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Abstract

An analysis of thermal processes occurring during mechanical treatment (MT) is presented. A two-stage
scheme of development of thermal processes in ZnO, ZnO — TiO, systems is proposed and their role in the
formation of the resulting defect structure is discussed. At the first stage of the MT, the collectivized
processes of destruction of individual particles are observed. The second stage of processing is connected with
the development of annealing effects caused by heat accumulation processes by the whole sample. The an-
nealing processes favour the formation and accumulation of a set of associates of simple defects that accel-
erate diffusion processes in components of the mixtures. The processes of accumulation of associates of
defects in the sample and a significant rise in the average temperature of the sample are major factors
determining the progress of a mechanochemical reaction of the type ZnO + TiO, ® ZnTiO;.

INTRODUCTION

Processes occurring during mechanical treat-
ment (MT) are rather frequently considered
within the framework of stationary external
temperature conditions. Nevertheless, the situ-
ation is far from being unambiguous. It has
been known that MT is accompanied by the
development of thermal processes of diffe-
rent types [1—9]. The main areas of heat re-
lease during MT of disperse systems are zones
of new surface formation, zones of disloca-
tion development and displacement, and zones
of interparticle friction (i. e. zones of active
defect formation), zones of friction of the
working parts of the reactor [1]. The forma-
tion of deformation-destruction zones is charac-
terized by the appearance of high-tempera-
ture spikes (up to 1000 K) [3]. The crack propa-
gation is accompanied by the formation of a
short-lived ultrahigh temperature peak (up to
5000 K) [4, 6, 7]. This ultrahigh temperature

excitation lasts about 107 s [1]. During sliding
friction, the temperature of contact areas in-
creases up to the melting point of one of the
substances [3, 5]

In the case when a single microcrack (or
single dislocation zone) propagates, the shape
of the ultrahigh temperature spike will de-
pend only on the thermal conductivity of the
material (Fig. 1, a). In the case when the de-
struction zone with high local density of mi-
crocracks forms, the transformation of a
number of short-lived single ultrahigh-tem-
perature spikes into an averaged “collective
high-temperature spike” takes place (see Fig. 1, b).
Such a spike has a significantly longer dura-
tion. The shape of the high temperature spike
is determined by the thermal conduction of
environment of the destruction zone. The com-
bination of all local pulse mechanothermal
processes leads to an increase of the average
temperature, T,,, of the sample as a whole. In
the case of prolonged MT, a certain time, tyr,
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Fig. 1. Schemes of temperature kinetics during MT of

disperse systems: a — at forming a single microcrack;
b — in case of high local density of microcracks (contri-
butions from single microcracks are indicated by the
dashed lines); ¢ — for the whole disperse system (thin
vertical lines correspond to the contributions from “col-
lective high-temperature spikes”).

is needed for the working system to go to the
state of thermodynamic equilibrium with the
environment. The kinetic scheme of the de-
velopment of thermal processes in disperse
system during MT, which takes into account
collective processes, is presented in Fig. 1, c.
Thus, particular defects formed during MT are
subject to the thermal influence of both local
ultrahigh temperature spike, collective high-
temperature spikes, and the prolonged influ-
ence of the average temperature of the dis-
perse system itself.

This report shows some possibilities of an
experimental study by means of electron par-
amagnetic resonance (EPR) and IR spectrosco-
py of the role of the mechanothermal effects
in the formation and evolution of defect struc-
tures in the ZnO — TiO, system during MT in a
vibratory mill. It seems likely that it is just
these processes that play the major role in pro-
ceeding interphase mechanochemical reaction
of titanate formation (for instance, BaO + TiO,
® BaTiO; [10, 11] and ZnO + TiO, ® ZnTiO,).

