial

mixture (before activation).

Expressions (10) and (11) allow one to calculate the

dependences of the effective activation energy and self-

ignition temperature on the fraction of activated particles

(Fig. 9). A comparison of Figs 4 b and 9 showed reasonable

qualitative agreement of the model with the experimental

data. Note that the calculated Eef value depends on the

temperature specified for the calculations; this is also con-

sistent with certain experimental observations (namely, the

activation energy is different for different temperature

intervals).

The electrothermal explosion method was used to obtain

the dependences of the activation energy on the micro-

structure of activated mixture Ni+Al.49 It was shown that

Eef varies from 79 to 137 kJ mol71, being a linear function

of the specific contact boundary area of reactants inside the

composite particle. We believe that this result casts some

doubt since the contact surface area between reactants is a

macroscopic parameter which more likely should be

included in the pre-exponent in the Arrhenius equation for

the heterogeneous reaction rather than the exponent. The

activation energy of a reaction is determined by elementary

processes on the atomic and molecular level rather than
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macroscopic parameters of the mixture. Probably, this

dependence can be explained by increasing role of interfa-

cial diffusion that should be characterized by lower activa-

tion energy compared to bulk diffusion. In any case, this

effect deserves further study.

Thus, the most pronounced effect of mechanical activa-

tion manifests itself through a decrease in the effective

activation energy of heterogeneous reaction. This assump-

tion serves a basis for theoretical models and does not

contradict the experimental data despite a large scatter of

the latter. The influence of the specific contact surface area

and the kinetic law is less important, although they cannot

be ignored. The nature of the influence of mechanical

treatment on the activation energy of chemical reaction is

tentatively related to structural transformations in the

substance being treated.

5. Role of structural transformations in the
increase in reactivity

Mechanical activation is accompanied by intense plastic

deformation of metals and formation of characteristic

microstructures (Fig. 10). If a mixture is composed of two

highly ductile metals, layered microstructures are formed

(see Fig. 10 a). Examples are provided by Fe7Al,46

Ni7Al,15, 27, 149 Cu7Al compositions,80 etc. If one has a

mixture of a highly ductile metal (e.g., aluminium), and a

brittle component (e.g., oxides), the resulting composites

represent a metallic matrix containing finely dispersed

particles of the brittle phase as inclusions (see Fig. 10 b).

This was observed for, e.g., thermite compositions

Al+MoO3 (Ref. 16) as well as for Ti+C (see Ref. 150)

and Ti7Si compositions.151 If both components of a

mixture are brittle (for instance, Si and C), they are milled

to submicrometre or nanometre state and then agglomerate

to form relatively large (up to tens of micrometres in size)

particles containing all initial phases of reactants.152 In all

cases, one deals with abrupt (by 3 ± 4 orders of magnitude

and more) increase in the contact area of reactants.

The development of methods for 3D reconstruction of

microstructures made it possible to construct 3D models for

activated compositions (Fig. 11).50, 52 To this end, compo-

site particles formed after mechanical treatment were sec-

tioned using ion beam etching. Two-dimensional images of

the microstructure were taken after etching of each layer.

The 3D reconstruction was performed using a set of nearly

500 2D images of the microstructure and software devel-
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Figure 9. Effective activation energy and self-ignition temperature
plotted vs. fraction of activated particles in the mixture.
Calculated using the data taken from Ref. 66 for the Ni+Al
mixture; E1= 120 kJ mol71, E2= 60 kJ mol71, T 0

ign = 930 K,
T=1900 (1) and 930 K (2).

20 mm
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b

a

Figure 10. SEM images of the microstructures of reaction mixtures
treated in a planetary ball mill.
(a) Ni+Al composition, bright phase is Ni and dark phase is Al;88

(b) Al+MoO3 composition, bright phase is MoO3 and dark phase
is Al.16

2.5 mm

Figure 11. Reconstructed 3D microstructure of Ni/Al reactive
composite particle.50
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oped at Thermo Fisher Scientific (USA). An analysis of the

model showed that the specific contact surface area in the

Ni/Al composite particles can be as large as 0.012 nm71,

which corresponds to an effective particle size of 80 nm at

the initial particle size ranging from 3 to 15 nm.50 Mixtures

of ductile metals also exhibit cold welding areas at the

contact boundaries between reactants; this reinforces the

layered particles and cleans the contact boundaries from

oxide films and other contaminants.

The essence of cold welding consists in that intense

deformation stretches the metal surface, the oxide film

breaks down and its fragments are immersed in the metal,

while the fresh exposed metal surfaces are brought together

to a bonding distance.153 In non-activated exothermic

compositions a direct contact between metallic particles

occurs at certain spots, viz., protrusions on the surface,

while other surface spots at the contact area are separated

by distances of the order of a few tens of nanometres.154

Cold welding becomes possible when the microscopic sur-

face inhomogeneities are smoothed and a rather large direct

(atom ± atom) contact surface area is formed. In this case,

both the mechanical strain and the temperature at the

contact spot are of great importance.

As shown above (see Section 2), the impact force of a

ball against the wall reaches a value of 103 N within a very

short time interval while the compression force at ball

contact points in a planetary ball mill can be as high as

102 N. The yield point of aluminium is 20 ± 30 MPa, that of

annealed nickel is 80 MPa and that of pure titanium is in

the range of 100 ± 300 MPa.155 It follows that the impact

stress necessary for plastic deformation of a metal can be

achieved for a rather large contact surface area ranging

from 3 to 50 mm2; however, the action time of such a stress

is short (*1 ms or shorter). For surface friction of stagnant

balls in a planetary ball mill this surface area is tenfold

smaller, but in this case the action time of the compression

and shear stress is a few orders of magnitude longer. In both

cases the mechanical stress is high enough to smooth

microscopic inhomogeneities as well as for plastic deforma-

tion of reactants and for cold welding of the surfaces

formed.

In mixtures of ductile metals prolonged action is pro-

vided by sticking the deformed mixture to the surface of

steel grinding balls; therefore, the mixture experiences a

continuous mechanical deformation in both pulsed mode

through each impact and continuous mode through friction

of balls with one another and with the vial wall. Experi-

ments with the Ni7Al system treated in a high-energy

planetary ball mill for 5 min showed that the thickness and

microstructure of the stuck layer depend on the gas atmos-

phere inside the milling vial.67 Activation in argon atmos-

phere led to formation of a continuous layer *200 mm thick

that covered the whole surface of the grinding balls

(Fig. 12 a). The layer had an inhomogeneous microstruc-

ture, namely, the inner regions (bottom part in Fig. 12 a)

near the surface ball were much less deformed compared to

the outer layer (upper part in Fig. 12 a) of thickness

10 ± 30 mm.

Probably, intense cold welding in inert atmosphere

causes the formation of a thick bimetallic layer on the

surface of grinding balls within a few seconds after the

start of the activation process, so only the outer surface of

this layer then experiences the most intense deformation.

Cold welding in air under identical activation conditions is

less intense (probably, due to fast oxidation of the metal

surfaces); therefore, the stuck layer is only 40 ± 50 mm thick

(see Fig. 12 b). Its microstructure is homogeneous over the

entire thickness and is very similar to the microstructure of

activated particles (see Fig. 10 a). Taking account of this

fact, one can conclude that activated two-phase particles

and agglomerates represent fragments of bimetallic layers

formed on the surface of grinding balls.

Recall that the temperature of grinding balls after

activation in argon was higher than after activation in

air.67 The character of deformation of nickel and aluminium

lamellae (see Fig. 10 a and 12) is indicative of intense shear

stress. This confirms the assumption of predominant role of

dry friction compared with impacts in the activation of

reactive compositions. A molecular dynamics simulation

(MDS) of dry friction in Ni+Al mixture (friction pairs

Ni/Al, Al/Ni and NiAl/NiAl) showed that the temperature

of the rubbing surfaces can be as high as 600 ± 700 K 156 and

that sliding can occur either at constant velocity or in the

stick ± slip regime.157 An MDS for the friction pairs Cu/Fe

and Cu/Ag gave an even higher temperature of the friction

surface, namely, up to 2000 K.158 However, these calcula-

tions were carried out assuming a rather high relative sliding

velocity of the surfaces (150 ± 1000 m s71).

The friction velocity of the grinding ball surfaces in

planetary ball mills has almost not been studied as yet.

Based on the available data for the motion velocities of the

grinding ball centres and the vial wall, it seems logical to

assume that it is at most tens of metres per second. Never-

theless, even a moderate increase in temperature should

favour cold welding of reactants. The possibility of local

melting of powders under impact in a vibratory mill was

b

a

50 mm

20 mm

Figure 12. Layers of activated Ni+Al mixture formed on the
surface of grinding balls (bottom).67

Activation: in Ar atmosphere (a) and in air (b).
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demonstrated for a low-melting mixture Bi+Te.159 Consol-

idation of metal particles abruptly increases if their temper-

ature becomes higher than half the melting point (so-called

homologous temperature).153 That of aluminium is 465 K

and can be achieved locally at the point of contact between

rubbing or colliding balls. Note that the introduction of

even a small amount of liquid (water, ethanol, heptane, etc.)

into the milling vial not only makes cold welding of

reactants impossible, but also causes dispersion of metallic

layers stuck on the grinding balls. This effect is used to clean

the balls and walls of milling vials.

