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Mechanical activation of zinc and nickel ferrites was shown to affect their physicochemical properties.
For example, the temperature of magnetic transition of activated zinc ferrite sharply increased, while
that of activated nickel ferrite decreased. Variation in the magnetic properties of ferrites is not due to
their reversal degree, but is caused by transfer of cation from tetrahedral- to the vacant octahedral-sites
in the spinel structure. The cations are randomly distributed on the octahedral-sites producing new
exchange-bound pairs. The disordering of the anion and cation sublattices, leading eventually to the X-
ray-amorphous structure, is thought to be due to the plastic deformations in the course of mechanical

activation.

It has been established that the change of
reactivity of solids in consequence of inten-
sive mechanical treatment occurs not only
because of a simple increase of the surface
as a result of specimen fragmentation, but
also because of large non-equilibrium de-
fect accumulation (/-5). Thus, the change
of physicochemical properties of solids and
of reactivity, termed mechanical activation,
has drawn the attention of researchers. In
this paper we studied the nature of activa-
tion of some mechanically treated ferrite-
spinels. It was natural to expect that the
character and the type of mechanical acti-
vation would depend first, on crystal—
chemical peculiarities of substance’s struc-
ture and, second, on the character and
intensity of mechanical stress in the spinel.

It is known that the main structural fea-
ture of spinels is a close-packed cubic oxy-
gen sublattice in which cations are placed in
tetrahedral and octahedral interstices. Cat-
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ions are placed in # of tetrahedral-positions
and in $ of octahedral-positions, which cor-
respond to the 8a and 16d positions for
space group Fd3m (6). In the normal spinel
all divalent cations are in tetrahedral-posi-
tions and iron cations are in octahedral-po-
sitions. In inverse spinels, divalent cations
are in octahedral-positions and iron cations
are equally distributed between tetrahedral-
and octahedral-positions. In the intermedi-
ate case the spinel formula can be specified
in the following manner:

(Me,_sFes)[MesFe,_ 5104 (n

where & is the degree of inverse character
of the spinel, which depends on tempera-
ture as follows (7)

(I —-%@2-3% _

52 exp(~Ap/kT)  (2)

Here, Ap is the change of lattice energy
when divalent and trivalent cations ex-
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F16. 1. Quadrupole splitting vs the logarithm of the
time of mechanical activation.

change their octahedral and tetrahedral
positions. This explains how the cation
distribution may be changed by the change
of temperatures with the increasing preva-
lence of the high-temperature distribution,
itis possible to state energy in such ferrites.
However, the process of altering the equi-
librium distribution of cations by mechani-
cal activation, is not sufficient (8). Indeed,
the equilibrium process demands either a
cation distribution in octahedral- and tetra-
hedral-positions or a corresponding va-
cancy rearrangement. And this, in turn, is
associated with the cation transfer in the
sublattice. If one takes into account that a
mechanical treatment is usually local and
acts for a short time (9), then the formation
of different types of intermediate non-equi-
librium states can be expected. The forma-
tion of such states during mechanical defor-
mation is especially great if an intensive
energy increase is followed by application
of three-dimensional loading and of shear
stress. This type of deformation usually oc-
curs in centrifugal mills.

In this paper, the influence of mechanical
treatment on cation distribution was stud-
ied in zinc ferrite (normal spinel) and in
nickel ferrite (inverse spinel). Both ferrites
were synthesized by sintering of mixed ox-
ides at 1000-1100°C (ZnFe,0,) and 1300°C
(NiFe,0,) for several hours using routine
ceramic technology. The ferrites so pro-
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duced were identified with the help of X-ray
diffraction and y-resonance spectroscopy.
The mechanical activation was achieved in
the centrifugal mill with an acceleration of
400 m/sec?, its balls and cylinders were
made of ceramic so as not to contaminate
the specimen. After treatment for sufficient
length of time the specimens were analyzed
on a Mdssbauer spectrometer YGRS-4M.
All chemical shifts were determined rela-
tive to a-Fe. In those cases where it was
necessary to study the influence of mechan-
ical activation, a portion of the probe was
dissolved in 3 N H,SO,. Chemical analysis
established the degree of cation leaching
from ferrite by acid.