EXPERIMENTAL

We used to study powders of pure ZnO
and a mixture of equal parts of ZnO and TiO,
powders. TiO, and ZnO have specific surfaces
Sep» 7 m?/g and Sep » 3.6 m?/g, respectively.
ZnO powder characteristics (obtained by dis-
persion analysis, EPR, IR-spectroscopy, elec-

tron microscopy, etc.) during mechanical treat-
ment have been described elsewhere [12—14].
The samples under investigation can be con-
sidered as a mixture of powders in which in-
dividual ZnO particles are surrounded by par-
ticles of different materials (ZnO and TiO,)
of different thermal conductivity K (»17.5 and
»6.5 W/(m K), respectively) and microhard-
ness H (»1500 and »7800 MPa, respectively)
[15]. MT of the powders was carried out in a
vibratory mill (Tur MH 954/3 KXD HUM-
BOLDT NEDAG AGQG) in air for different times
ranging from 0.5 to 300 min.

The EPR spectra were measured at room
temperature with the X band radiospectrome-
ter SE/X 2547-Radiopan connected with a
spectrum analyzer and a PC.

The IR spectra of diluted samples (ZnO and
ZnO + TiO, powders were mixed with KBr in
ratio of 1 mg : 300 mg) were recorded with a
Specord-M80 spectrometer. For this purpose,
the obtained mixture was pressed into trans-
parent rectangular plates with dimensions
5" 26 mm. The theoretical approach to the cal-
culation of an infrared spectrum of a powder
composed of small particles includes the so-
called theory of the average dielectric con-
stant (TADC) [16]. In this theory, the particle
shape is assumed to be a revolution ellipsoid
that rotates around its own c-axis. The shapes
of small particles as well as aggregation are
considered from the viewpoint of depolariza-
tion effects taking into account the shape fac-
tors L. and Ly (where L is connected with c-
crystal axis, Ij + 2L.= 1) and the filling fac-
tor, f. The shape factor takes values from zero
for the cylinder, to unity for the slab [17]. The
filling factor, f, represents the fraction of the
total sample volume occupied by ellipsoids; its
value ranges from 0 for individual particles to
1 for dense aggregates.

RESULTS

In the present work, the most attention is
given to changes taking place in zinc oxide.
EPR signals were not detected in the initial
ZnO powders. MT of the pure ZnO and mix-
ture ZnO — TiO, resulted in the initiation of a
set of EPR signals (Fig. 2, Table 1), typical for
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Fig. 2. EPR spectra initiated in ZnO by MT of ZnO (1, 2)
and ZnO — TiO, (3, 4) samples. typ, min: 30 (1, 4),
300 (2), and 5 (3).

various electron-hole centres in zinc oxide. In
the Table 1, the parameters of a spin-Hamil-
tonian of these centres are given as well as
the types of the centres which were identified
by comparison of the obtained results with
published data for single crystal samples [18—
21]. In the initial TiO,, a number of small asym-
metric EPR signals with g ~ 2—1.94 were regis-
tered. Since these signals did not practically
overlap with analyzed EPR signals I-III in
mechanically treated ZnO, they will not be
taken into consideration in the present work.
The change in the intensity of EPR signals
from centres I, II and III in ZnO and ZnO —
TiO, samples depending on the MT duration is
shown in Fig. 3. The EPR signal from centres II
in samples ZnO — TiO, was practically absent.
Moreover, in these samples, EPR signal from
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Fig. 3. Change of the intensities of EPR signals III (a),
I (b) and II (¢) in ZnO ws. duration of MT of ZnO (1) and
ZnO — TiO, (2) samples.

the SDS centres V observed in mechanically
treated samples of pure ZnO [12] was absent.

