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The process of macro- and microstructural transformations of zinc-oxide powders, which
were tribophysically activated by grinding in a vibro-mill was investigated using methods
of transmission electron microscopy, infrared spectroscopy and X-ray. It is shown that
tribophysical activation contributes to a gradual modification of the fine defect structure
of zinc-oxide powders. In the starting stage agglomerates and bigger, longer particles
are destroyed first of all. As a result of the formation of both volume and surface
defects and changes of the character of interparticles interactions the plate-like
polycrystal particles are created. They actually present sets of coherent scattering
region. C© 1999 Kluwer Academic Publishers

1. Introduction
For obtaining of optimal properties of both materials
and products, a very careful control of changes of pri-
marily morphological, microstructural and other char-
acteristics is necessary. This is the reason why the in-
vestigation of the process of tribophysical activation,
which is very often used in powder technology, is of
both scientifically and practically interest [1, 2].

The problem of the evolution of the disperse zinc-
oxide powders was investigated using methods of dis-
persion analysis and scanning electron microscopy
(SEM) [3]. The powders were tribophysically activated
by mechanical treatment—grinding in a vibro-mill. The
evolution of the formed structures and decomposition-
activation processes were not investigated in more de-
tail earlier because of the limitations of the applied
methods if analyzing particles had the dimensions
d≤ 1.0µm. So, for example, in samples of zinc-oxide
powders, which were tribophysically activated for
3 min, the formation of oval forms was noticed, while
the fragments of destruction of starting particles were
not observed using the SEM method [3]. In this pa-
per an assumption was made on the complex character
of such structures which were formed from destroyed
pieces of starting particles due to the influence of auto-
hesion forces. The dynamics changes of different para-
magnetic centers depending on the mechanical treat-
ment time are observed in work [4]. It was interesting
to find out the details of picture of the evolution of the
microstructure of zinc-oxide powders during tribophys-
ical activation using methods transmission electron mi-
croscopy (TEM), infrared spectroscopy (IR) and X-ray
possessing the more high resolution. Some papers [5–8]

are devoted the research of synthesized zinc-oxide pow-
ders with use of these methods. The possibilities of
IR are worthy of the special attention under analysis
of zinc-oxide powders morphological changes. It fol-
lows from the purely phonon theory, known as the The-
ory of the Average Dielectric Constants (TADC). This
theory was generalized by Hayashiet al. [9] for the
case of randomly oriented ellipsoid particles having the
anisotropic dielectric properties. In this theory, changes
of particle form are considered from the viewpoint of el-
lipsoid parameters changes and are characterized by de-
polarization factorsL || andL⊥. Their values are equal
for cylindrical particles 0 and 0.5, for spherical 0.33
and 0.33, and for plate-like 1 and 0 respectively [5, 9].
The TADC theory also enables to investigate the ag-
glomerated powder states [8, 10] being a very suitable
method for the analysis of the powder morphology.

2. Experiment
A commercial zinc-oxide powder with a purity of
99.96% and specific surfaceSp≈ 3.6 m2/g was used.
The zinc-oxide powder was tribophysically activated
by grinding in a vibro-mill (Tur MH 954/3 KXD
HUMBOLDT NEDAG AG) in air from 3 up to 300 min.

The methods of transmission electron microscopy
(JEM-IOOCX), infrared spectroscopy (Specord-M80)
and X-ray diffraction (DRON-3) were used in these
investigations.

For electron microscope the samples were prepared
in the following way: the powders were dispersed in al-
cohol by ultrasound, and the obtained suspension were
deposited by a thin layer on the (100) plane of a NaCI
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monocrystal. After the alcohol evaporation a carbon
layer was deposited on this surface under vacuum. Then
the NaCI base was dissolved in water and the carbon
films with zinc-oxide particles obtained by this way
were used as working samples.

For infrared spectroscopy the zinc-oxide and KBr
powders were carefully mixed in the ratio 1 : 300 and
the obtained mixture was pressed into transparent rect-
angular plates with dimensions 5× 26 mm2.

X-ray diffraction lines were obtained with using of
a X-ray powder diffractometer with CuKα-radiation.
These data were used for determination of the change
in distancesd between certain crystallographic planes
(300) and (006), average sizesD of coherent-scattering
region (CSR), microstrainse, minimal dislocation den-
sity ρD, dislocation density due to microstrainρξ and
real dislocation densityρR.