The mechanical activation of zinc ferrite
enhanced the quadrupole splitting of the
Mossbauer spectra at room temperature
from 0.33 to 0.90 mm/sec (/0) and the line
width increased by approximately a factor
of two (Fig. 1). This testifies to the signifi-
cant change of the crystallochemical struc-
ture of the initial substance. At 78 K the
spectra of the activated samples, indicate the
appearance and an increase with the time of
mechanical activation of the magnetically
ordered state of the substance (Fig. 2). In
this case, the effective magnetic field activ-
ity on the iron nuclei is 470 = 10 kOe, and
the quadrupole splitting is 0.00 = 0.02 mm/
sec. The observed doublet (Figs. 2 and 3)
has parameters corresponding to those of
the initial zinc ferrite. The mechanical acti-
vation notably increases the solubility of
the substance. After dissolution, the com-
ponent associated with the magnetically or-
dered substance, which appears with acti-
vation, is no longer present in the spectra
(Fig. 3). The difference in the magnetic and
chemical properties of the initial and acti-
vated substance, permits one to distinguish
between these two states and to follow the
process of their mutual transformation. The
temperature of the magnetic transition in
the magnetically ordered states of the acti-
vated zinc ferrite is ca. 210 K as compared
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FiG. 2. Moéssbauer spectra of zinc ferrite at 78 K.
Activation for (1) 0 min (initial). (2) 6 min, (3) 20 min.
and (4) 60 min.

with 9 K for the initial ferrite. The line
width of the magnetically ordered compo-
nent decreases with increasing time of me-
chanical activation, and after 40 min, the
substance begins to exhibit superpara-
magnetic properties even at 78 K.

In the case of the nickel! ferrite (with a
Néel temperature of 858 K) with mechani-
cal activation of short duration it is possible
to distinguish the components correspond-
ing to the tetrahedral- and octahedral-cat-
ions (Fig. 4). When increasing the time of
the mechanical activation a new substance
with a magnetic transition at ca. 260 K, is
formed. With prolonged activation, nickel
ferrite, like zinc ferrite, transforms to the
superparamagnetic state. The substance re-
sulting from the mechanical activation pro-
cesses differs in magnetic properties from
those of the classical ferrite spinels, and the
resulting magnetic structure tends toward
perfection with an increase in the time of
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F1G. 3. Mossbauer spectra of zinc ferrite at 78 K: (1)
initial, (2) activated for 6 min, and (3) residue after
dissolution of the activated ferrite for 6 min.

activation. A further increase of the tem-
perature of the magnetic transition is quite
probable; however, the superparamagnetic
phenomenon at this step cannot be detected
by the Mossbauer technique. Thus, for
zinc and nickel ferrites, a transition to the
mechanically activated state with almost
the same magnetic properties, is observed.
Mechanical activation leads to new ex-
change reactions different from those of the
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F1G. 4. Mgssbauer spectra of nickel ferrite activated
for 10 min: (1) at room temperature and (2) at 78 K.



158

T el
1.00 #7052 o At
- -'Q.\ .-4'-
&, .,
~ g
z 4 Vs
5 ., £
S o098 - B
[} 0 K s
E( . EAY <
1,00 F sienn - LN . A
=z EL A " e S
= i, 2 tad o
o s,
> e o
[ S N
< ., P
g A
w . -
© ~
0,98 N
5 SI]
:_ > N ‘:‘
i 1 A 1
-2 1 ] +1 +2

VELQCITY (MM/S)

FiG. 5. MOssbauer spectra at room temperature: (1)
zinc ferrite activated for 20 min and (2) nickel ferrite
activated for 30 min.

ferrite spinels and subsequently lowers the
regions where these reactions occur; as a
result, the substance exhibits superpara-
magnetic properties. The study of the prop-
erties of activated ferrites made it possible
to follow the sequence of transformations
of these substances.

Mossbauer spectra of zinc and nickel fer-
rites activated at room temperature, for
which the transition from the initial to the
mechanically activated state is almost com-
plete, exhibit only a doublet (the substance
can be both in paramagnetic and superpara-
magnetic states). Measurements at slow
rates suggest (Fig. 5) that the parameters of
the hyperfine interactions of the activated
zinc and nickel ferrites (their chemical
shift equals 0.35 = 0.01 mm/sec) corre-
spond to Fe(IIl) in octahedral surround-
ings of the oxygen ions. This result is
quite natural for zinc ferrite because the
iron cations are located initially on the octa-
hedral-sites. However, in the initial nickel
ferrite the iron cations are equally distrib-
uted between the octahedral- and tetrahe-
dral-sites. As is known, the chemical shift
for the iron on tetrahedral-cations in fer-
rites with spinel structure is 0.10-0.15 mm/
sec less than that of the cations on octahe-
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dral sites [1I]. Therefore, if the iron cations
are on the octahedral- and tetrahedral-sites,
the Mossbauer spectrum will contain a su-
perposition of the two doublets. Whenever
these latter are poorly resolved and the
number of cations on tetrahedral- and octa-
hedral-positions is different, the spectrum
will form an asymmetric doublet. If the
number of cations on tetrahedral-positions
equals that on octa-interstices, the doublet
will be symmetric, but the chemical shift is
smaller by 0.05-0.07 mm/sec than that for
the cations in octahedral interstices. As is
seen in Fig. 5, the spectra of activated fer-
rites are symmetric, and their chemical
shift corresponds on a one-to-one basis to
Fe(I1l) on octahedral-sites. This result indi-
cates that during mechanical activation
there occurs no shift of cations from octa-
hedral to tetrahedral locations. However, a
transition of cations from tetrahedral into
the vacant octahedral-sites is possible.
Thus, during mechanical activation, a sub-
stance with a unique cation distribution is,
indeed, formed.