At the initial stage, the intensity of EPR
signals from centres I, II and III is proportion-
al to typ (see Fig. 3). The infringement of such
proportionality with increasing ty; indicates
the end of the initial stage of MT. The times
of the initial stage, t;, are different for the
system ZnO — TiO, (¢t; » 10 min) and ZnO (¢t; »
30 min). At this stage, the values of dly;/dt for
ZnO — TiO, and ZnO samples are proportional
to the microhardness constants for TiO, and
ZnO, respectively. This means that, during MT
of the ZnO — TiO, powder mixtures having
different microhardness of components, the
rate of defect formation in the softer ZnO is
proportional to the ratio of microhardnesses
of the components: HTio2/HZno-

Figure 4 presents changes in intensity of
the signals I, II, and III (in ZnO samples at

Values of obtained parameters of EPR signals in the MT zinc oxide powder and parameters of signals of

defects obtained in studies of single crystals

Signal Values of g-factors Centre Values of g-factors Ref.
obtained in this work obtained on single crystals

I g~ = 2.0190, g, < ga Vin;zn? 9rr = 2.0185, g, = 2.0188, g,, = 2.0040 [18]

II g~ = 2.0130, g, = 2.0140 Von g~ = 2.0128, g, = 2.0142 [19]

III g, = 2.0075, g, = 2.0060, g; = 2.0015 (VZ_n)g 9rr = 20077, g, = 2.0010, g,, = 2.0059 [18]

v g~ = 19965, g, = 1.9950 VS gr = 19963, g, = 19948 [20]

A% g = 1.964 SDS g » 1.96 [21]
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Fig. 4. Change of the intensities of EPR signals I, II and
IIT in ZnO sample (typ = 30 min) vs. annealing tempera-
ture.
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Fig. 5. IR absorption spectra of ZnO — TiO, powders sub-
jected to MT: 1 — the initial mixture; 2—5 — treated for
3 min (1), 30 (3), 90 (4) and 180 min (5).

TABLE 2

The frequencies of IR absorption bands in the mechanically treated system ZnO — TiO,, cm™

tyr » 30 min) as a function on the annealing
temperature, T,,, (t,, = 3 min). Beginning from
T,, = 428 K, a decrease of the signal II was
observed. Signal II practically disappeared af-
ter treatment at T,, = 453 K. A decrease of
the signal I was observed beginning from T, ~
443 K; it disappeared after treatment at T, =
493 K. These data allow us to interpret the
centres responsible for signal III as the most
thermally stable formations and the centres
responsible for signal IT as the least stable ones.
According to our rough guess (using the data
given at Fig. 4), activation energy, E, for the
annealing of centres II is Ey; ~ 1.15 eV, while
for the centres of I type E; ~ 1.3 eV (for the
centres III, E is even higher).

IR spectra of the initial and mechanically
treated samples of the ZnO — TiO, system are
shown in Fig. 5. In these spectra, absorption
bands characteristic of both ZnO and TiO, are
present (Table 2). The identification of these
bands by the TADC indicates the formation of
a wide morphological set of particles in the
given disperse system [13]. For instance, ab-
sorption bands in the range 440—550 cm™ cor-
respond to needle-like ZnO particles with a
shape parameter (I/dl, where [ is the length of
a particle, d is its diameter) ranging from 1 to
4 (n; » 510 em ™! for I/d = 1, ng » 540 cm ™! and
n, » 490 ecm™! for 1/d = 2, n; » 440 em™! for 1/d
= 4). The intensity of these bands is propor-
tional to the concentration of particles of cer-
tain shape.

As the grinding time increases, the mor-
phological set of particles changes. Increases in
the intensities of the bands at n, n; and ng
indicate increases in the content of ZnO parti-

