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Abstract

Using the method of scanning and high-resolution electron microscopy, zones of normal and tangential
indentation (NTI) were investigated for lithium apatite, quartz and fluoride single crystals. The textural,
structural and phase transformations revealed have been conventionally ascribed to �deformation� and
�diffusion� processes of plastic deformation. In NTI zones of single crystals there have been two levels of
structural transformations revealed, with a sharp boundary between them, at a stress equal to the theoretical
ultimate stress limit (σTSL). In the top zone of scratches, within the range of stress from the microhardness
value Ís up to the σTSL value the substance undergoes profound structural and phase transformations with
the formation   of  the amorphous state,  �paracrystalline�,  �liquid crystal� and �two-dimensional� nanoparticles.
Substance within the zone of scratches represents a model of mechanically activated substance. In the bed
of scratches at the stress value lower than σtsl values, single crystal fragmentation occurs with the formation
of blocks and steps, which models the process of grinding. A wave model is proposed for the transformation
of input mechanical energy in the indentation process with the specific power density approximately equal
to 3 ⋅ 1011 J/(m3 ⋅ s), which is close to the level of bond energy for atoms in the activated NTI zone. Resulting
from the excitation of chemical bonds within the activated NTI zone there are phase and structural
transformations occurring.

Key words: single crystals, fluoroapatite, quartz, lithium fluoride, indentation, electron microscopy,
mechanism of mechanical activation, structural transformations, input energy

INTRODUCTION

Studies in the field of mechanochemical pro-
cesses (MCP) are presented in monographs and
reviews [1�4]; however the question concern-
ing the mechanism of energy transformation
under mechanical activation (ÌÀ) of solids re-
mains under discussion till now.

During the last years, the processes of
plastic deformation   and destruction of solids
are considered to be as multilevel,  resonant and
wave models based on non-equilibrium
thermodynamics [5�7]. However,  the studies on
the processes are mainly limited by the
destruction of solids [8, 9] under stress which
is several orders of magnitude lower in
comparison with stress under ÌÀ [3].

For the last years, the data concerning the
regimes of ÌÀ in mills have replenished by
novel data on the character and rate of influ-

ence in grinding apparatuses and the state of
matter under processing within powerful mills
[10�13]. According to the calculated data by the
authors of model [11] and experimental data
[12], all �physical and chemical� effects of
mechanochemical reactors are considered to be
caused by a short pulse of pressure (σ ~ 1010�
1011 dyn/cm2) with shifting at the size of the
contact area ∆õ ~ 10�6 cm, the contact time τ ~
10�8�10�9 s, temperature increase up to ∆Ò ~
103 K in the course of �dry� friction. Authors
of these works assume that there is the pres-
ence of several channels for stress relaxation in
ÌÀ; however one of highly important places is
ascribed to an increase in the temperature and
the formation of the liquid phase.

The authors of [14] basing on the relation-
ships of  classical mechanics considered the nu-
merical aspects of energy at the front of the
main crack by the example of alkali-haloid
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crystal chip. Under dynamic changes of  pres-
sure and temperature, at the �head� of a crack
there is energy fluctuation occurring, which
energy fluctuation could be accompanied by the
emission of  subnano- and nanosized clustered
particles [14]. Basing on the kinetic theory of
strength the authors of [15] determined the
energy yields of the formation of structural
defects and mechanochemical reactions. It was
demonstrated that the character of MCP oc-
currence is determined by the chemical struc-
ture of deformed structures, as well as by the
presence of excited states those serve as carri-
ers of excess energy released after chemical
bond discontinuitying. However, the authors of
these works have not determined the parame-
ters of stress and input energy necessary in
order to realize MCP.

The purpose of the present work consisted
in determining the influence of mechanical
stress upon the profundity of structural changes
in solids as well as in revealing the mechanism
of transforming the input energy in the course
of  intense dynamic mechanical impact on the
character of structure transformation.

The studies were carried out with the use
of normal and tangential indentation (NTI)
method for single crystals by scratching. The
present method is used in sclerometry and ex-
cludes imposing temperatures which is observed
under activation in powerful mills [16]. More-
over, this method allows one to determine
changing in the state of the structure depend-
ing on arising stress and input energy level.

The stress arising at the contact between a
single crystal with an indenter under NTI (8
GPa) is of the same order of magnitude with
the stress in powerful activators (1�5 GPa) [1�4].
The type of mechanical impact �pressure +
shift� under scratching is close to the impact
such as �shock + friction� in activators, there-
fore the use of this method for modelling mech-
anochemical processes is justified to a consider-
able extent.

EXPERIMENTAL

As the objects of studies in NTI we used
naturally occurring single crystals of  fluoroapa-
tite and quartz (Slyudyanka deposit, Irkutsk

Region) as well as synthetic lithium fluoride sin-
gle crystals with various types of chemical
bonds, structure and hardness. Fluoroapatite
and quartz  exhibit hexagonal structure and
belonging to group P63/m, lithium fluoride ex-
hibit cubic structure and belongs to group
Fm3m. Quartz SiO2 and lithium fluoride LiF are
isodesmic and they have the same type of
bonds. Fluoroapatite Ñà10(ÐÎ4)6F2 is non-isodes-
mic, i.e. it has different types of chemical bonds.