These transformations of the microstructure provide an

explanation for an increase in the specific contact surface

area between reactants as a result of mechanical activation;

however, they give no idea why the activation energy of the

reaction decreases. Usually, this is attributed to an increase

in the concentration of vacancies and in the specific surface

area of grain boundaries as a result of multiple plastic

deformation events and milling of crystallites. Indeed, the

authors of almost all experimental studies involving X-ray

powder diffraction investigations of activated compositions

reported a considerable broadening of diffraction peaks due

to a decrease in the crystallite size (dimensions of coherent

scattering domains) and accumulation of microstresses up

to complete amorphization of mixture components. For

instance, the size of the coherent scattering domain of Al

in a Ni+Al mixture decreased from 1000 to 100 nm after

treatment in a planetary ball mill, while the microstresses in

Al and Ni increased to 150 and 500 MPa, respectively.160 A

study 161 of Ti+Si mixture revealed a decrease in the

crystallite size from 1500 to 300 nm only for silicon; this

was accompanied by an increase in the microstresses to

700 MPa; the size of titanium crystallites remained

unchanged, and the diffraction peaks broadened due to the

increase in the microstresses to 550 MPa owing to accumu-

lation of structural defects.

Similar (either qualitative or quantitative) results

derived from X-ray powder diffraction data were also

obtained for other systems.30, 80, 150, 151, 162 Published data

on broadening of the diffraction peaks of components of

exothermic mixtures are not accompanied by information

on their shifts as a result of accumulation of numerous

structural defects (e.g., vacancies or impurity atoms) or

correlations between the concentrations of various defects

and the mechanical activation modes. Clearly, elucidation

of the role of structural defects in activation of reactive

compositions requires additional studies; however, certain

approximate estimates can be made using the results

obtained.

The energy of formation of a vacancy in the crystal

structure of a metal is *1 eV, or 50%± 65% of the

activation energy of solid-phase diffusion.163 Correspond-

ingly, the equilibrium concentration of vacancies is 10719 at

room temperature; it exponentially increases with temper-

ature and can be as high as 1074 ± 1073 at the melting point.

It follows that the excess energy accumulated in vacancies is

negligible (10714 J mol71) at room temperature and

increases to 10 ± 100 J mol71 at the melting point. The

most probable defects to appear under intense plastic

deformation are dislocations that can store up to

1 ± 2 kJ mol71 of excess energy.164, 165 The maximum

energy that can be stored in SiO2 as component of copper

concentrate was estimated at 8.4 ± 9.6 kJ mol71.10 It was

obtained using X-ray powder diffraction data assuming that

the energy accumulated during mechanical activation is

proportional to the change in the unit cell volume; however,

the applicability of these data to exothermic compositions is

not obvious. The energy of crystallite boundaries can be

estimated at 0.5 J m72 (the model treats the boundary as

supercooled liquid).166 Assuming that the size of mechan-

ically activated crystallite falls in the range of 10 to 100 nm

(specific boundary surface area is 1078 ± 1077 m71), one

gets for, e.g., titanium the following estimate of the energy

stored by the boundaries: 50 ± 500 J mol71.

These estimates demonstrate that the excess energy

stored in various structural defects is negligible compared

to the energy (heat) of exothermic reactions, which is of the

order of a few hundreds of kJ mol71 for the systems

studied in this review. This conclusion is consistent with

those reported in Refs 167 and 168 and with the exper-

imental data presented above (see Section 2). However,

they are in poor agreement with the estimates made using

the notions `energy yield of mechanochemical reaction' and

`mechanical activation dose', which relate the energy

gained by the substance to the energy consumed by the

mill activator. For instance, it was stated 169 that the

`mechanical energy dose D transferred to the powder

material can be as high as D= It& 102 ± 103 J g71' (here

I is the specific power of the mill and t is the treatment

duration). For comparison, the exothermic effect of for-

mation of NiAl and TiC phases from corresponding ele-

ments is 1.37 and 3.85 kJ g71, respectively, and the

temperature of the reaction products reaches a value of

1912 and 3290 K, respectively. It is easy to imagine what

happens if an energy of about 106 J g71 will be actually

transferred to the powder mixture, viz., the mixture will

evaporate or turn into plasma.

We believe this apparent contradiction consists in that

almost all power of a mechanical activator is consumed for

heating balls and the device itself (through friction and

inelastic collisions), while the released heat is removed using

by a coolant (liquid or gas). Only a small fraction of

consumed energy is accumulated in the crystal structure

and in the microstructure of reactive mixtures. An increase

in the concentration defects and specific boundary surface

area can lead to significant increase in mass transfer

coefficients owing to solid-phase diffusion by the vacancy

mechanism and crystallite boundary diffusion.166 Accumu-

lation of defects can also be followed by amorphization of

metals and intermetallic compounds.170, 171 The enthalpy of

amorphous metal is usually at least 5 kJ mol71 higher than

that of corresponding crystalline metal.165 For instance, the

enthalpy of intermetallic phase Ni3Al increases by

21 kJ mol71 after long-term (>15 h) milling.171

Obtaining experimental proofs of local increase in dif-

fusion coefficients and decrease in activation energy of

diffusion owing to an increase in the concentrations of

structural defects and amorphization of preactivated reac-

tants seems to be a topical avenue of nearest-future

research. Direct microscopic observations of the structure

of atomic-crystalline defects in mechanically activated sys-

tems carried out using modern methods of investigation

should help to relate information on macroscopic properties

of activated reactive compositions to the kinetic theory of

mechanochemical transformations,87, 169 which is based on

the kinetics of atom ± atom bond dissociation under defor-

mation and breakup developed by Prof S.N.Zhurkov and

his scientific school.172
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Interesting results were obtained using HR TEM.66, 150

It was found that activated mixtures Ti+C and Ni+Al

contain not only amorphous phases, but also nanoclusters

of crystalline reaction products (Fig. 13). These clusters are

so small that give no diffraction reflections and thus cannot

be detected by single-crystal and powder X-ray diffraction.

However, they can serve as seeds of new phases and thus

reduce the potential barrier to initiation of exothermic

reaction. It was assumed 66 that these clusters represent

metastable phases that undergo transition to the crystalline

state accompanied by heat release and thus initiate an

exothermic reaction at abnormally low temperatures. To

confirm this assumption, it was experimentally shown that

low-temperature annealing of activated mixture Ni+Al at

400 ± 500 K produces a crystalline phase NiAl3 that could

not have formed as a result of diffusion at so low temper-

atures; the self-ignition temperature of the annealed mixture

was found to increase. A qualitative mechanism proposed

for the formation of metastable clusters involves trapping of

nickel atoms and clusters by plastically deformable alumi-

nium at the interface between the rubbing layers of these

metals.66

The results of recent high-resolution electron micro-

scopy studies are in good agreement with the two-stage

scheme of solid-phase mechanochemical reactions.87

According to this scheme, the first stage involves deforma-

tion mixing followed by accumulation of the excess energy

and formation of various metastable structures (supersatu-

rated solid solutions, amorphous domains, etc.). In the

second stage, relaxation occurs, viz., the accumulated

energy is released, the structure of the reactive mixture is

ordered and crystalline product phases are formed. It seems

likely that nanocrystalline clusters (see Fig. 13) appear as a

result of such a relaxation process.

Thus, unusually high reactivity of powder reactive

mixtures, which manifests itself in abnormally low reaction

initiation temperature, can be explained by transformations

of the microstructure and crystal structure resulting from

multiple intense plastic deformation of metallic reactants.

At present, this field is poorly studied and new experimental

data on the interrelations between the reactivity, diffusion

coefficients, microstructure and atomic structure are

required. Solving this problem is important for developing

efficient methods for controlling the properties of preacti-

vated reactive compositions and those of products and

materials fabricated using mechanical activation.

6. Application of mechanical activation to
synthesis of materials

Problems and prospects for application of mechanical

activation in the synthesis of materials are widely discussed

in the literature (see, e.g., reviews,3, 173 a monograph,9 etc.).

In addition to examples of successful practical application

of mechanical activation and mechanochemistry, mention

was made of difficulties arising on going from laboratory-

scale experiments to industrial technologies.3 The scaling

conditions for materials production using mechanical mill-

ing are also discussed and simulated (see, e.g., Ref. 174). In

this Section we present certain recent results.