3. Experimental results and discussion
3.1. Transmission electron microscopy
The morphology, dispersivity and defective structure
of particles and agglomerates of zinc-oxide powders
in different stages of tribophysical activation were in-
vestigated by transmission electron microscopy using
the method of light and dark fields and microdiffraction.
The such TEM micrograph shown the powder structure
is accompanied by electron-diffraction photograph ob-
tained from regions 0.5µm in diameter that was cutted
by an selective electron diaphragm (Fig. 1). Based on
these results, one can conclude that the starting, un-
activated zinc-oxide powder consists of microcrystal
particles with dimensions from 0.1 to 1µm and by
high level of shape anisotropy. The cross-section of
the microcrystal has a rectangular shape with clear ex-
pressed crystallographic planes and rounded two-facet
angles (Fig. 1a—the starting powder,τ = 0 min). Par-
ticles with a cylindrical shape can also be noticed. The
anisotropy of particle shapes changes from equaxial to
needle-like with the ratiod/1 from 1 up to 0.1. Joining
together of two or more crystals with clearly expressed
boundaries between grains can also be noticed. Elec-
tron diffraction patterns of individual particles present
a regular network of single crystal reflections.

A three-minute’s activation leads to the breaking-
up primarily needlelike particles and large concretions
(Fig. 1a,τ = 3 min). In this activation stage, individual
dislocations and dislocation loops appear in the struc-
ture of some single crystal particles.

A further continuation of activation (up to 30 min)
trend of the increase of the number of small parti-
cles in the powder and their tendency to agglomer-
ate continues. The boundaries of particles become in-
distict (Fig. 1a,τ = 30 min) and the increase of the
level of particle defective structure (the dislocation den-
sity increases to 10′◦ cm−2) is noticed. The electron-
diffraction photographs correspond to the set of reflec-
tions which originate from several single crystals.

After activation for 300 min a powder is a highly dis-
perse mixture of small particles (Fig. 1a,τ = 300 min).
Most of these particles are in the form of aggregates
with dimensions 0.3–0.1µm. The ring-like electron-

diffraction photographs indicate that these aggregates
have a polycrystal structure. The regions with dimen-
sion of d∼ 0.04µm (by dark-field microscopy data)
form such reflections. The high density of interfaces
and defects does not enable to observe the high-angles
boundaries in aggregates. However on the base of ob-
tained results can conclude that the tribophysical acti-
vation by grinding leads to the breaking-up of starting
particles up to fragments, which are very disordered
and present the coherent-scattering region. According
to X-ray analysis the size of CSR in these samples is
D100≈ 0.036µm andD001≈ 0.048µm. The small dif-
ference between dimensionsd andD enables us to con-
clude that the starting zinc-oxide powders break up up
to individual particles that themselves are CSR. On the
other hand, particles formed by this way due to tri-
bophysical activation join into aggregates of various
dimensions and forms.

3.2. Infrared spectroscopy
The obtained spectra of zinc-oxide powders using IR
spectroscopy are given in Fig. 2. The TADC method
was used for their interpretation. The theoretical and
experimental basis for the applicability of this method
for the analysis of ultradisperse particles of optically
anisotropic materials is given in literature [5–12]. In
accordance with this theory the contribution of the influ-
ence of the shapes of small particles and agglomerates
on two perpendicular optical modes (νT|| = 377 cm−1

and νT⊥ = 406 cm−1 determined from IR-reflection
spectra [13] orνT|| = 380 cm−1 andνT⊥ = 413 cm−1

from combination scattering spectra [14]) is considered
through depolarization effects, in which form factors
L || andL⊥ (L || is connected with the crystallographic
axis c and L || + 2L⊥ = 1) appear and also the filling
factor f , which presents part of the total sample vol-
ume (its values are from 0 to 1). It is belived that an
individual particle has the shape of a rotation ellipsoid
around axisc. A graph which illustrates the positions
of absorption peaks and also the form of some typi-
cal spectra in dependence of particles shapes for the
case whenf ≈ 0.003 is given in [9] and corresponds
to a system of non-interacting particles. This graph is
used in this paper to identify extremes of registered
spectra for samples whose grinding time isτ ≤ 30 min
(Table I). The accounting of influence of the filling fac-
tor f enables to take into consideration the interac-
tions between particles in the sample and as a result
to separate the case of a system with non-interacting
individual particles whenf → 0 and aggregates when
f → 1 [8, 10]. The TADC theory enables the analysis
of IR-spectra of aggregates with different geometries
(particle chains; triplets...) [10]. In [8] the calculations
results of the IR-absorption spectra forms of spherical
particles for several values off are given. This enables
the graphical presentation ofνmax= F( f ) (Fig. 3). The
obtained dependence ofνmax and the number of max-
imums of valuesL and f , only emphasizes the com-
plexity and difficulties that exist when working with real
systems. These systems are most often characterized by
a set of different states. The superposition of absorption
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Figure 1 Electron micrographs (a) and electron diffraction patterns (b) of zinc-oxide powders at different stages of tribophysical activation.