Scratching different faces in various crys-
tallographic directions of fluoroapatite single
crystals, quartz and lithium fluoride was car-
ried out with the help of Vickers diamond pyr-
amid with the angle of 136° using PMT-3 de-
vice at a room temperature with the drawing
rate amounting to 0.1 cm/s, the indenter load-
ing ranging within 0.005�2 N, in air medium
[3]. The infringement of the structure in the
NTI zones of single crystals was investigated
with a Jeol JSM-6460LV scanning electron mi-
croscope. For studying the state of structural
failure with the resolution of a lattice the sub-
stance from the top part of scratches was tak-
en, then it was put on punched carbon sub-
strates and further it was investigated with a
JEM 2010 electron microscope [17].

Average values of mechanical stress on the
surface of contact between a crystal with and
indenter were by convention set to be equal to
the value of microhardness from sclerometry
for given NTI conditions. Microhardness (Hs) was
calculated from the formula [18]
Ís = 4F/b2   (1)
where F is indentor loading, N; b is scratch
width, m.

Table 1 demonstrates microhardness values
for apatite obtained under different NTI con-
ditions. Microhardness in NTI for quartz
amounts to 7.5�8.5 GPa, lithium fluoride this
value ranges within 1�0.98 GPa.

The estimation of stress within the horizon-
tal and vertical sections of scratches was per-
formed according to Hertz theory [19]. This fact
has allowed us to determine the character of
structural failures depending on arising stress
by the example of apatite.

The calculation of average rate of pressure
increase (νc) under NTI was performed accord-
ing to the formula
νc = Hs/t   (2)
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TABLE 1

Parameters of indentation zones for single apatite crystals under various NTI conditions

Sample NTI Indentor Microhardness Normal stress Tangential stress τ/σ
No. system loading (Ís), GPa in crystal/indentor in crystal/indentor

(F), N contact zone (σ), contact zone τ,
GPa GPa

1 {1210}

[0001] 2    2.96 2.58   1.92 0.7

2 (0001)

<1120> 1   5.37 4.88   2.15 0.4

3 {1010}

[0001] 1   6.27 3.95   4.83 1.2

4 (0001)

<1010> 0.5   7.65 5.27   5.60 1.1

5 {1122}

<1123> 0.5   8.70 6.09   6.09 1.0

6 (0001)

<1010> 0.2   7.84 4.38   6.50 1.5

7 (0001)

<1010> 0.1 15.7 3.77 15.23 4.0

Fig. 1. SEM images of scratches on a single crystal of quartz: a � on the basis plane (0001), direction [1120], indentor
loading equal to 0.005 N; b � on the section at an angle of 20° with respect to the basis plane, loading equal to 0.5 N;
c � on lithium fluoride single crystal, face (001), direction [100], loading equal to 0.2 N; d � on (0001) single crystals of
apatite, directions [1120] (À), [1120] (B), loading equal to 0.3 and 0.5 N, respectively.
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Fig. 2. SEM images of fluoroapatite structural transformations: a � disperse structure within the left half of scratch
under NTI on (0001), in the direction [1120], loading equal to 0.5 N; b � blocks with plastic flow within the right half of
same scratch; c � vertical section of the scratch; A � the surface of contact with indentor, B � steps, C � disperse
structure, D � blocks with plastic flow, E�F � the boundary between activation and grinding zones, G � blocks in the
grinding zone.

Here Ís is microhardness, Pà; t is contact time
with a single crystal under indenter passing a
distance equal the half-width of a scratch, s.
The rate of pressure increase was varied from
3.98 ⋅ 1011 to 11.60 ⋅ 1011 Pa/s under the indent-
er loading equal to 1 and 0.5 N, respectively.
Thus, under the conditions of the experiment
conducted the NTI of  single crystals is a dynamic
impact with a high amplitude of pressure, sig-
nificant rate of pressure increase and consider-
able gradients of mechanical stress and defor-
mations owing to the subsequent unloading.

RESULTS AND DISCUSSION

Textural and structural transformations within NTI zones

The type of scratches and the texture of
substance within NTI zone of quartz, apatite

and lithium fluoride single crystals depend on
indenter loading, on the face of a crystal and
the direction of indentation. The SEM images
of scratches on single crystals (Fig. 1) indicate
that the scratches on quartz are accompanied
by surface infringements with complex struc-
ture. At the indenter loading value amounting
to 0.005 N in the scratches on the basis plane
of quartz the �loosened� substance remains
within the bed of scratches (see Fig. 1, à). When
drawing scratches onto single crystals of quartz
on the section at the angle of 20° with respect
the basis plane, the particles formed within the
zone of contact between the crystal with the
indenter are scattering in an explosive manner
from the zone of scratches, making the beds
of scratches to be open (see Fig. 1, b). Within
the bed of scratches on quartz, one can ob-
serve multiple formation of  steps with various
shape, whose size amounts to a part of a mi-
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Fig. 3. SEM images of disperse structures (deformation transformation) from the top part of scratches: a � lithium
fluoride under loading equal to 0.5 N, in the system (001) [100]; b � fluoroapatite, in the system (0001) [1120], loading
equal to 1 N; c � quartz, the basis plane in the system (0001) [1120], loading equal to 0.5 N; d � quartz, single crystal
section at an angle of 20° with respect to the basis plane under the indentor loading equal to 0.5 N.