Most publications are devoted to the synthesis of vari-

ous powders. Nanocrystalline and amorphous intermetallics

belong to key products of mechanochemical synthesis since

the pioneering studies by Koch and co-workers;171, 175, 176

various intermetallic systems were analyzed in a review.177

Two technological approaches were used, viz., the synthesis

from elemental powders by milling (emphasize that milling

continued after the formation of intermetallic product) and

milling of an intermetallic phase. More recent R&D activity

was mainly aimed at optimizing the milling modes in order

to synthesize nanocrystalline NiAl,122 at combining

mechanical and electrical activation (synthesis of TiAl3) 178

and even at stimulating mechanical activation by the influ-

ence of g-quanta.179 A modern trend is to synthesize multi-

component and composite powders. For instance,

composites were synthesized from the intermetallic matrix

Fe3Al reinforced by submicrometre TiC particles 180 and

from the multicomponent matrix Cu7Fe7Co7Ni con-

taining hexagonal boron nitride inclusions.181 Cubic boron

nitride was synthesized by mechanical activation in a

planetary ball mill followed by shock load.182 Powders of

amorphous alloys in the system Ti7Cu7Fe7Al were also

synthesized from mixtures of elemental powders using a

planetary ball mill.183

There has been rapid progress in mechanochemical syn-

thesis of so-called high-entropy alloys 184 that are composed

of five and more metals taken in nearly equal concentra-

tions. These systems are synthesized from elemental pow-
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Figure 13. TEM images of amorphous phase and nanocrystalline
clusters in mechanically activated mixtures Ni+Al (a) 66 and Ti+C
(b).150

(b) Fast Fourier transform which shows an ordered (upper left
corner) and disordered (lower right corner) atomic arrangement.
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ders immediately during mechanical treatment in planetary

ball mills. Examples are provided by the synthesis of five-

component alloys FeCoNiCrMn,185 AlFeCrNiMn,186

NiCoCrFeTi,187 etc. One can assume that the process is

accompanied by exothermic reaction since many high-

entropy alloys contain such pairs of metals as Ni7Al,

Ti7Al and Ni7Ti that can react with considerable heat

release. To date, this area has been very poorly studied.

Pioneering studies on mechanochemical synthesis of

cermets (solid alloys based on tungsten carbide) with high-

entropy binders, for instance, WC7AlFeCoNiCrTi

(Ref. 188) and WC7FeCoCrNi (Ref. 189) have been

reported. A seven-component alloy Zr54Cu19Ni8Al8Si5.

.Ti5O1 synthesized in a vibratory mill appeared to be a

bulk amorphous material (metallic glass) with very high

degree of supercooling.190 The binary alloy Cu50Ti50
obtained in a planetary ball mill also exhibited the proper-

ties of a metallic glass.191 Mention should be made of the

mechanochemical synthesis of so-called pseudo-alloys, i.e.,

alloys of immiscible metals, e.g., Cu7Bi or Fe7Bi.192 They

represent amorphous metallic matrices containing nano-

sized inclusions (clusters) of other metal which forms

neither chemical compounds nor stable solid solutions

with the first metal. The Cu7Cr pseudoalloy exhibited

unusual electrical properties and increased resistance to

vacuum discharge, which makes it a promising material

for high-power vacuum interrupters.193 ± 195 Although pseu-

doalloys are characterized by positive enthalpy of mixing

(they are formed with endothermic effect), they can be

treated as mechanically activated systems. In addition to

the fact that methods for mechanical activation of such

systems are essentially the same as those applied to exother-

mic compositions, mechanical treatment of mixtures of

immiscible metals leads to formation of metastable super-

saturated solid solutions and to unusually high concentra-

tion of phase boundaries,192 which can accumulate excess

energy. Multicomponent alloys, pseudoalloys and metallic

glasses synthesized by mechanical treatment have been

poorly studied and one can expect, in the nearest future, a

rapid increase in the number of publications devoted to

these systems.

Ceramic powders and materials are obtained using

preactivation of reactive mixtures followed by the combus-

tion synthesis and by the synthesis immediately in the

course of milling in the milling vial. Both approaches were

used to prepare so-called MAX-phases } and compositions

based on them. Systems obtained from elements immedi-

ately in the activator include Ti3AlC2 with 196 and with-

out 197 tin additives, as well as two-phase ceramics

Ti3AlC2 ±Al2O3 (in this case, TiO2 was used in addition to

Al and C powders).198 Treatment of preactivated mixtures

in the combustion mode (SHS) resulted in Ti2AlC,199

Ti3AlC2 ,200 and composites Ti5Si3Cx7TiC (see Ref. 201)

and Ti3AlC2 ±Al2O3.202

Recently, there has been interest in ultra-refractory,

extreme melting point ceramics that can be used in aero-

space components. High-energy milling of carbides TaC,

HfC and WC followed by hot pressing resulted in the

compound Ta4HfC5 with a tentative melting point of

4215 K.203 Ultrahigh-temperature carbide (Ta,Zr)C was

synthesized from a mechanically activated mixture of ele-

mental powders in the combustion mode.35

Silicon carbide cannot be obtained by SHS from ele-

ments owing to low exothermicity of this mixture (thermal,

chemical or mechanical activation is required to initiate the

reaction). Initially, a joint activation by long-term (from 2

to 16 h) milling of Si+C mixture with NH4Cl additive was

proposed to initiate a self-propagating reaction in air.204

Then, a series of studies 152, 205 ± 207 showed that 15-min

high-energy treatment in a ball mill is sufficient to initiate

a SHS reaction resulting in submicrometre and nanocrystal-

line particles of SiC powder containing no additives. This

powder was used to prepare dense ceramics with good

mechanical properties. The Si7SiC composite was synthe-

sized by SHS from a mixture of natural sand, carbon and

magnesium mechanically activated in a planetary ball

mill.208

Various materials with useful magnetic and catalytic

properties were obtained by combining mechanical activa-

tion of oxide-containing systems with SHS. In particular,

hexaferrites BaCo27xZnxFe16O27 were synthesizeds 209

from an activated mixture of different oxides in the com-

bustion mode while activation dose dependent treatment of

NiO+Al mixture gave powders with controlled magnetic

and catalytic properties.210 Concluding our review of pow-

der products, mention should be made of the formation of

single-phase AlB2 from mechanically activated mixture of

elemental powders in the thermal explosion mode.211

Often, modern technologies require consolidated mate-

rials rather than powder products; therefore, it is of great

importance to combine mechanical activation with various

consolidation techniques. Undoubtedly, spark plasma sin-

tering (SPS) ranks first in the number of publications in this

field and in the volume of results obtained. The method is as

follows: a mould is loaded with powder stock material and

pressed with dies, then short electrical current pulses are

passed through the mould and the stock material is heated

to the sintering temperature. Simultaneously, pressure is

applied to the powder through the dies to obtain a non-

porous consolidated material. Unlike hot pressing with d.c.

heating, pulsed heating in the SPS regime allows one to

reduce the temperature and to shorten the consolidation

time and thus to favour fabrication of fine-grained and

nanocrystalline materials.

There are three routes to consolidation materials involv-

ing mechanical activation. One of them consists in that

milling is accompanied by exothermic synthesis of the target

products (phases) in the form of a powder that is used as

raw material for SPS. This procedure was used to prepare

Al2O37NiAl composites.212, 213 The second route involves

preliminary activation of the reactive mixture followed by

SHS in reactors or furnaces and subsequent consolidation

of the product by SPS (some cases, additional milling of the

SHS product is required). It was used to obtain composites

Ti5Si37Ti2Ni and Ti5Si37TiC7Ti2Ni,214 as well as

ceramics based on Ti5Si3 (Ref. 215) and TaSi27SiC.216

Eventually, the third route assumes preliminary mechanical

activation of the reactive mixture that is then transferred to

a mould and exposed to SPS. The reaction is initiated

immediately by heating in the mould and the synthesis and

consolidation of material occur simultaneously. This proce-

dure was used to synthesize ceramics and cermet such as

}MAXphases are ternary compoundsMn+1AXn , whereM is a transition

metal, A is a Group IIIA or Group IVA element and X is carbon or

nitrogen. The MAX phases have a layered structure and their mechanical

properties are unusual for ceramics.
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B4C7TiB2 ,217, 218 B4C7Al,217 TiB27B4C,217 HfB2 ±

SiC,217 Al2O37NiAl (coating on cast iron),219 and TiN0.37
Ti5Si37TiN.220

Certain materials, e.g., SiC (Refs 206 and 207) or B4C

(Ref. 221) were obtained using two or even all three routes.