1

Time of ZnO TiO, Interaction products
mechanical
treatment,
min ny n, ng ny N Ng ng Ng Ny Ny Ny Nyo
0 350 420 440 510 550 640
350 415 450 490 515 545 640 710
30 350 410 457 510 540 630 725
90 350 410 455 510 545 575 635 725 820
180 350 410 450 515 540 570 635 720 820 900 940
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cles with the shape parameter 1 and 2 in samp-
les. The appearance of the band at n; » 575 em!
after ty;p = 90—180 min indicates that plate-
like ZnO formations appear. The absorption band
at ng » 640 cm™! corresponds to equiaxial TiO,
particles. A change in its intensity with increasing
time of MT reflects the dynamics of a rise in
the content of such particles in samples. The
appearance of the band at ny » 720 cm™! and
an increase in its intensity at the time of MT
tyr = 180 min are caused by the formation of
plate-like TiO, particles or their flat aggre-
gates. Beginning from typ 3 30 min, the weak-
ening of the intensity of the whole IR ab-
sorption spectrum is observed. At typ = 90—
180 min, it consists of a set of weak bands
(see Fig. 5). This points to a change in the mor-
phology of particles and their aggregation as
well as to interphase interaction processes. The
appearance of absorption bands at n;, n;; u
n,, can be attributed to the formation of a
new phase. Note, however, that X-ray studies
did not detect new phases in these samples.

Analysis of experimental results

With the help of the EPR method, it has
been shown earlier [12], that as typ of ZnO
increases, the transition from the perfect lat-
tice in the initial specimen (ZnZ!) through the
complexes zinc vacancy — interstitial zinc
(Vg : Zn? — centre I) [18], zinc monovacanci-
es (V,, — centre II) [19] to two-vacancy comp-
lexes ((Vz,); — centre III) [18] takes place (see
Table 1). Then the further transformation of
vacancies in the oxygen sublattice (( V3) — cen-
tre IV) [20] towards defects consolidation into
the so-called shallow donor states ((SDS) — cen-
tre V) occurs [21] (see Table 1). The disappear-
ance of some centres and appearance of oth-
ers depends on tyr and indicates the differenc-
es in their annealing activation energy. Thus,
paramagnetic centres of types I=V could serve
as probes for mechanothermal processes in sys-
tems containing zinc oxide.

The ty; < t; stage

Significant qualitative differences in the
shapes of EPR spectra which were registered

in ZnO at the beginning of the MT of the ZnO
and ZnO — TiO, samples provide evidence that
the destruction-deformation processes do not
represent the development of a single crack
or a slip band in an individual ZnO particle;
they are not the result of the accumulation of
such acts of destruction. In this case, the spec-
tra in the ZnO and ZnO — TiO, samples should
be the same. The differences in the EPR spect-
ra show that the local (in the ZnO particle)
collective processes take place. It is possible to
suppose that, at every specific moment of the
loading time, the individual ZnO particles that
are in “states the most optimal for destruc-
tion”, are subjected to this process in full meas-
ure (Fig. 6, a and b). In the particles, the inten-
sive defect formation takes place, and they
play the role of sources of heat release. The
number of such «states» for ZnO powders de-
pends on the mechanical characteristics of the
components in the disperse systems.

The qualitative difference of EPR signals
shape in ZnO and ZnO - TiO, samples de-
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Fig. 6. Destruction model of an individual ZnO particle in
an environment of other particles: a — before destruc-
tion; b — at the moment of destruction; ¢ — kinetics of
changes of temperature excitation [19] in ZnO particle
surrounded by the ZnO (I) or TiO, (2) particles.
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pends on the thermal conductivity of ZnO and
the TiO, additive and they are similar to those
observed under heat treatment. This allows us
to connect the difference with the develop-
ment of the thermal processes and the effect
of spike annealing of defects in individual ZnO
particles during the MT. The rate of the change
of the particle’s energy density can be esti-
mated from the heat transfer equations using
a model of passive cooling [22]. Let us use cal-
culations made in [22] for the case of decay of
the local energy excitation with time:

q = Q/(4pct)’’* exp(—r?/(4ct)) (1)

where @ is the heat released at the moment
t= 0 at the point r = 0, ¢ is the coefficient of
thermal conductivity. With the assumption that
“thermoactive” particles in the environment are
formed by TiO, (specimens of ZnO — TiO,)
and ZnO (specimens of ZnO) particles, expres-
sion (1) enables us to describe qualitatively their
temperature regimes (see Fig. 6, c). It is easy to
show that the duration, t, of the thermal
spike of the particle is inversely proportional
to the thermal conductivity (c) of its envi-
ronment, 7. e. t ~ 1/c. From this point of view,
the smaller duration of the annealing heat
spike must be observed in the ZnO specimens
and the larger duration in the ZnO — TiO,
specimens (see Fig. 6, c).