crometer, which indicates complex wave pro-
cesses under NTI of quartz. Similar �reproduc-
tion� of dislocations in the classical literature
[20] is designated by the term �grooves�. Un-
der NTI of LiF single crystals in the system
(001) [100], formation of microcracks has been
noted (see Fig. 1, c), which, to all appearance,
could be caused by the interaction of an en-
semble of dislocations and their annihilation
with a vacancy sink along planes {110} with
respect to the basis. Under indentation of LiF
single crystals the author of [21] has revealed
an outflow of edge dislocation half-stitches in
the same planes. Depending on the indenter
loading, under fluoroapatite NTI we observed
scratches with the formation either a fragile
substance at the edges, or a plastic substance
(see Fig. 1, d).

Studying the bed of scratches for single
crystals of lithium, fluoroapatite and quartz
by means of the SEM method has revealed two

levels of structural transformation profundity
for substance, with a sharp boundary between
them, which is distinctly seen by the example
of the vertical section of the scratch on apa-
tite (Fig. 2, c). According to our estimation, stress
on the boundary E�F between two zones cal-
culated according to the Hertz formula [3, 19],
amounts to 1.71.8 GPa, which is close to the
theoretical ultimate strength limit of apatite
σTSL (1.78 GPa) [3]. Under etching fluoroapatite
scratches in 2 % citric acid solution, the sub-
stance located higher than boundary E�F was
quickly dissolved, and the substance located
lower than this boundary was dissolved only
along block boundaries.

Hence, the processes occurring in the top
part of a scratch could be considered as a model
of ÌÀ, whereas the bottom part of a scratch
where blocks and steps are formed could be
considered as a zone of grinding. This fact is
rather important for determining the parame-
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ters of mechanical stress, delimiting the pro-
cesses of grinding and of mechanical activa-
tion. Thus, the ÌÀ of substances occurs under
arising stress equal to or exceeding the σTSL

value for the solid.
The investigation of ÌÀ zone employing the

SEM method has demonstrated that monoliths
of single crystals after drawing flutes within
NTI top area turned into disperse particles in
thin nanosized layers (see Figs. 2, a and 3). These
processes have been conventionally named �de-
formation� ones. In the case when thin layered
plates with the layers of plastic current (see
Figs.  2 and 4, à) or blocks with plastic current
(see Fig. 4, b�d) are formed, we have conven-
tionally named these processes �diffusion� ones.
The character of the structural and phase
transformation of substance depends on the
crystal face and the direction of indentation.

 Within the bed of a single scratch, in the
course of indenter drawing owing to applica-
tion of forces at an angle of 90° (see Fig. 2),
there are different processes of plastic defor-
mation sometimes initiated and structural trans-
formations of two types: due to twinning or as

the result of interaction of the ensemble of dis-
locations accompanied with plastic flow (see Fig.
2, a, b). As the result of twinning, an ultradis-
perse layer was formed homogeneous through-
out all the half of the scratch (see Fig. 2, a, c),
lower than its location there are located steps
and bands of accommodation in the zone of
grinding (see Fig. 2, a, G). Figure 2, c demonstrates
plane (1120) and direction η [1100] of twinning.

Phase transformation of substance with the
plastic layers between blocks (see Fig. 2, b) is
possible under the interaction of the ensemble
of dislocations accompanied by the formation
clusters of point imperfections [22, 23]. Thus
the intensity of plastic flow increases within
the centre of the scratch where under the top
of the indenter a maximal stress value is ob-
served, and the substance completely turns into
�quasiliquid� phase (see Fig. 2, c). The depen-
dence of the type of substance transformation
on the direction of the imposed forces under
indenter movement indicates that the process-
es in the �activated� NTI zone are also caused
by plastic deformation, but at a higher energy
level comparing to the zone of grinding.

Fig. 4. SEM images of diffusion transformations in the particles from the top area of scratches
under loading equal to 0.5 N: a � fluoroapatite in the system (1010) [1210]; fluoroapatite in the
system (0001) [1210]; c, d � quartz in the system (1010) [1210].
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The SEM method does not allow one to iden-
tify the state of the structure, therefore the
substance from the top (�activated�) area of
scratches was taken and then investigated by
means of HRTEM method. According to HTREM
data, in the top NTI zone where the arising
stress exceeds the value of  σTSL and reaches
the values of microhardness (1�8 GPa), owing
to the non-uniformity of its distribution there
are diverse transformations of structure, phase
and even chemical transformations occurring.
Figures 5�7 demonstrate HTREM images of the
most characteristic types of structural trans-
formations of apatite and quartz. The revealed
transformation of the structure within activated
NTI zone could also be attributed to the two
types such as �deformation� (see Figs. 5, 6) and
�diffusion� (see Fig. 7).