The SPS is not the one and only method for consolida-

tion of mechanically activated materials. In particular, solid

alloys based on titanium carbide with nickel binder were

obtained by hot quasi-isostatic SHS pressing using

Ti+C+Ni mixtures activated in a planetary ball mill.38

The synthesis and consolidation of the material occurred

simultaneously. It was found that by activating all three

components or only two of them in different combinations

(Ti+C, Ti+Ni or Ni+C) and adding the third non-

activated component immediately prior to the synthesis,

one can obtain different microstructures of the material. A

TiB27Cu composite with a porosity of less than 2% was

synthesized following the second route using high-velocity

quasi-dynamic pressing that represented high-speed extru-

sion of a bar.222 Probably, in the nearest future one can

expect progress in the existing and development of new

production methods combining mechanical activation, syn-

thesis and consolidation of powder materials.

In conclusion we will dwell on the application of

mechanical activation to the synthesis of functional

energy-rich materials. A number of mechanically activated

thermite compositions were considered above.20, 124, 125 Of

particular interest are fully dense (almost zero-porosity)

thermite composites (CuO7Al, MoO37Al, Bi2O37Al,

etc.).223, 224 The strength of such materials is high enough

to fabricate various articles and parts of devices; however,

when initiated, they burn with considerable heat release.

This offers great prospects for application of these materials

in rocket technology, pyrotechnics and other fields. Pow-

der-like reactive mechanocomposites can be used as addi-

tives to various metallized fuels, e.g., Al(Mg)7MoO3 ±

poly(tetrafluoroethylene) 225 or Al(Mg) ± solid propel-

lant.226

A new application field is associated with the use of

mechanically activated powder reactive composites in mod-

ern 3D technologies, such as selective laser sintering and

selective laser melting. Replacement of conventional pow-

dered metals and alloys by reactive nanocomposites enables

local initiation of reactions in the particles being sintered

under laser beam. The heat of reaction is added to the heat

flux from the laser and refractory intermetallic phases

formed in the reaction increase the number of materials

for 3D printing. Additive technologies often require that

powders behave as highly ductile materials; therefore,

fabrication of mechanocomposites with round-shaped par-

ticles is topical. This problem can be solved by choosing

appropriate operating modes of planetary ball mills.15, 227

Recently, the first successful results were obtained for a

mixture of Ti+Al with Ni+Al.228 Note that ferrite nano-

powders with spherical particles were prepared earlier by

mechanical activation of salt systems.229

7. Conclusion

The material presented in this review shows that mechan-

ical activation of exothermic powder compositions is

undergoing rapid development. New experimental results

urge to take a fresh look at the process of activation and

at the reasons for structural transformations that lead to

an increase in the reactivity of powder mixtures. In

addition to investigations of `classical' mechanochemical

reactions that proceed only under the action of mechan-

ical factors and require continuous supply of mechanical

energy, research has expanded into self-sustained reac-

tions for which mechanical activation plays the role of

preliminary treatment changing the properties of the

reactive mixture or the role of a trigger pulse initiating a

spontaneous reaction proceeding without supply of

mechanical energy.

The results obtained clearly demonstrated an increase in

the sensitivity of mechanically treated mixtures, which

manifests itself in a decrease in the initiation temperature

(self-ignition temperature) for all systems studied. Data on

the influence of mechanical activation on the combustion

velocity reported by different authors are contradictory.

This can be explained by the fact that the combustion

velocity of SHS compositions is limited by heat transfer

between particles of the reactive mixture, which depends on

the shape, size and properties of inter-particle contacts.

Different modes of mechanical treatment lead to formation

of reactive composite particles of different shape and size

and therefore the linear combustion velocity can either

increase or decrease after mechanical activation. The

increase in the combustion temperature was observed only

for compositions characterized by incomplete combustion

and can be explained by the fact that grinding of reactant

particles in the course of mechanical treatment leads to an

increase in combustion efficiency. For all systems studied to

date, the measured combustion temperature is lower than

the adiabatic value corresponding to a 100% conversion.

This indicates that the excess energy accumulated in the

mixture is low compared to the chemical heat of reaction.

Considerable progress has been made in the experimen-

tal studies of mechanical activation per se and of the nature

of structural transformations induced in the reactive mix-

tures. In particular, it was shown that sliding friction and

friction-induced shear deformation and cold welding rather

than direct impacts play a decisive role for mechanical

activation of exothermic powder mixtures (SHS composi-

tions). This points to a fundamental relation between

mechanical activation and seminal works of P.W.Bridgman

and Academician N.S.Enikolopov on the influence of pres-

sure and shear deformation on physicochemical processes.

Electron microscopy data confirm the conclusions drawn

using the two-stage mechanism of mechanochemical reac-

tions `deformation mixing ± relaxation' proposed by

P.Yu.Butyagin. Recently discovered nanoclusters represent

seeds of product phases and favour a decrease in the energy

barrier to initiation of the reaction. Further development of

this approach should relate the experimental microscopic

data to the kinetic theory of strength in order to explain the

key regularities of mechanical activation of reactive mix-

tures.

The application of mechanical activation in the synthesis

of various materials considerably increased in the last

decade. A promising technological area has been formed,

namely, a combination of mechanical activation and SPS

for fabrication of non-porous (dense) materials. However,

there are numerous questions and technological issues that

require further R&D in the title field. We believe that

research activity aimed to solve these issues will be based

on direct experimental observations of processes occurring

in mill activators including self-propagating exothermic
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reactions and on studies of the dynamics of structural

transformations in reactive mixtures.

This review has been written under financial support

from the Ministry of Science and higher Education of the

Russian Federation (Agreement No. 14.587.21.0051 within

the framework of the French ±Russian PHC `Kolmogorov

2018' Project).

Illustrative material presented in this review was com-

piled from different sources (see captions) and processed.

The exceptions are Figs 5, 6 and 11. Figures 5 and 6 are

author's drawings. Figure 11 is courtesy of the ACS

Publications.

References

1. V.V.Boldyrev, E.G.Avvakumov.Russ. Chem. Rev., 40, 847 (1971)
2. T.F.Grigor'eva, A.P.Barinova, N.Z.Lyakhov. Russ. Chem.

Rev., 70, 45 (2001)
3. V.V.Boldyrev. Russ. Chem. Rev., 75, 177 (2006)
4. V.V.Boldyrev. Herald Russ. Akad. Nauk, 88, 142 (2018)
5. E.V.Boldyreva. Chem. Soc. Rev., 42, 7719 (2013)
6. P.BalaÂ zÏ , M.AchimovicÏ ovaÂ , M.BalaÂ zÏ , P.Billik,

Z.Cherkezova-Zheleva, J.M.Criado, F.Delogu, E.Dutkova,
E.Gaffet, F.J.Gotor, R.Kumar, I.Mitov, T.Rojac, M.Senna,
A.Streletskii, K. Wieczorek-Ciurowa. Chem. Soc. Rev., 42,
7571 (2013)

7. E.L.Dreizin. Prog. Energy Combust. Sci., 35, 141 (2009)
8. Fundumental'nye Osnovy Mekhanicheskoi Aktivatsii, Mekha-

nosinteza i Mekhanokhimicheskikh Tekhnologii. (Fundamen-
tals of Mechanical Activation, Mechanosynthesis and
Mechanochemical Technologies). (Ed. E.G.Avvakumov).
(Novosibirsk: Siberian Branch RAS, 2009)

9. N.Z.Lyakhov, T.L.Talako, T.F.Grigor'eva. Vliyanie Mekha-
noaktivatsii na Protsessy Fazo- i Strukturoobrazovaniya pri
Samorasprostranyayushchemsya Vysokotemperatunom Sin-
teze. (Effect of Mechanical Activation on Phase and Structure
Formation Processes in Self-Propagating High-Temperature
Synthesis). (Novosibirsk: Parallel', 2008)

10. A.G.Ermilov, E.V.Bogatyreva. Predvaritel'naya Mekhanoak-
tivatsiya. (Preliminary Mechanical Activation). (Moscow:
Izd. DomMISiS, 2012)

11. E.V.Boldyreva, V.V.Boldyrev. In Experimental and Theoret-
ical Studies in Modern Mechanochemistry. (Eds G.Mulas,
F.Delogu). (Trivandrum: Transworld Research Network,
2010). P. 1

12. P.BalaÂ zÏ .Mechanochemistry in Nanoscience and Minerals
Engineering. (Berlin, Heidelberg: Springer, 2008)

13. C.G.Tschakarov, G.G.Gospodinov, Z.Bontschev. J. Solid
State Chem., 41, 244 (1982)

14. D.Stamatis, Z.Jiang, V.K.Hoffmann, M.Schoenitz,
E.L.Dreizin. Combust. Sci. Technol., 181, 97 (2009)

15. E.B.Herbold, J.L.Jordan, N.N.Thadhani. Acta Mater., 59,
6717 (2011)

16. E.L.Dreizin, M.Schoenitz. J. Mater. Sci., 52, 11789 (2017)
17. Q.Nguyen, C.Huang, M.Schoenitz, K.T.Sullivan,

E.L.Dreizin. Powder Technol., 327, 368 (2018)
18. F.Kh. Urakaev, L.Tkach, V.V.Boldyrev. In Protsessy Gore-

niya i Vzryva v Fisikokhimii i Tekhnologii Neorganicheskikh
Materialov. (Trudy Vserossiiskoi Konferentsii). [Combustion
and Explosion Processes in Physical Chemistry and Technol-
ogy of Inorganic Materials. (Proceedings of All-Russian
Conference)]. (Chernogolovka: ISMAN, 2002). P. 461