The main structural feature of the crys-
tallochemical transformations during me-
chanical activation resulting in such cation
distribution, seems to be the shear stress of
the oxygen planes with respect to each
other, which produces imperfections in the
packing. The cations located between these
planes can be displaced; in particular, cat-
ions are moved from tetrahedral interstices
into the large octahedral-sites (/2). We be-
lieve that during mechanical activation the
close packing of oxygen sublattice is re-
tained, but that the ordering of the se-
quences of oxygen layers becomes random.
Hence, in the activated ferrites the oxygen
sublattice exhibits no long-range order, and
in the short-range order, cubic packing of
oxygen ions (similar to the spinel struc-
ture), as well as hexagonal packing and
their superposition are possible. One may
reasonably suppose that in the course of the
mechanical activation of ferrites the cations
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TABLE |

THE NUMBER OF THE NEAREST OCTAHEDRAL-SITES FOR OCTAHEDRAL-CATION BETWEEN THE
OXYGEN PLANES A AND B AS A FUNCTION OF THE LocaL PosiTION OF OXYGEN PLANES IN
THE DENSELY PACKED LATTICE
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Locai position of oxygen planes
in densely packed lattice

Probability of
configuration

The number of the nearest
octasites correspond-
ing to the angle of the

cation—anion~cation bond

Cubic,
CA(cation)BC

Hexagonal,
BA(cation)BA
Hybrid,
BA(cation)BC
Hybrid,
CA(cation)BA

71° 90° 132° 180°
0o om0 6
i 2 6 12 0
1 1 9 6 3
H 1 9 6 3

(initial and transferred therein by mechani-
cal activation) are randomly distributed
among the octahedral-sites. The number
of the nearest octahedral-sites for any
cation is given in Table I as a function
of the local type of the oxygen sublattice
bond for different angles of the cation—an-
ion—cation. The appearance of short-range
order in hexagonal packing, as well as in
cubic packing, and their hybrid and the ran-
dom cation distribution on the octahedral-
sites leads to the formation of new ex-
change-bound pairs, with an angle of the
cation—anion—cation bonding that is atypi-
cal for the spinel structure. Among the new
pairs there occur some for which the ex-
change interactions are more effective, due
to the change in the bond angle, than in the
structure of the initial zinc ferrite (13). In
this manner one can account for the tem-
perature change of the magnetic transition
of the activated zinc ferrite from 9 K to ca.
210 K. The decrease in the temperature of
the magnetic transition of the activated
nickel ferrite from 858 K down to ca. 260 K
is due to the transfer of cations from tetra-

hedral- into octahedral-sites, and conse-
quently, to the breaking of the strongest ex-
change interaction between the octa-
hedrally and tetrahedrally located cat-
ions. Thus, in terms of the proposed model
of the crystallochemical transformations,
ultimately leading to the X-ray-amorphous
product, it is possible to explain the varia-
tion of such physical constants as the tem-
perature of the magnetic transition.

The proposed mechanism of the mechan-
ical activation of ferrite spinels can also be
used to describe related crystalline struc-
tures. For example, we have examined the
consequences of the mechanical activation
of chalcopyrite CuFeS,, the main structural
element of which is a closely packed hexag-
onal lattice composed from the sulfur ions,
with cations on tetrahedral-sites. During
the mechanical activation of CuFeS,, a new
component appears in the Mossbauer spec-
trum whose chemical shift increases from
0.20 = 0.02t0 0.33 % 0.02 mm/sec, which is
characteristic of the change of the iron co-
ordination from tetrahedral to octahedral
(14, 15). Thus, in this compound, the disor-
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dering of the densely packed hexagonal lat-
tice of anions is also accompanied by the
cation transition from tetrahedral- to octa-
hedral-sites.

Thus, the results allow us to establish
some general consequences of mechanical
activation of inorganic solids whose main
structural peculiarity is a close anion pack-
ing. A pulse of mechanical action produces
plastic deformations leading to imperfec-
tions in the packing. The cations transfer
from tetrahedral to large octahedral-sites.
The cations are randomly distributed on the
octahedral-sites and, particularly, may oc-
cupy sites which were vacant in the initial
structure. Evidently, this mechanism of
mechanical activation should apply to a
great number of inorganic solids.
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