The deformation transformations of fluoro-
apatite structure (see Fig. 5) are accompanied
by the formation of  �nanoparticles� with strat-
ifying the crystal down to the size of the ele-

mentary cell (for the lattice of apatite, param-
eter a = 0.936 nm) (see Fig. 5, a, d) or shift struc-
tures (see Fig. 5, c). Characteristic displays of
the defectiveness of these particles consist in
the disappearance of the lattice parameter
along the layer, the compression of the lat-
tice, stratifying, bending and twisting of lay-
ers. The layered structure of particles is mani-
fested in the formation of diffraction pictures,
inherent in oblique textures such as ellipsoidal
rings in electronographic pictures (see Fig. 5, a,
insert). The deformation transformations could
also gradually result in the amorphization of
substances (see Fig. 6). As the result of these
processes,  only fragments in the form of  nano-
particle pinholes into the amorphous phase re-
main from the initial crystal lattice (see Fig. 6,
a, c, d). In this case the amorphization of sub-
stances, to all appearance, begins from struc-
tural infringements of small sites of the ex-
tensive lattice (see Fig. 6, b).

Fig. 5. HRTEM images of deformation transformations of fluoroapatite structure within activated NTI zone
in the system (0001) [1120]  with the indentor, loading equal to 0.5 (à), 0.1 (b), 0.3 (c), 0.2 N (d).
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Fig. 6. HRTEM images of activated substance taken from the scratches on quartz (a, c) and apatite (b, d)
under NTI on (0001) [1120] with loading equal to 0.5 N: a,  c, d �  nanoparticles in an amorphous matrix.

Fig. 7. HRTEM images of activated substance taken from fluoroapatite scratches on the prism face in the system (1010)
[1210] (a, b), and that for quartz on the face in the system (1010) [1210] formed as the result of �diffusion� processes (c, d).
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The diffusion transformations of apatite and
quartz structure within the �activated� NTI
zone are demonstrated in Fig. 7. The spherical
amorphous particles have been formed as the
result of crystalline apatite phase transition into
the amorphous state in the process of indenta-
tion (see Fig. 7, à). Similar particles were ob-
served by the SEM method on the surface of
contact between single crystal and indenter (see
Figs. 2, a and 4, d), where the substance in the
NTI process is in the state of hydrostatic com-
pression at the stress value ranging within 5�
8 GPa. In the process of storage, within amor-
phous particles there are nanocrystals appear-
ing with the interplanar spacing value inher-
ent in β-Ñà3(ÐÎ4)2: d = 0.288, 0.274, 0.160 nm
[24] (see Fig. 7, a, insert). Basing on this fact
one could believe that the process indentation
in activated NTI zone results in the decomposi-
tion of fluoroapatite according to reaction
Ca10(PO4)6F2 → 3Ca3(PO4)2 + CaF2

with the formation of a high-temperature form
of tricalciumphosphate α-Ñà3(ÐÎ4)2 wherefrom
a low-temperature form such as β-Ñà3(ÐÎ4)2 is
crystallized in the course of storage. The de-
composition of apatite to produce α-Ñà3(ÐÎ4)2
is possible only in a highly excited state of sub-
stance equivalent to the temperature of ~2000 K
(the temperature of apatite melting and α-
Ñà3(ÐÎ4)2 exceeds 1900 K). This process is pos-
sible at a high power density of the input en-
ergy at the surface of contact, under NTI.

The author of [23] in studying the process-
es on the surface of friction for solids estimat-
ed the energy dissipation basing on specific
power density W/V (W is capacity, V is volume)
calculated for the contact friction layer accord-
ing to the formula
W/V = σvs/h ≈ 2 ⋅ 1011 J/(m3 · s)   (3)
Here σ is the stress value in the layer of friction,
approximately equal to 10 ÌPa; h is the thick-
ness of the friction layer approximately equal to
5 µm; vs is the velocity of sifting the surfaces
under friction, approximately equal to 0.1 m/s.

Hence,  the energy dissipated within this lay-
er during 1 s, exceeds the energy of chemical
bond between the atoms in the layer (~1011 J/m3),
and the material could be in the excited state, which
would result in the substance amorphization and
the formation of non-equilibrium phases [23].

Estimating according to expression (3) the
specific power density of  the energy dissipat-
ed on the surface of contact between apatite
single crystal and the indenter under NTI,
where spherical particles with h ~ 0.5 µm are
formed, at the stress value σ ≈ 5 GPa and the
velocities of indenter drawing vdr = 10�3 m/s
we obtain:
W/V = σvdr/h ≈ 5 ⋅ 109 ⋅ 10�3/(5 ⋅ 10�7)
     ≈ J/(m3 ⋅ s)   (4)
Thus, the specific power density of the ener-
gy dissipated can exceed the energy of  inter-
atomic bonding within the layer with the thick-
ness of 0.5 µm (~1012 J/m3). Hence, the decom-
position of apatite with the formation of amor-
phous α-Ñà3(ÐÎ4)2 particles owing to the excit-
ed state of the substance at the input power
density in the  zone of contact with the indent-
er can be explained to a considerable extent.