zones of different origins in a narrow frequency range
in which the spectra are registered (Fig. 2), makes their
unique identification based only on IR analysis difficult.

The results of electron microscope investigations
given earlier enable a classification of samples accord-
ing to the character of particle interactions. Samples
of zinc-oxide powder withτ ≤ 30 min are systems of
non-interacting, individual particles, while in samples
with τ >30 min, both individual particles and their ag-
glomerates appear.

This analysis, which is in agreement with [9], enables
the identification of registered absorption modes for

samples with grinding times from 0 to 30 min (Fig. 2)
and also an estimation of parametersL || andL⊥, which
reflect the particles geometry (Table I). The modes with
ν1= 535 cm−1 andν3= 488 cm−1 are characterized for
spectra of particles which have a dimension ratio along
axis c and perpendicular to itL⊥/L || ≈ 2. The mode
with ν2= 510 cm−1 corresponds to particles with an al-
most equal axis (withL⊥/L || ≈ 1), while the mode with
ν4= 435 cm−1 corresponds to particles with a needle-
like shape (withL⊥/L || ≈ 3.5–4.5). The appearance of
modesν1, ν2, ν3 andν4 corresponds to the rising con-
centration of a corresponding particle shape in samples
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TABLE I Theposition and identification ofνmax in IR-spectra of tribophysically activated ZnO, values of depolarization factorsL⊥, L || and particle
shape parameterL⊥/L ||

Sample ν1(νT⊥), cm−1 ν2(νT||), cm−1 ν3(νT||), cm−1 ν4(νT||), cm−1 L || L⊥ L⊥/L ||

Starting 537 0.22 0.39 1.7
510 0.32 0.34 1

τ = 0 min 488 0.20 0.40 2
435 0.10 0.45 4.5

τ = 3 min 540 0.20 0.40 2
515 0.33 0.33 1

490 0.20 0.40 2
440 0.11 0.45 4

τ = 30 min 537 0.22 0.39 1.7
513 0.32 0.34 1

485 0.20 0.40 2
442 0.14 0.43 3

Figure 2 IR-spectra of zinc-oxide powders in KBr: (a) commercial sam-
ple; (b) activated 30 min; (c) activated 300 min; (d) activated 3 min and
sintered at 950◦C for 30 min.

of zinc-oxide powder. An insignificant reduction of
modesν1, ν3 andν4 and enlargement of modeν2 with
the decrease of the grinding time up to 30 min (Fig. 2)
indicates a decrease of the number of elongated and
increase of the number of particles with equal axis.
The decrease of the mode width at the semi-height
1ν3 min≈ 170 cm−1 and1ν30 min≈ 150 cm−1 indicates
on the narrowing of under the form of particles with the
increase ofτ .

A further prolongation of the activation timeτ mod-
ifies the IR spectra, thus, that maximums which are
characteristic for a system of non-interacting particles
disappear, intensities are generally reduced and two
fairly wide modes withν= 535 cm−1 andν= 450 cm−1

(Fig. 2, curve c) are appeared. These changes are the
consequence of collective processes which occur after
tribophysical activation for a long time—the agglom-
eration process. One can conclude that the mode with
ν= 450 cm−1 originates from agglomerates of parti-
cles with almost equal axis. The filling coefficient of
these agglomerates can be estimates from Fig. 3 to be
f ≈ 0.64. The existence of a mode withν= 535 cm−1,
in accordance with [7], points to the presence of plate-
like agglomerates with the thickness/length (width) ra-
tio from 0.3 to 0.5. A similar character of the modifica-
tion of IR spectra is noticed but in sintered zinc-oxide
samples withτ ≤ 30 min (Fig. 2, curve d).