19. A.Yu.Dolgoborodov. Combust. Explos. Shock Waves, 51, 86
(2015)

20. A.N.Streletskii, M.V.Sivak, A.Yu.Dolgoborodov. J. Mater.
Sci., 52, 11810 (2017)

21. A.A.L.Michalchuk, I.A.Tumanov, E.V.Boldyreva.
Cryst. Eng. Commun., 15, 6403 (2013)

22. A.A.L.Michalchuk, I.A.Tumanov, S.Konar, S.A.J.Kimber,
C.R.Pulham, E.V.Boldyreva. Adv. Sci., 1700132 (2017)

23. T.Friscic, S.L.James, E.V.Boldyreva, C.Bolm, W.Jones,
J.Mack, J.W.Steed, K.S.Suslick. Chem. Commun., 51, 6248
(2015)

24. A.S.Rogchev, A.S.Mukas'yan. Gorenie dlya Sinteza Materi-
alov: Vvedenie v Strukturnuyu Makrokinetiku. (Combustion
Synthesis: An Introduction to Structural Macrokinetics).
(Moscow: Fizmatlit, 2012)

25. N.N.semenov. In Izbrannye Trudy. Gorenie i Vzryv. (Selected
Works. Combustion andExplosion). (Moscow:Nauka, 2005).
P. 441

26. N.N.Semenov. Usp. Fiz. Nauk, 23, 251 (1940)
27. S.I.Voyuev, V.M.Maslov, S.V.Poletaev, V.I.Rozenband,

E.V.Chernenko, S.Z.Shmurak, V.V.Barzykin. Combust.
Explos. Shock Waves, 19, 267 (1983)

28. A.S.Rogchev, A.S.Mukas'yan. Combust. Explos. Shock
Waves, 46, 243 (2010)

29. M.A.Korchagin, N.Z.Lyakhov.Russ. J. Phys. Chem. B, 27, 73
(2008)

30. M.A.Korchagin, T.F.Grigorieva, A.P.Barinova,
N.Z.Lyakhov. Int. J. Self-Prop. High-Temp. Synth., 9, 307
(2000)

31. N.F.Shkodich, N.A.Kochetov, A.S.Rogachev,
D.Yu.Kovalev, N.V.Sachkova. Izv. Vyssh. Ucheb. Zaved.,
Tsvet. Metallurg. (5), 44 (2006)

32. B.S.Seplyarskii, N.A.Kochetov, R.A.Kochetkov. Combust.
Explos. Shock Waves, 52, 307 (2016)

33. M.A.Korchagin, D.V.Dudina. Combust. Explos. Shock
Waves, 43, 176 (2007)

34. M.A.Korchagin, A.I.Gavrilov, V.E.Zarko, A.B.Kiskin,
Yu.V.Iordan, V.I.Trushlyakov. Combust. Explos. Shock
Waves, 53, 669 (2017)

35. M.A.Korchagin, B.B.Bokhonov. Combust. Explos. Shock
Waves, 46, 170 (2010)

36. E.I.Patsera, E.A.Levashov, V.V.Kurbatkina, D.Yu.Kovalev.
Ceram. Int., 41, 8885 (2015)

37. N.A.Kochetov, B.S.Seplyarskii.Russ. J. Phys. Chem. A, 92, 47
(2018)

38. N.A.Kochetov, I.A.Studenikin.Russ. J. Phys. Chem. B, 37, 77
(2018)

39. N.A.Kochetov, A.S.Rogachev, Yu.S.Pogozhev. Izv. Vyssh.
Ucheb. Zaved., Porosh. Metallurg. Funkts. Pokryt., (3), 31
(2009)

40. N.A.Kochetov, B.S.Seplyarskii. Russ. J. Phys. Chem. B, 11,
288 (2017)

41. C.E.Shuck, J.M.Pauls, A.S.Mukasyan. J. Phys. Chem. C, 120,
27066 (2016)

42. Ya. B. Zel'dovich, D.M.Frank-Kamenetskii. Zh. Fiz. Khim.,
12, 100 (1938)

43. A.S.Rogachev, A.G.Merzhanov. Dokl. Akad. Nauk, 365, 788
(1999)

44. A.S.Rogachev. Combust. Explos. Shock Waves 39, 150 (2003)
45. A.S.Mukasyan, A.S.Rogachev. Prog. Energy Combust. Sci.,

34, 377 (2008)
46. A.S.Rogachev, A.S.Mukasyan. Combust. Explos. Shock

Waves, 51, 53 (2015)
47. F.Bernard, E.Gaffet. Int. J. Self-Prop. High Temp. Synth., 10,

109 (2001)
48. G.Ji, D.Goran, F.Bernard, T.Grosdidier, E.Gaffet,

Z.A.Munir. J. Alloys Compd., 420, 158 (2006)
49. A.S.Rogachev, N.A.Kochetov, V.V.Kurbatkina,

E.A.Levashov, P.S.Grinchuk, O.S.Rabinovich,
N.V.Sachkova, F.Bernard. Combust. Explos. Shock Waves,
42, 421 (2006)

A.S.Rogachev Russ. Chem. Rev., 2019, 88 (9) 875 ± 900 897



50. C.E.Shuck, A.S.Mukasyan. J. Phys. Chem. A, 121, 1175
(2017)

51. J.M.Pauls, C.E.Shuck, A.S.Rogachev, A.S.Mukasyan.
Combust. Sci. Technol., 190, 893 (2018)

52. A.S.Mukasyan, C.E.Shuck, J.M.Pauls, K.V.Manukyan,
D.O.Moskovskikh, A.S.Rogachev. Adv. Eng. Mater., 20,
Art No. 1701065 (2018)

53. C.E.Shuck, K.V.Manukyan, S.Rouvimov, F.S.Rogachev,
A.S.Mukasyan. Combust. Flame, 163, 487 (2016)

54. O.K.Kamynina, A.S.Rogachev, L.M.Umarov. Combust.
Explos. Shock Waves, 39, 548 (2003)

55. V.V.Kurbatkina, E.A.Levashov, E.I.Patsera, N.A.Kochetov,
A.S.Rogachev. Chem. Sust. Develop., 17, 611 (2009)

56. M.A.Korchagin, N.V.Bulina.Combust. Explos. ShockWaves,
52, 225 (2016)

57. F.Maglia, U.Anselmi-Tamburini, C.Deidda, F.Delogu,
G.Cocco, Z.A.Munir. J. Mater. Sci., 39, 5227 (2004)

58. F.Maglia, C.Milanese, U.Anselmi-Tamburini. J. Mater. Res.,
17, 1992 (2002)

59. F.Maglia, C.Milanese, U.Anselmi-Tamburini, S.Doppiu,
G.Cocco, Z.A.Munir. J. Alloys Compd., 385, 269 (2004)

60. F.Maglia, U.Anselmi-Tamburini, G.Cocco, M.Monagheddu,
N.Bertolino, Z.A.Munir. J. Mater. Res., 16, 1074 (2001)

61. M.A.Korchagin, E.G.Avvakumov, G.G.Lepezin,
O.B.Vinokurova. Combust. Explos. Shock Waves, 50, 641
(2014)

62. K.Kasraee, A.Tayebifard, E.Salahi.Adv. Powder Technol., 35,
885 (2014)

63. A.G.Merzhanov. Dokl. Akad. Nauk SSSR, 233, 1130 (1977)
64. U.Anselmi-Tamburini, F.Maglia, S.Doppiu,

M.Monagheddu, G.Cocco, Z.A.Munir. J. Mater. Res., 19
1558 (2005)

65. D.P.Riley, E.H.Kisi, D.Phelan. J. Eur. Ceram. Soc., 26, 1051
(2006)

66. A.S.Rogachev, N.F.Shkodich, S.G.Vadchenko, F.Baras,
D.Yu.Kovalev, S.Rouvimov, A.A.Nepapushev,
A.S.Mukasyan. J. Alloys Compd., 577, 600 (2013)

67. A.S.Rogachev, N.F.Shkodich, S.G.Vadchenko, F.Baras,
R.Chassagnon, N.V.Sachkova, O.D.Boyarchenko. Int. J.
Self-Propag. High-Temp. Synth., 22, 210 (2013)

68. M.A.Korchagin, V.Yu.Filimonov, E.V.Smirnov,
N.Z.Lyakhov Combust. Explos. Shock Waves, 46, 41 (2010)

69. E.A.Levashov, V.V.Kurbatkina, K.V.Kolesnichenko.
Izv. Vyssh. Ucheb. Zaved., Tsvet. metallurg., (6), 61 (2000)

70. V.Yu.Filimonov, M.A.Korchagin, A.V.Afanas ev,
A.A.Sitnikov, V.I.Yakovlev, S.V.Terekhin, I.V.Baryshnikov,
N.Z.Lyakhov. Combust. Explos. Shock Waves, 46, 30 (2010)

71. A.S.Rogachev, D.O.Moskovskikh, A.A.Nepapushev,
T.A.Sviridova, S.G.Vadchenko, S.A.Rogachev,
A.S.Mukasyan. Powder Technol., 274, 44 (2015).