It should be noted that, if the EPR data
reflect the kinetics of formation of vacancy
centres, the IR spectrometry data indicate the
fact that, in samples, at ty;p < t;, macroscopic
changes reflecting the initial processes of in-
terphase interaction take place. In our opinion,
an increase in the concentration of equiaxial
(spherical) TiO, formations is connected with
the enveloping process of small equiaxial ZnO
particles by a TiO, layer. It is not improbable
that, in the formation of the surface layer,
amorphous TiO,, the presence of which is re-
gistered by X-ray methods in the starting mix-
tures, takes part. Its concentration drops as typ
increases up to 30 min by about 2.5 times.

The t,,; > t,. Thermoaccumulation processes

At the initial stage of processing, the rate
of the T,, increase for a sample is determined

to a high extent by the rate of defect forma-
tion, 1. e, it is possible to consider that T,
(tyr) ~ (dIyp /dt)t. Within the framework of the
present investigation, dIZnO—TiO2/ dl; .o ~ HTiOZ/
H; o This implies that an interval of time re-
quired for the ZnO — TiO, sample to achieve
threshold temperatures at which the annealing
of registered defects begins (centres I) is ap-
proximately Hro,/Hz,o times shorter than that
for the pure ZnO samples. The qualitatively
second stage of the MT, in which the lower-
temperature but more prolonged annealing
takes place, begins here. At this stage, the
achieved thermal effect exerts an essential in-
fluence on defect formation. Defects formed at
the first stage of the MT are annealed first.
An increase in the time of the MT (tyr > t;)
leads to a change in the shape of the signals
registered (see Fig. 2) and to a change in the
ratio of the intensities of different centers (see
Fig. 3). The EPR signal from centres II disap-
pears first. In ZnO samples, this signal disap-
pears after ty;p » 120 min. Then there is a change
in the intensity of signals from the centres I.
In ZnO — TiO, samples, this signal disappears
after typ » 60 min and, in ZnO samples, after
tyr » 180 min. The intensity of the most stable
signal from centres III attains the maximal
value in ZnO — TiO, samples after typ » 120 min
(in ZnO samples at ty;p » 300 min), and then its
weakening is observed (see Fig. 3). The obtained
results allowed us to construct the diagram of
growth of the average temperatures of ZnO —
TiO, and ZnO samples with increasing ty (Fig. 7).

T.., K
523+
h 2

2?3 T T T T T T T T T T T T T T T T T T T
130 ¢, min

Fig. 7. Change of the average temperature in ZnO (1)
and ZnO — TiO, (2) samples vs. duration of MT.
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The attainment of the saturation and a subse-
quent weakening of signal IIT in ZnO — TiO,
samples (typ » 60—120 min) are most likely con-
nected with the beginning of the interphase
reaction between ZnO and TiO,. As a result of
this interaction, the signal from SDS is absent
but it is registered in pure ZnO samples. Ac-
cording to the data of [23], such a situation
takes place when different impurities (in this
case, Ti ions) find their way into the surface
layers of ZnO particles, which is substantiated
by the IR spectroscopy data presented above.

DISCUSSION

The following simplified scheme of evolu-
tion of the fine defective structure in the ZnO —
TiO, system in different stages of the continu-
ous MT becomes evident.

At the initial stage, which can be consi-
dered as pure grinding, the MT forms a rather
simple vacancy structure in the fracture zone
of a less strong component of the mixture,
namely, on ZnO particles. As a result of the
pulse destruction of ZnO particles, heat evolves.
As this takes place, “the local pulse annealing”
of formed defects occurs. The annealing effect
is determined by the activation energy of an-
nealing of defects and by the time of the
thermal pulse. The time of the thermal pulse
is defined by the thermal conductivity of the
environment of the particle. Low-energy de-
fects are more chemically active, and, in view
of their surface localization, can take an ac-
tive part in the formation of cohesive contacts
with particle of another phase.