3.3. X-ray
Having in mind, that the investigated zinc-oxide has a
hexagonal crystal structure and that TEM analysis has
established the anisotropy of particle forms, the char-
acteristic microstructure parameters have been deter-
mined in two crystallographic directions: in the direc-
tion [100] (direction lying in the base plane) and the
perpendicular direction [001]. The constant value of
the integral intensity of diffraction lines (in the limits
of measurement accuracy) permits to use the width of
diffraction lines (B) for determination of average val-
ues of the crystallite sizesD100, D001 and microstrains
e100 ande001. This procedure was fullfiled with appli-
cation of the approximation method [15]. Accordingly
changes in the width of diffraction lines from planes
(100), (300) and (002), (006) were analyzed. As an
standard a source zinc-oxide powder was used, as it
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Figure 3 The dependence of the position of the IR-absorption peak for spherical particles as function of the filling factorf ; ∗ denote the points
calculated using [8].

has the well separatedKα1,α2 doublets. According to
data given in [16] the growth axis of such crystallites
is usually parallel to thec axis. In accordance with the
facts stated above, the source zinc-oxide powder can
be considered on average as a assemblage of approx-
imately similar monocrystalline particles with dimen-
sions: 0.2µm in cross-section and 0.4µm in length.
The values of full width at a half maximum of diffrac-
tion lines of the standard (b0), i.e. instrumental diffrac-
tion line widths, were corrected in accordance with
these data and they were defined as CSR dimensions,
i.e. crystallites:D100= 0.2µm andD001= 0.4µm. In
Table II the values of averge sizes of coherent-scattering
region D and microstrainse calculated with using of
the above defined method are given.

The valuesD and e were used for calculation of
dislocation densityρD andρξ correspondingly by the

TABLE I I Values of distances between corresponding crystallographic planesd, average sizes of coherent-scattering regionD, width of diffraction
lines due to the existence of microstrainsξ , microstrainse, minimal dislocation densitiesρD, dislocation density due to microstrainρξ and real
dislocation densityρR, and average distances between dislocationsh

τ Crystall. d · 10−8 D ρD · 1010 ρξ · 1010 ρR · 1010 h · 10−8

(min) direction hkl (cm) (µm) ξ · 10−3 e · 10−3 (cm−2) (cm−2) (cm−2) (cm)

100
0 [100] 300 0.938(6) 0.2 0.51 0.18 0.8 1.0 0.9 1667

002
[001] 006 0.867(2) 0.4 0.46 0.17 0.2 0.8 0.4 1875

100
3 [100] 300 0.938(5) 0.179 0.75 0.22 0.9 2.2 1.4 1197

002
[001] 006 0.867(4) 0.347 0.53 0.18 0.3 1.1 0.6 1441

100
30 [100] 300 0.937(9) 0.098 1.25 0.28 3.1 6.0 4.3 712

002
[001] 006 0.867(6) 0.152 0.83 0.23 1.3 2.7 1.9 1039

100
300 [100] 300 0.937(2) 0.036 3.64 0.48 23.1 51.2 34.4 242

002
[001] 006 0.867(9) 0.048 2.32 0.38 13.0 20.8 16.4 381

Williams-Smallman method [17]:

ρD = 3n/D2 (1)

wheren is the number of dislocations per the CSR sur-
face (at calculationn was assumed equal 1);

ρξ = k · ξ2/(F · b2) (2)

where k is a coefficient that depends on mechani-
cal properties of the crystal, its microstructure, and
also on the type of distribution of displacement in it
(its values are usually between 2 and 25, we assume
k= 15), andb is the Burges vector, that is equal to the
smallest interatomic distance (b= 0.197 nm). Based
on the Williams-Smallman analysis ofρD andρξ val-
ues (Table II), it can be concluded thatn= F , which
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implies the process of dislocation networks, so the
real dislocation density can be determined using the
expression:

ρR = (ρD · ρξ ) 1/2. (3)

The obtained results (Table II) show the reduction
of D100 andD001 values and increase of microstraine
with the increase of activation time, that is accompa-
nied by a linear growth of the real dislocation density
ρR. Observations of theD100/D001 ratio, which char-
acterizes the form changes of CSR, show that this ra-
tio increases from 0.5 (τ = 0–30 min) up to 0.75 (τ =
300 min). Analysis of results given in Table II also
clearly shows the tendency of a small reduction of the
interplane distance between planes (300) and increase
of the interplane distance between planes (006), which
indicates a reduction of the lattice parametera and in-
crease of the lattice parameterc.