72. L.Deris, S.Sharafi, G.H.Akbari. J. Therm. Anal. Calorim.,
115, 401 (2014)

73. M.Farhanchi, M.Neyasari, R.Vatankhah Barenji,
A.Heidarzadeh, R.Taherzadeh Mousavian. J. Therm. Anal.
Calorim., 122, 123 (2015)

74. A.Hoseinpur, M.Jalaly, M.Sh.Bafghi, J.V.Khaki, M.Sakaki.
Int. J. Refract. Met. Hard Mater., 54, 251 (2016)

75. L.Takacs, V.Soika, P.Balaz. Solid State Ionics, 141 ± 142, 641
(2001)

76. O.A.Shkoda. Int. J. Self-Prop. High-Temp. Synth., 27, 60
(2018)

77. O.S.Lagoviyer, M.Schoenitz, E.L.Dreizin. J. Mater. Sci., 53,
1178 (2018)

78. M.Atzmon. Phys. Rev. Lett., 64, 487 (1990)
79. E.Ma, J.Pagan, G.Cranford, V.Atzmon. J. Mater. Res., 8,

1836 (1993)
80. D.Y.Ying, D.L.Zhang. J. Alloys Compd., 311, 275 (2000)
81. F.Delogu. Scr. Mater., 69, 223 (2013)
82. F.Delogu, L.Takacs. Acta Mater., 80, 435 (2014)

83. S.G.Vadchenko, O.D.Boyarchenko, N.F.Shkodich,
A.S.Rogachev. Int. J. Self-Prop. High-Temp. Synth., 22, 60
(2013)

84. P.Y.Butyagin, I.K.Pavlichev. React. Solids, 1, 361 (1986)
85. P.Y.Butyagin. Russ. Chem. Rev., 40, 901 (1971)
86. P.Y.Butyagin. Russ. Chem. Rev., 53, 1025 (1984)
87. P.Y.Butyagin. Russ. Chem. Rev., 63, 965 (1994)
88. N.F.Shkodich, A.S.Rogachev, S.G.Vadchenko,

N.V.Sachkova, R.Chassagnon. Int. J. Self-Prop. High-Temp.
Synth., 21, 104 (2012)

89. E.G.Avvakumov, A.A.Gusev. Mekhanicheskie Metody Akti-
vatsii v Pererabotke Prirodnogo i Tekhnogennogo Syr'ya.
(Mechanical Activation Methods of in the Processing of
Natural and Technogenic Raw Materials). (Ed.Lyakhov).
(Novosibirsk: Geo, 2009)

90. Yu.D.Kaminskii. Mekhanokhimicheskie Reaktory Planetar-
nogo Tipa: Teoriya i Praktika. (Ed. E.G.Avvakumov).
(Mechanochemical Reactors of Planetary Type. Theory and
Practice). (Novosibirsk: Nauka, 2015)

91. B.S.Murty, S. Ranganathan. Inter. Mater. Rev., 43, 1 (1998)
92. Yu.D.Kaminskii, V.V.Musatov. Nauka Proizvodstvu, 52, 47

(2002)
93. V.A.Poluboyarov, I.A.Pauli, V.V.Boldyrev, M.I.Tarantsova.

Chem. Sust. Develop., 2, 635 (1994)
94. M.P.Dallimore, P.G.McCormick. Mater. Sci. Forum,

235 ± 238, 5 (1997)
95. M.Abdellaoui, E.Gaffet. J. Phys. IV Colloque C3, Supplement

au J. Phys. III, 4, C3-291 (1994)
96. M.Abdellaoui, E.Gaffet. Acta Met. Mater., 43, 1087 (1995)
97. J.Schilz.Mater. Transact., 39, 1152 (1998)
98. P.P.Chattopadhyay, I.Manna, S.Talapatra, S.K.Pabi.

Mater. Chem. Phys., 68, 85 (2001)
99. H.Mio, J. Kano, F.Saito, K.Kaneko.Mater. Sci. Eng., A, 332,

75 (2002)
100. Y.T.Feng, K.Han, D.R.J. Owen.Mater. Sci. Eng., A,

375 ± 377, 815 (2004)
101. J.Trapp, B.Kieback. Acta Mater., 61, 310 (2013)
102. S.-Y.Lu, Q.-Y.Mao, P.Zheng, X.-D.Li, J.-H.Yan.

Chin. Phys. B, 21, 078201 (2012)
103. Z.Chen, S.Lu, Q.Mao, A.Buekens, Y.Wang, J.Yan.

Environ. Sci. Pollut. Res., 24, 24562 (2017)
104. S.Beinert, G.Fragniere, C.Schilde, A.Kwade. Adv. Powder

Technol., 29, 573 (2018)
105. A.Sato, J.Kano, F.Saito.Adv. Powder Technol., 21, 212 (2010)
106. E.Gaffet. Mater. Sci. Eng., A, 132, 181 (1991)
107. H.Huang, M.P.Dallimore, J.Pan, P.G.McCormick.

Mater. Sci. Eng., A, 241, 38 (1998)
108. I.A.Tumanov, A.F.Achkasov, E.V.Boldyreva, V.V.Boldyrev.

CrystEngComm, 13, 2213 (2011)
109. P.LeBrun, L.Froyen, L.Delaey.Mater. Sci. Eng., A, 161, 75 (1993)
110. L.-S.Kung, J.-C.Samin. Exp. Mechan., 36, 251 (1996)
111. S.Rosenkranz, S.Breitung-Faes, F.Kwade. Powder Technol.,

212, 224 (2011)
112. Y.-S.Kwon, K.B.Gerasimov, S.-K.Yoon. J. Alloys Compd.,

346, 276 (2002)
113. I.V.Saikov, L.B.Pervukhin, A.S.Rogachev, O.L.Pervukhina,

A.E.Grigoryan. Polzunov. Vestn., 4, 185 (2009)
114. R.V.Reeves, A.S.Mukasyan, S.F.Son. J. Phys. Chem. C, 114,

14772 (2010)
115. M.I.Alymov, L.B.Pervukhin, A.S.Rogachev,

O.L.Pervukhina, I.V.Saikov. Pis'ma Mater., 4, 153 (2014)
116. A.N.Zhukov, V.A.Yakushev, S.Yu.Ananev, V.V.Dobrygin,

A.Yu.Dolgoborodov. Combust. Explos. Shock Waves, 54, 64
(2018)

117. N.A.Kochetov, B.S.Seplyarskii. Russ. J. Phys. Chem. B, 10,
639 (2016)

118. L.Takacs. Bull. Hist. Chem., 28, 26 (2003)
119. L.Takacs. J. Mater. Sci., 39, 4987 (2004)
120. M.C.Lea. Am. J. Sci. (3rd Ser)., 46, 413 (1893)

898 A.S.Rogachev Russ. Chem. Rev., 2019, 88 (9) 875 ± 900



121. M.C.Lea. Am. J. Sci. (3rd Ser)., 47, 377 (1894)
122. J.Joardar, S.K.Pabi, B.S.Murty. J. Alloys Compd., 429, 204

(2007)
123. N.C.Abhik, R.Vivek, V.Udhayabanu, B.S.Murty. J. Alloys

Compd., 465, 106 (2008)
124. A.N.Streletskii, I.V.Kolbanev, G.A.Vorobieva,

A.Yu.Dolgoborodov, V.G.Kirilenko, B.D.Yankovskii.
J. Mater. Sci., 53, 13550 (2018)

125. A.Yu.Dolgoborodov, V.G.Kirilenko, A.N.Streletskii,
I.V.Kolbanev, A.A.Shevchenko, B.D.Yankovskii,
S.Yu.Anan'ev, G.E.Val'no. Goren. Vzryv, 11 (3), 117 (2018)

126. J.H.Taplin. J. Chem. Phys., 59, 194 (1973)
127. J.H.Taplin. J. Am. Ceram. Soc., 57, 140 (1974)
128. V.K.Smolyakov, O.V.Lapshin, Yu.M.Maksimov.

Combust. Explos. Shock Waves, 41, 554 (2005)
129. V.K.Smolyakov, O.V.Lapshin, V.V.Boldyrev. Int. J.