�Paracrystlline� [25] structure of of apatite
and quartz particles (see Fig. 7, c) represents a
vortex-like transformation of the initial matrix.
This type of particles is somewhat similar to
�onion-like� formations of carbon. A low or-
dering of the structure of �paracrystallineline�
particles is confirmed by HRTEM image data
(see Fig. 7, b, insert) wherein one can distinct-
ly see three halo with the parameters 0.344,
0.303 and 0.117 nm.

Particles of �liquid crystal� type (see Fig. 7, d),
taken from the scratches on quartz, represent
long �elastic� fibres those could be character-
ized as two-dimensional structures. On the HR-
TEM image of (0001) zone of these particles
(see Fig. 7, d, insert) one can see that there is
one rather fuzzy reflex of the initial quartz
matrix conserved with the parameter d0002 =
0.342 nm.

For NTI zone of fluoroapatite single crys-
tal, covering the �activated� part with the
thickness h ≈ 5 µm (see Fig. 2, a, c), at the stress
value equal to σTSL (~1.8 GPa), and the veloci-
ty of indenter drawing vdr = 10�3 m/s the spe-
cific power density of  dissipated energy can
be determined as
W/V = σvdr/h ≈ 1.8 ⋅ 109 ⋅ 10�3/5 ⋅ 106

    ≈ 3.6 ⋅ 1011 J/(m3 ⋅ s)   (5)
Thus,  the specific power density of  dissipated
energy exceeding the energy of interatomic
bonding is inherent in all the �activated� NTI
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area when this value accepted to be approxi-
mately equal to 1011 J/(m3 ⋅ s) [23].

The excited metastable state of atomic sys-
tem and complex  lattice dynamics under NTI
could explain the revealed variety of structur-
al transformations, phase and chemical trans-
formations.

The presence of excited states under MCP
realization, exceeding atomic vibration levels
due to thermal excitation was mentioned more
than 30 years ago [26]. The authors of [2] bas-
ing on experimental data also demonstrated that
the excitation of vibration states arises in the
course of tribochemical decomposition, which
could be accompanied by electron delocaliza-
tion and even by ionization. There is no lucidity
in the definition of this metastable excited state
of matter until now. In early works of Ger-
man researchers concerning tribochemistry such
excited state of  matter was named �magma-
plasma�, it is characterized by short lifetime
and accompanied by the damage of structure
and overshooting atoms and electrons [27].

The excited state arising at high stress con-
centration within the local places of the lattice
of solids is connected by the authors of [5, 6,
23] with the fact that the energy falling on this
volume could be transformed only due to the
formation of  located dissipative structures.
However, the mentioned works are based on
the processes occurring in the samples of met-
als and alloys under stretching up to their de-
struction, where the stress value is an order
of magnitude lower than σTSL value for the
substance. The work [14] devoted to studying
the destruction and fractoemission, in the im-
mediate vicinity of a crack �toe� demonstrates
the processes under modelling to be similar to
the processes we observed on the boundary of
�grinding� and �activation� zones under stress
equal to σTSL value for a single crystal.

The issue remains open concerning the mech-
anism of energy transformation at the moment
of influence of imposed forces creating stress
higher than the theoretical strength for the solid.
The given studies of the NTI zones of single
crystals indicate that there is self-organizing
system in non-equilibrium state as the result
of high pressure amplitudes (5�7 GPa) and the
rate of their increase (Table 2). Under consid-
erable amplitudes of pressure the state the solidT

A
B
L
E
 2

D
y
n
am

ic
 a

n
d
 e

n
er

g
et

ic
 p

ar
am

et
er

s 
of

 t
h
e 

p
ro

ce
ss

es
 i
n
 N

T
I 

zo
n
e 

on
 t

h
e 

co
n
ta

ct
 s

u
rf

ac
e 

b
et

w
ee

n
 f

lu
or

oa
p
at

it
e 

si
n
g
le

 c
ry

st
al

 a
n
d
 i
n
d
en

to
r

S
am

p
le

s
M

ic
ro

-
F
lu

or
oa

p
at

it
e

V
ol
u
m

e 
of

 1
 m

ol
P
re

ss
u
re

 i
n
cr

ea
se

 r
at

e
M

as
s 

v
el

oc
it
y

D
ef

or
m

at
io

n
T
em

p
er

at
u
re

S
p
ec

if
ic

T
ot

al
 i
n
p
u
t

h
ar

d
n
es

s
d
en

si
ty

 u
n
d
er

of
 f

lu
or

oa
p
at

it
e

 u
n
d
er

 N
T
I 

(v
ð
),

ju
m

p 
u
nd

er
 N

T
I 
(u

),
le

v
el

 (
S

d
ef
),
  

%
in

cr
em

en
t

en
tr

op
y

en
er

g
y

(Í
s)
, 

10
9  

P
a

co
m

p
re

ss
io

n
 (

ρ)
,

V
ap

, 
 1

04  
m

�
3

 1
0�

11
 P

a/
s

m
/s

d
u
e 

to
in

cr
em

en
t

d
en

si
ty

 (
Å

t)
,

(Ð
 =

 Í
s),

 1
03

 k
g
/m

3
d
ef

or
m

at
io

n
,

(∆
S

en
tr
,  
),

k
J/

m
ol

(∆
Ò
),
 K

J/
(m

ol
⋅K

)