Decrease of the unit cell parametera and increase
of the parameterc with the increse of activation timeτ
is due to the formation of vacancy centers in the zinc-
oxide lattice. According to EPR investigations of TA
zinc-oxide powder [4] the following centers appear:
(a) the complex zinc vacancy—interstitial zinc atom;
(b) zinc vacancy (interstitial zinc atom localized at dis-
tances higher than a third coordination sphere); (c) di-
vacancy zinc complex, localized in one plane (001);
(d) oxygen vacancy. The formation of such centers in
the wurtzite structure of zinc-oxide can be explained by
removing of Zn2+ ions (O2−) from the metal sublattice
(oxygen) into interlayer space, that leads to the reduc-
tion of interatomic distances in the layers, i.e. reduction
of parametera, and the increase of parameterc.

There have been stated that CSR boundaries, formed
during mechanical treatment of large crystals, are de-
termined by the inhomogenous character of the local-
ization of the admixture and other defects (dislocations
and vacancies) in starting powders [18]. Many kinds of
defect states suppose the existence of complex multi-
level structure of their localization. This structure pos-
seses the definite space periodicity in real materials.
Tribophysical activation leads to gradual activation of
this complex defect structure by further accumulation
and generation of dislocations and vacancies. Having in
mind all stated above, CSR evolution in differently acti-
vated zinc-oxide powders can be defined by theD100/m
and D001/n ratios, wherem andn are integers. Anal-

TABLE I I I Scheme of the evolution of the microstructure of zinc-oxide powders during tribophysical activation

Samples

Starting powder τ = 3 min τ = 30 min τ = 300 min

Process — Breaking-up Breaking-up, deformation, Breaking-up, deformation,
defect formation defect formation

Autohesion Mechanical Electrical Electrical Cohesion interaction,
forces molecular, mechanical

ysis of data given in Table II shows thatm≈ 2 and
n≈ 3 for powders activated for 30 min, while these
values arem≈ 6 andn≈ 9 for powders activated for
300 min. Based on obtained values, it can be assumed
that evolution of the CSR structure in particles during
tribophysical activation of zinc-oxide powders has a
discrete character.

4. Conclusion
The presented results allows to propose a general evo-
lution scheme of the microstructure of disperse zinc-
oxide during tribophysical activation. The starting, un-
activated powder presents a set of individual particles
and has a wide grain size (d⊃ [0.1µm, 1µm]) and
shape (L ||/L⊥ ⊃ [1, 10]) distribution, though one can
say that most particles haveL ||/L⊥ ≈ 1, 2 and 4 and
almost an single crystal structure. At the starting acti-
vation stage (τ ≤ 30 min) the existing concretions and
longer particles break down, so theL ||/L⊥ ratio de-
creases. The process of crumbling—deformation is ac-
companied by the appearance and development of a
dislocation structure. The boundary surfaces of newly-
formed particles have a complex geometrical form, i.e.
they become bigger with the continuation ofτ . So their
role in the formation of stronger interparticle contacts
due to the influence of autohesion forces [19] becomes
more important. Such manner, atτ >30 min both pro-
cesses of further breaking down and deformation and
also autohesion processes in parallel are developed, that
promotes a consolidation of newly-formed particles,
but at qualitatively new level. The grinding process con-
tinues until the formation of individual particles with di-
mensions which correspond to the size of a single CSR.
However due to autohesion interparticle interaction
(due to the action of electrostatic forces, roughness and
the expansion of the surface vacancy structure, inten-
sifying of mechanothermal processes especially with
prolonged tribophysical activation, the formation of a
surface layer due to the interaction of zinc-oxide and
grinding products from the mill and balls and the work-
ing environment) these particles consolidate into poly-
crystal agglomerates whose hardness and shape depend
on the tribophysical activation conditions.

It is notified the direct connection between the fill-
ing coefficient f and agglomerate porosity2: 2 =
(1− f ) · 100%. So the process of the formation of plate-
like polycrystal forms can be considered quite natural
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as the result of the grinding—pressing process due to
the action of mill balls during tribophysical activation
and (partly) of such products when the external actions
change again.

The proposed scheme of the evolution of the mi-
crostructure of zinc-oxide powder during tribophysical
activation is corresponded in Table III.
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