Self-Prop. High-Temp. Synth., 15, 1 (2007)
130. V.K.Smolyakov, O.V.Lapshin, V.V.Boldyrev. Int. J.

Self-Prop. High-Temp. Synth., 17, 20 (2008)
131. V.K.Smolyakov, O.V.Lapshin, V.V.Boldyrev. Teor. Osnovy

Khim. Tekhnol., 42, 57 (2008)
132. V.K.Smolyakov, O.V.Lapshin, V.V.Boldyrev. Teor. Osnovy

Khim. Tekhnol., 42, 198 (2008)
133. V.K.Smolyakov, O.V.Lapshin. Makrokhimicheskaya Kinet-

ikaMekhanokhimicheskogo Sinteza. (Macrochemical Kinetics
of Mechanochemical Synthesis). (Tomsk: Institute of Atmos-
pheric Optics of SB RAS, 2011)

134. S.G.Khodakov. Fizika Izmel'cheniya. (Grinding Physics).
(Moscow: Nauka, 1972)

135. Yu.S.Naiborodenko, V.I.Itin.Combust. Explos. ShockWaves,
11, 293 (1975)

136. A.G.Gasparyan, A.S.Shteinberg. Combust. Explos. Shock
Waves, 24, 324 (1988)

137. H.E.Kissinger. J. Res. Nat. Bureau Stand., 57, 217 (1956)
138. H.E.Kissinger. Anal. Chem., 29, 1702 (1957)
139. J.D.E.White, R.V.Reeves, S.F.Son, A.S.Mukasyan. J. Phys.

Chem. A, 113, 13541 (2009)
140. A.S.Shteinberg, Y.-C.Lin, S.F.Son, A.S.Mukasyan. J. Phys.

Chem. A, 114, 6111 (2010)
141. E.B.Pis'menskaya, A.S.Rogacheva, V.I.Ponomarev.

InMaterialy Mezhdunarodnogo Simpoziuma po Fizike Gore-
niya i Vzryva. (Proceedings of the International Symposium
on Physics of Combustion and Explosion, Chernogolovka,
2000). Vol. 3. P. 150

142. S.Vyazovkin, C.F.Wight. Thermochim. Acta, 340±341, 53 (1999)
143. S.Vyazovkin, A.K.Burnham, J.M.Criado, L.F.Perez-

Maqueda, C.Popescu, N.Sbirrazzuoli. Thermochim. Acta,
520, 1 (2011)

144. V.Yu.Filimonov, M.A.Korhaginn, V.V.Evstigneev,
N.Z.Lyakhov. Dokl. Phys., 54, 277 (2009)

145. V.Yu.Filimonov, M.A.Korhaginn, E.V.Smirnov,
N.Z.Lyakhov. Combust. Explos. Shock Waves, 46, 449 (2010)

146. A.S.Mukasyan, C.E.Shuck. Int. J. Self-Prop. High-Temp.
Synth., 26, 145 (2017)

147. V.G.Abramov, D.A.Baganov, N.G.Samoilenko. Combust.
Explos. Shock Waves, 13, 40 (1977)

148. V.G.Abramov, D.A.Baganov, N.G.Samoilenko. Combust.
Explos. Shock Waves, 14, 373 (1978)

149. T.Grigorieva, M.Korchagin, N.Lyakhov. KONA Powder
Part. J, 20, 144 (2002)

150. K.V.Manukyan, Y.-C.Lin, S.Rouvimov, P.J. McGinn,
A.S.Mukasyan. J. Appl. Phys., 113, 024302 (2013)

151. A.A.Nepapushev, A.S.Rogachev, A.S.Mukasyan.
Intermetallics, 93, 366 (2018)

152. A.S.Mukasyan, Y.-C.Lin, A.S.Rogachev, D.O.Moskovskikh.
J. Am. Ceram. Soc., 96, 111 (2013)

153. Yu.V.Kuz'mich, I.G.Kolesnikova, V.I.Serba, B.M.Freidin.
Mehanicheskoe Ligirovanie. (Mechanical Ligation) (Moscow:
Nauka, 2005)

154. N.A.Kochetov, A.S.Rogachev, A.N.Emel'yanov,
E.V.Illarionova, V.M.Shkiro.Combust. Explos. ShockWaves,
40, 564 (2004)

155. S.I.Grigor'ev, E.Z.Meilikhov. In Fizicheskie Velichiny.
Spravochnik. (Physical Values. Handbook) (Moscow:
Energoatomizdat, 1991) P. 47

156. B.Li, P.C.Clapp, J. A.Rifkin, S.M.Zhang. Int. J. Heat Mass.
Transfer, 46, 37 (2003)

157. B.Li, P.C.Clapp, J.A.Rifkin, S.M.Zhang. J. Appl. Phys., 90,
3090 (2001)

158. E.-Q.Lin, L.-S.Niu, H.-J. Shi, Z.Duan.Appl. Surface Sci., 258,
2022 (2012)

159. S.A.Humphry-Baker, S.Garroni, F.Delogu, C.A.Schuh.
Nat. Mater., 15, 1280 (2016)

160. D.Yu.Kovalev, N.A.Kochetov, V.I.Ponomarev. Combust.
Explos. Shock Waves, 46, 457 (2010)

161. D.Yu.Kovalev, N.A.Kochetov. Inorg. Mater., 53, 447 (2017)
162. D.Yu. Kovalev, N.A.Kochetov. Int. J. Self-Prop. High-Temp.

Synth., 22, 56 (2013)
163. V.K.Portnoi, A.I.Novikov, I.S.Golovin. Defekty Kristalliche-

skogo StroeniyaMetallov i Metody ikh Analiza. (Defects of the
Metal Structure and Methods of their Analysis). (Moscow:
Izd. DomMISIS, 2015)

164. M.B.Bever, D.L.Holt, A.L.Titchener. Prog. Mater. Sci., 17, 1
(1973)

165. C.C.Koch. Scr. Mater., 34, 21 (1996)
166. B.S.Bokshtein, A.B.Yaroslavtsev. Diffuziya Atomov i Ionov v

Tverdykh Telakh. (Diffusion of Atoms and Ions in Solids).
(Moscow: Izd. Dom. MISIS, 2005)

167. A.S.Mukasyan, B.B.Khina, R.V.Reeves, S.F.Son.
Chem. Eng. J., 174, 677 (2001)

168. L.L.Shaw. Mater. Adv. Manufact. Proc., 16, 405 (2001)
169. P.Yu.Butyagin, A.N.Streletskii. Phys. Solid State, 47, 856

(2005)
170. C.C.Koch. React. Solids, 8, 283 (1989)
171. C.C.Koch. J. Non-Cryst. Solids, 117 ± 118, 670 (1990)
172. V.R.Regel', A.I.Slutsker, E.E.Tomashevskii. Kineticheskaya

Priroda Prochnosti Tverdykh Tel. (Kinetic Nature of Strength
of Solids). (Moscow: Nauka, 1974)

173. M.H.Enayati, F.A.Mohamed. Int. Mater. Rev., 59, 394 (2014)
174. P.R.Santhanam, E.L.Dreizin. Powder Technol., 221, 403

(2012)
175. R.B.Schwarz, C.C.Koch. Appl. Phys. Lett., 49, 146 (1986)
176. C.C.Koch. Nanostruct. Mater., 9, 13 (1997)
177. A.W.Weeber, H.Baker. Physica B, 153, 93 (1988)
178. K.Morsi, P.Mehra. J. Mater. Sci., 49, 5271 (2014)
179. A.V.Sobachkin, M.V.Loginova, A.A.Sitnikov, V.I.Yakovlev,

V.Yu. Filimonov, A.V.Gradoboev. IOP Conf. Ser.: Mater.
Sci. Eng., 327, 032051 (2018)

180. H.Ghazanfari, C.Blais, H.Alamdari, M.Gariepy, R.Schulz.
J. Alloys Compd., 761, 71 (2018)

181. P.A.Loginov, E.A.Levashov, V.V.Kurbatkina, A.A.Zaitsev,
D.A.Sidorenko. Powder Technol., 276, 166 (2015)

182. M.T.Beason, J.M.Pauls, I.E.Gunduz, S.Rouvimov,
K.V.Manukyan, K.Matous, S.F.Son, A.Mukasyan.
App. Phys. Lett., 112, 171903 (2018)

183. H.-V.Nguyen, J.-S.Kim, Y.-S.Kwon, J.-C.Kim. J.Mater. Sci.,
44, 2700 (2009)

184. D.B.Miracle, O.N.Senkov. Acta Mater., 122, 448 (2017)
185. M.D.Alcala, C.Real, I.Fombella, I.Trigo, J.M.Cordoba.

J. Alloys Compd., 749, 834 (2018)
186. G.Popescu, M.M.Adrian, I.Csaki, C.F.Popescu, D.Mitrica,

S.Vasile, I.Carsea. IOP Conf. Ser.: Mater. Sci. Eng., 145,
072007 (2016)