At this stage of MT, the accumulation of
defects in the sample occurs mainly due to
grinding of particles that have not broken down
yet. One should bear in mind that particles
formed at the initial stages of MT do not dis-
integrate further up to the period of relative
equalization of the average particle size in the
sample. These small particles, however, par-
ticipate in the formation of the environment
of disintegrating larger particles, find them-
selves in a heat field induced by the latter
particles, and contact continuously with other
particles and milling bodies. This favours the
modification of their surface defective struc-

ture due to pure mechanical interaction (less
radical than at direct fracture) and under the
influence of the heat, which evolves in the
process. However, relatively low-temperature
and short-time effects do not exert a significant
influence on the formed defective structure.

Thus, we can draw the conclusion that,
during mechanothermal annealing, the defec-
tive structure of the new-formed particle be-
comes more perfect and more complex. As the
structure becomes more complex, defect asso-
ciates whose activation energy of annealing
exceeds those of their elementary (point) de-
fects, accumulate first.

Radical changes begin to manifest themselves
at the second stage (tyr > t;) when the sample
attains the average temperature which is suf-
ficient for complete annealing of low-temper-
ature defects in a continuous regime and fa-
vours the efficient generation of defects (asso-
ciates) with higher energy. During long MT,
both the equilibrium temperature of the sample
and mechanical stresses generated must set the
type of the defective structure formed in the
sample. From the viewpoint of an interphase
interaction of the type ZnO + TiO, ® ZnTiO,,
the accumulation of the associates of defects
by individual phases is a necessary prerequi-
site for the interaction to proceed by the pure
diffusion mechanism at rather low tempera-
tures [23]. The results presented above show
that T,, of the sample attains significant val-
ues even when not high-energy conditions of
MT are used. It is well to bear in mind that an
increase in T,, favours the widening of ther-
mal pulses formed during mechanical action,
thus increasing their reactive influence.

CONCLUSIONS

The results obtained enable us to propose
the two-stage scheme of development of ther-
mal processes in the considered disperse sys-
tems and establish their role in the formation
of resulting defective structure. At the first
stage of the MT, the collective destruction of
individual particles is observed. The formed
defects (within a single particle) are located in
a high-temperature field, which is created by
set of the ultrahigh-temperature and very short
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spikes. Thus, the annealing effect is described
by a kinetic curve of thermal excitation of
the whole particle. The character of the kine-
tic curve is determined by the thermal con-
ductivity of the environment of the particle.
At the first stage, the annealing effect will
manifest itself more strongly during MT of
the systems containing the additives with low-
er heat conductivity.

The second stage of processing is connected
with the development of annealing effects
caused by heat accumulation processes by the
whole sample. Such processes occur at conside-
rably lower temperatures than those of the
first stage, but their duration (especially upon
achievement of equilibrium conditions) becomes
proportional to tyy. Since the rate of defect
formation in the ZnO — TiO, system is deter-
mined by the microhardness of TiO, particles,
which is about 5 times larger than that of
ZnO, then the rate of increase of T,, in this
sample at the first stage of the MT is about 5
times larger than that in the ZnO sample. Thus,
annealing effects connected with the threshold
processes of heat accumulation manifest them-
selves in the ZnO — TiO, system much earlier
than in the ZnO system. During MT, the an-
nealing processes favour the formation and ac-
cumulation of a set of associates of simple
defects that accelerate diffusion processes in
components of the mixtures. Thus, the accu-
mulation of associates of defects in the samp-
le and a significant rise in the average temper-
ature of the sample are major factors deter-
mining the progress of a mechanochemical re-
action of the type ZnO + TiO, ® ZnTiO,.
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