In
it
ia

l
3.
12

3.
25

1
�

�
�

�
�

�
�

2
5.
37

3.
24

3.
12

4
  
3.
98

34
1

3.
9

24
.2

11
5.
7

  
68

.1

3
6.
27

3.
26

3.
10

4
  
5.
02

39
8

4.
5

28
.2

13
3.
8

  
92

.0

4
7.
05

3.
28

3.
07

2
  
9.
56

48
5

5.
5

34
.9

16
6.
2

13
6.
8

5
8.
7

3.
30

3.
05

9
11

.6
55

2
5.
9

37
.7

17
8.
2

16
6.
8



MECHANOCHEMICAL PROCESSES AND A MECHANISM OF ENERGY TRANSFORMATION DURING SINGLE CRYSTAL INDENTATION 653

Fig. 8. Scheme of NTI zone for a single crystal: I � plastic
zone; II � grinding zone; III � activation zone. A double
band in the right part of the field (lower than zone B)
corresponds generation of a �shock� wave when theoretical
ultimate stress limit reached; a double band in the left
part (lower than zone C) corresponds to the tangential
discontinuity; B is activated NTI area with �diffusion�
transformations of the structure resulting from the
generation, effect of �shock� wave and/or unloading;
C is �activated� NTI area with �deformation�
transformations of structure under the influence of the
wave of compression and/or unloading; Ð1, Ð2  � pressure,
ρ1, ρ2 � density, u1, u2 � normal mass velocity of substance,
v1, v2 � tangential mass velocity of substance.

at the boundary of compression wave (within
the �head� of the wave) and non-perturbed
substance can be mathematically described by
discontinuous functions of medium parameters
[28], i. e. such mechanical impact generates
strong plastic wave(or conventionally weak
�shock� wave) [29]. The author of [7] has dem-
onstrated that in the solid being under the in-
fluence of  external energy flux,  the distribu-
tion of deformation wave can occur in the form
of shock waves of low intensity.

The jump-like change of the processes ac-
companied by structural and phase transfor-
mations of substance in going from the zone
of �grinding� towards the �activated� area
under indentation of crystals could be also con-
sidered basing on discontinuous vibrations of
medium. Let us consider the types of �defor-
mation� and �diffusion� transformations of sub-
stance structure observed in the NTI zone
(Fig. 8) basing on the wave model. The authors
of [30] have described some types of disconti-
nuities. When the components of velocities nor-

mal with respect to the surface of discontinui-
ty are equal for non-disturbed (u) and disturbed
(u2) media, there is medium flow through the
discontinuity surface, i. e. u = u2 = 0, the pres-
sure values Ð and Ð2 on either side of the dis-
continuity position should be identical. In the
case when tangential components of the veloc-
ity on either side of the discontinuity position
v and v2 are not equal to each other, the dis-
continuity is referred to as tangential one (see
Fig. 8, zone Ñ).

When there is a medium flow across the dis-
continuity surface (u ≠ u1 ≠ 0), i. e. the tangen-
tial velocities at the surface of discontinuity are
continuous (v = v1) then the pressure, the den-
sity and other thermodynamic parameters of
the medium state change in a jump-like man-
ner. In this case a �shock� wave takes place
(see Fig. 8, zone C). Shock waves can be formed
only at the stress value exceeding the dynamic
limit of fluidity or theoretical ultimate stress
limit for the solid [30]. Unloading the substance
could propagate as a shock wave, too [28].

Let us compare experimentally observed
phase and structural changes of substances on
the boundary of grinding and activation zones
under NTI of apatite with the types of dis-
continuity. The first type of discontinuity cor-
responds to �deformation� processes with the
formation of  �ultradisperse� layers and nano-
particles (see Figs. 2, a, 3, 5 and 6). The follow-
ing features are inherent therein: 1) the invari-
ance or increase in the density of substance
(ρ2 = ρ); 2) identical pressure on either side of
discontinuity (Ð = Ð2), which is indicated by
the uniformity of the activation zone of
throughout the width of the scratch (see Fig. 2, à);
3) the determining role of shift deformations
under cooperative deformational reorganizations
of the structure, however it is possible only
when v ≠ v2.

�Diffusion� transformations of substance
correspond to the parameters of medium, un-
dergone the passage of �shock� wave of com-
pression and/or of unloading, which is accom-
panied by plastic flow (see Figs. 2, c, zone D, 4
and 7). In favour of this statement the follow-
ing data count: 1) the transformation of sub-
stance accompanied by intensive plastic flow (see
Figs. 2, c and 3), i. e. the condition u ≠ u1 ≠ 0 is
satisfied; 2) the density of substance (ρ1 < ρ �
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decomposition of apatite with the formation of
α-Ñà3(ÐÎ4)2 (see Fig. 7, à) decreases; 3) the in-
tensity of �diffusion� processes varies through-
out the width of the scratch depending on the
stress value (see Fig. 2, c, zone D), i. e. the pres-
sure varies (Ð ≠ Ð1).