187. I.Moravcik, J.Cizek, J.Zapletal, Z.Kovakova, J.Vesely,
P.Minarik, M.Kitzmantel, E.Neubauer, I.Dlouhy.
Mater. Des., 119, 141 (2017)

188. P.-F.Zhou, D.-H.Xiao, T.-C.Yuan. Powder Metall., 60, 1
(2017)

A.S.Rogachev Russ. Chem. Rev., 2019, 88 (9) 875 ± 900 899



189. R.Zhou, G.Chen, B.Liu, J.Wang, L.Han, Y.Liu. Int. J.
Refract. Met. Hard Mater., 75, 56 (2018)

190. C.Politis. Int. J. Modern Phys. B, 22, 2905 (2008)
191. N.F.Shkodich, S.G.Vadchenko, A.A.Nepapushev,

D.Yu.Kovalev, I.D.Kovalev, S.Ruvimov, A.S.Rogachev,
A.S.Mukasyan. J. Alloys Compd., 741, 575 (2018)

192. N.Lyakhov, T.Grigorieva, A.Barinova, S.Lomayeva,
E.Yelsukov, A.Ulyanov. J. Mater. Sci., 39, 5421 (2004)

193. N.F.Shkodich, A.S.Rogachev, S.G.Vadchenko,
D.O.Moskovskikh, N.V.Sachkova, S.Rouvimov,
A.S.Mukasyan. J. Alloys Compd., 617, 39 (2014)

194. A.S.Rogachev, K.V.Kuskov, N.F.Shkodich,
D.O.Moskovskikh, A.O.Orlov, A.A.Usenko, A.V.Karpov,
I.D.Kovalev, A.S.Mukasyan. J. Alloys Compd., 688, 468
(2016)

195. K.V.Kuskov, A.S.Rogachev, S.G.Vadchenko, N.F.Shkodich,
S.Rouvimov, A.S.Shchukin, E.V.Illarionova,
V.A.Kudryashov, A.S.Mukasyan. J. Alloys Compd., 750, 811
(2018)

196. B.Liang, M.Wang, J.Sun, Q.Zou, X.Han. Int. J. Refract. Met.
Hard Mater., 27, 927 (2009)

197. N.Shahin, Sh.Kazemi, A.Heidarpour. Adv. Powder Technol.,
27, 1775 (2016)

198. M.Zarezaseh Mehrizi, R.Beygi. J. Alloys Compd., 740, 118
(2018)

199. S.Hashimoto, N.Nishina, K.Hirao, Y.Zhou, H.Hyuga.
Mater. Res. Bull., 47, 1164 (2012)

200. M.Akhlaghi, S.A.Tayebifard, E.Salahi, M.S.Asl, G.Schmidt.
Ceram. Int., 44, 9671 (2018)

201. K.Kasraee, M.Yousefpour, S.A.Tayebifard. Mater. Chem.
Phys., 217, 379 (2018)

202. M.Z.Mehrizi, R.Beygi, Gh. Eisaabadi B, M.Velashjerdi,
F.Nematzadeh. Adv. Powder Technol., 30, 311 (2019)

203. O.Gaballa, B.A.Cook, A.M.Russel. Int. J. Refract. Met. Hard
Mater., 41, 293 (2013)

204. Y.Yang, Z.-M.Lin, J.-T.Li. J. Eur. Ceram. Soc., 29, 175 (2009)
205. D.O.Moskovskikh, A.S.Mukasyan, A.S.Rogachev.

Dokl. Phys. Chem., 449, 41 (2013)
206. D.O.Moskovskikh, Y.Song, S.Rouvimov, A.S.Rogachev,

A.S.Mukasyan. Ceram. Int., 42, 12686 (2016)
207. D.O.Moskovskikh, Y.-C.Lin, A.S.Rogachev, P.J. McGinn,

A.S.Mukasyan. J. Eur. Ceram. Soc., 35, 477 (2015)
208. T.Chanadee, S.Singsarothai. Int. J. Self-Prop. High-Temp.

Synth., 27, 85 (2018)
209. E.P.Naiden, V.F.Zhuravlev, V.I.Suslyaev, R.V.Minin,

V.I.Itin, E.Yu.Korovin. Int. J. Self-Prop. High-Temp. Synth.,
20, 200 (2011)

210. A.M.Padhan, M.Sathish, P.Saravanan, A.Perumal. J. Phys.
D: Appl. Phys., 50, 21LT01 (2017)

211. M.A.Korchagin, A.I.Gavrilov, B.B.Bokhonov, N.V.Bulin,
V.Y.Zarko. Combust. Explos. Shock Waves, 54 (2018)

212. M.Beyhaghi, A.-R.Kiani-Rashid, M.Kashefi, J.V.Khaki.
Appl. Surf. Sci., 344, 1 (2015)

213. M.Beyhaghi, J.V.Khaki, M.Manawan, A.Kiani-Rashid,
M.Kashefi, S.Jonsson. Powder Technol., 329, 95 (2018)

214. K.Kasraee, M.Yousefpour, S.A.Tayebifard. Mater. Chem.
Phys., 222, 286 (2019)

215. K.Kasraee, M.Yousefpour, S.A.Tayebifard. J. Alloys
Compd., 779, 942 (2019)

216. S.Vorotilo, E.A.Levashov, V.V.Kurbatkina, D.Yu.Kovalev,
N.A.Kochetov. J. Eur. Ceram. Soc., 38, 433 (2018)

217. D.M.Hulbert, D.Jiang, D.V.Dudina, A.K.Mukherjee. Int. J.
Refract. Met. Hard Mater., 27, 367 (2009)

218. L.Nikzad, R.Orru, R.Licheri, G.Cao. Chem. Eng. Transact.,
32, 1669 (2013)

219. M.Beyhaghi, M.Kashefi, A.Kiani-Rashid, J.V.Khaki,
S.Jonsson. Surf. Coat. Technol., 272, 254 (2015)

220. M.R.Derakhshandeh, M.Soleymani Naeini, E.Ghasali,
A.Jam, A.Fazili, M.Alizadeh, A.KAzemzadeh, T.Ebadzadeh.
Ceram. Int., 45, 6477 (2019)

221. D.O.Moskovskikh, K.A.Paramonov, A.A.Nepapushev,
N.F.Shkodich, A.S.Mukasyan. Ceram. Int., 43, 8190 (2017)

222. M.P.Bondar', M.A.Korchagin, E.S.Obodovskii. Combust.
Explos. Shock Waves, 46, 111 (2010)

223. A.Ermoline, M.Schoenitz, E.L.Dreizin. Combust. Flame, 158,
1076 (2011)

224. A.Ermoline, D.Stamatis, E.L.Dreizin. Thermochim. Acta,
527, 52 (2012)

225. A.N.Streletskii, A.B.Borunova, I.V.Kolbanev, M.V.Sivak,
A.Yu.Doolgoboodov. Goren. Vzryv, 10, 100 (2017)

226. H.Belal, C.W.Han, I.E.Gunduz, V.Ortalan, S.F.Son.
Combust. Flame, 194, 410 (2018)

227. O.Politano, A.Fourmont, S.Le Gallet, F.Baras. In Sintez i
Konsolidatsiya Poroshkovykh Materialov. (Sbornik Tezisov
Mezhdunarodnoi Konferentsii), Chernogolovka. [Synthesis and
Consolidation of Powder Materials. (Abstracts of Repords of
the International Conference)]. (Moscow: Torus Press, 2018).
P. 71

228. O.Politano, A.Fourmont, S.Le Gallet, F.Baras,
A.A.Nepapushev, A.S.Sedegov, S.G.Vadchenko,
A.S.Rogachev. IOP Conf. Ser.: Mater. Sci. Eng., 558, 012034
(2019) (in the press)

229. O.G.Terekhova, V.I.Itin, A.A.Magaeva, E.N.Naiden,
Yu.F.Ivanov, Yu.M.Maksimov, V.V.Boldyrev. Izv. Vyssh.
Uchebn. Zaved., Porosh. Metallurg. Funkts. Pokrytiya, (1), 45
(2008)

900 A.S.Rogachev Russ. Chem. Rev., 2019, 88 (9) 875 ± 900


	1. Introduction
	2. Influence of planetary ball milling on the reactivity of powder mixtures
	2.1. Influence of activation on the combustion velocity and temperature
	2.2. Influence of activation on the ignition temperature
	2.3. Slow reaction and self-ignition during activation

	3. Mathematical models and experimental observations of interaction between milling bodies and powders
	3.1. Theoretical models for motion
	3.2. Experimental observations
	3.3. Conditions in the vicinity of ball ± reactant contact region

	4. Theoretical ideas about the causes of changes in reactivity: a comparison with experimental data
	5. Role of structural transformations in the increase in reactivity
	6. Application of mechanical activation to synthesis of materials
	7. Conclusion
	References