Thus, the wave model of energy transfer
in the MCP in the form of strong plastic defor-
mation waves is in a quite good agreement with
the structural phase transformations of sub-
stance observed under indentation of single
crystals.

According to these representations, by the
example of single crystals of apatite, let us
estimate dynamic parameters of  the processes
in the activated zone of indentation. In the
course of  dynamic impact in the NTI process,
under the influence of mechanical momentum
Pt the mass of the substance effected by the
wave of deformation ρct and referred to the
unit of surface area for the section of a sam-
ple (in our case � to the surface of contact
between a crystal and moving indenter), gets
the momentum equal to ρctu. Here from, ac-
cording to the law of conservation of momen-
tum,  we have the following relationship [29]:
Pt = ρcut    (6)
u = P/(cρ)    (7)
Here P is pressure; t is pulse time; ρ is the den-
sity of initial substance; c is the propagation
velocity of compression waves of (local acous-
tic speed); u is the jump of the mass velocity
of substance. It should be noted that according
to expression (7), the mass velocity of substance
is determined by its pressure and compressibil-
ity, this value does not depend on the time of
pulse [29]. The mass velocity of substance in
the deformation wave under indenting a crys-
tal can be determined as
u = Ð/ρC0   (8)
Here Hs is the microhardness (provided that
P = Hs); Ñ0 is the acoustic speed. For apatite Ñ0

= 5.05 ⋅ 103 m/s [19], ρ = 3.15 ⋅ 10�3 kg/m3. Sub-
stituting the corresponding values of Hs for var-
ious indentation conditions as well as the above
mentioned values of Ñ0 and ρ, one can deter-
mine the jump of the mass velocity of sub-
stance according to equation (8). The estima-
tions obtained for the mass velocity of substance
within the �activated� zone under NTI of single
fluoroapatite crystals change from 341 up to

552 m/s (see Table 2). This value characterizes
the propagation velocity for substance excita-
tion within the wave of deformation under NTI.

Let us estimate energy parameters of the
processes in NTI zone. Full pressure (Ð) and
energy (Å) of the solid can be presented as the
sum of elastic Ðe and thermal Ðt pressure val-
ues as well as elastic Åe and thermal Åt energy
values, respectively [29]. The change in the bal-
ance of forces in the solid depending on exter-
nal conditions we consider basing on the equa-
tions presented below:
Ð = Ðe + Ðt   (9)
Å = Åe + Åt (10)
Elastic,  or internal,  pressure Ðe arises as elas-
tic response of a lattice to its all-round com-
pression or expansion. Elastic components Ðe and
Åe depend on specific volume (V = 1/ρ) being
equal to full pressure and specific energy at the
absolute zero, respectively. The elastic pressure
is connected with the potential energy Åe by
the relationship [29]
Pe = dEe/dV (11)
i. e. the increment of energy is equal to the
work of compression. The thermal pressure is
connected with the thermal energy Åt via the
equation
Pt = ÃVCVT/V = ÃVEt/V (12)
Here ÃV is the Grueneisen coefficient describ-
ing the ratio between thermal pressure and
thermal energy of lattice; CV is the heat capac-
ity at constant volume V; Ò is the temperature.
The Grueneisen coefficient Ã0 at a normal vol-
ume of solid V0 is connected with other pa-
rameters of substance by the ratio [29]
Ã0 = V0α/(C0χ0) = α/(ρ0CVχ) = 2

0 / VC Cα (13)
Here χ0 is isothermal compressibility of sub-
stance under normal conditions; α is the coeffi-
cient of volumetric thermal expansion; ñ0 is the
density of substance; Ñ0 is the acoustic speed
determined via the compressibility. With a small
variation of volume the Grueneisen coefficient
Ã can be considered to be equal to its value
under normal conditions (Ã0) [29].

It should be noted that the Grueneisen pa-
rameter (Ã, or γ) is one of the major charac-
teristics of crystal lattice, this parameter is in-
cluded into the state equation, it serves as a
measure of anharmonicity of the forces effect-
ing within crystals; this parameter reflects
changing these forces under imposing the pres-
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sure. With the help of this parameter, one can
connect various thermodynamic values. Depend-
ing on the system under investigation and prob-
lems under solving, several equations were pro-
posed for calculation the Grueneisen coefficient. The
authors of [31] proposed the Grueneisen coeffi-
cient to be estimated according to the formula
γ  ≈ (1 + µ)/(1 � 2µ) (14)
Here µ is the average Poisson coefficient. The
authors of  [32] who performed the analysis and
comparison of various equations for calculation
of the Grueneisen coefficient, inserted a cor-
rection A in the equation; its value is calculated
also from the values of the Poisson coefficient:
A = 3/2[(1 � 2µ)/(2 �3µ)]
In this case the equation (14) can be expressed
as it follows:
γ ≈ À[1 + µ/(1 � 2µ)] (15)
We calculated the Grueneisen coefficient for the
estimation of the temperature increase due to
the deformation in the course of compression
for the contact surface between the crystal and
the indentor, and the entropy increment. The
estimate for the Grueneisen coefficient accord-
ing to expression (14) for apatite (µ = 0.195 [3])
has amounted to 1.96. The value close to this
one (1.99) has been obtained in calculation ac-
cording to expression (13), using the data on χ0

and α from [30, p. 126]. Taking into account
the correction A, the Grueneisen coefficient
calculated according to expression (15), has de-
creased down to 1.27. However, these discrep-
ancies are of no basic value for our rough esti-
mates, since the Grueneisen coefficient is used
only for an approximate evaluation of a tem-
perature increase and entropy increment result-
ed from deformation.

Basing on the data concerning the compress-
ibility of fluoroapatite [30, p. 126], the reduc-
tion of the volume (see Table 2) and its micro-
hardness value, we have estimated the defor-
mation of fluoroapatite single crystal at the
contact with an indenter:
Sdef = V0 � Vc/V0 (16)
Here Vc is the volume of 1 mol of fluoroapa-
tite under compression; V0 is the volume of
1 mol of fluoroapatite in the initial state (see
Table 2). The estimate of temperature increase
under the conditions of  adiabatic relationship
between the temperature and volume was per-
formed according the expression

T/T0 = (V0/V)Ã (17)
Here T is the temperature within the contact
zone under NTI; T0 = 298 K; Ã is the Grue-
neisen coefficient. The data obtained indicate that
the temperature increase resulting from defor-
mation amounts to only several tens of degrees,
whereas all the structural and phase fluoroapa-
tite transformations observed occur owing to the
intensive wave of plastic deformation as well as
its interaction with the lattice.

The estimate of entropy (S) was calculated
according to the expression [29]

0 0 0 0ln / ( / )VS C T T V V SΓ= + (18)

Here S0 is the entropy value under normal con-
ditions; CV is the heat capacity at the constant
volume, equal to 751.9 J/K [34, Table 1.3]. The
first item, the increment of the specific entro-
py under different conditions of fluoroapatite
NTI, varies within range of 115�178 J/(mol ⋅ K)
(see Table 2), which corresponds to 15�23 %
of the specific entropy of fluoroapatite
Ñà10(ÐÎ4)6F2 equal to 775 J/(mol ⋅ K) at 298.15 K
[34, Table 1.3].

Basing on the data concerning the micro-
hardness those we have assumed to be equal to
the pressure on the contact surface between
fluoroapatite single crystal and the indenter
(Ð = Hs), and the compressibility of fluoroapa-
tite at this pressure [33, p. 126] we have per-
formed the estimation of the density of the
input specific energy (Ein) under NTI [29]:
Åin = Ð(V0 � V)                    (19)
Here V0 is the volume of initial substance; V is
the volume after compression. The calculation
has demonstrated, that the density of the input
specific energy within the zone of contact be-
tween the crystal and the indenter for different
N-TI conditions ranges from 68 to 166 kJ/mol;
this value is comparable with the data we had
obtained earlier with the use of a calorimetric
method (80�122 kJ/mol) for fluoroapatite sam-
ples after ÌÀ in a planetary type mill [35, 3]. Vir-
tually, it is latent energy which characterizes a
nonequilibrium state of mechanically activated
substance making its reactivity to increase.

CONCLUSION

The studies concerning NTI zones of fluo-
roapatite, quartz and lithium fluoride single
crystals using SEM and HRTEM methods have
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revealed two levels of structure transforma-
tion profundity, those depend on mechanical
stress arising.

The estimation of stress distribution within
vertical sections of scratches on fluoroapatite
has demonstrated that the sharp boundary be-
tween the zones with different level of struc-
tural transformation is formed at the stress val-
ues equal to theoretical ultimate stress limit
(σTSL) for the substance.

Within the area of scratches higher than this
boundary the substance of single crystals un-
dergoes qualitative changes with the formation
of metastable phases in the form of amorphous
spherical, para-crystalline particles, two-dimen-
sional formations and pinholes of  nanoparticles
into an amorphous phase. The decomposition of
fluoroapatite to give α-Ñà3(ÐÎ4)2 and CaF2 has
been also revealed. This NTI area represents a
model for a �mechanically activated substance�.

In the bed of scratches, where the stress is
less than σTSL value, the fragmentation of single
crystals and the formation of block structures
and steps of intricate shape is observed to occur.
This NTI area serves as a model of grinding.

The revealed changes in the texture and
structure of single crystals within NTI zones
have been characterized as �deformation� and
�diffusion� transformations those depend on the
direction of imposed forces in the course of
indentor movement. This indicates the fact that
the textural and structural transformations
within both zones occur resulting from relax-
ation processes due to lattice plastic deforma-
tion, but at different energy levels. For fluoro-
apatite we have determined the input specific
energy on the contact surface under NTI (68�
166 kJ/mol) and the increment of specific en-
tropy (115�178 J/(mol ⋅ K)).

A wave model is proposed for the transfor-
mation of the input mechanical energy with
specific power density (~3 ⋅ 1011 J/(m3 ⋅ s)) close
to the bonding energy level for atoms close with-
in �activated� NTI zone. Phase and structural
transformation are found out resulting from the
excitation of chemical bonds in this zone.
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