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ABSTRACT

Differential thermal analysis has been
used to follow the oxidation of magnetite
in solid solution with a nickel-zinc ferro-
spinel, and the solid-state reaction lead-
ing to the formation of the ferrospinel
from the oxides. Differential thermal curves
for the series Ni_474 Zn_526 FepO) - FEBOM
are shown and explained., An attempt was
made to follow the solid-state reaction which
occurs during the formation of the ferro-
spinel from the oxides.
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THE OXIDATION OF THE SYSTEM Ni )7l Zn spg FepOy - Fes0y

Ferrospinels utilized as ferromagnetic elements in electric circuits have
the advantages of high permeability combined with high resistivity. One detri-
mental factor which contributes to the lowering of the resistivity is ferrous
iron in the structure. Ferrous iron also effects the anisotropy and magneto-
struction which in turn effect the permeability. It is therefore necessary to
understand the conditions under which it forms and methods of oxidizing it
once it has formed, to control better the magnetic properties of the ferro-
spinels.

The usual procedure for the preparation of the nickel-zine ferrite is to
mix intimately NiO, ZnO, and Fe205 in the desired proportions, press them into
the required form, and fire at 1100°C to 1L00°C until the solid-state reaction
has been completed. Ferrous iron will form if Fe205 is present in excess of the
amount required for the formation of Ni,Znq_,FesO). Jeffersont has investigated
the formation of ferrous iron in a nickel zinc ferrospinel under these condi-
tions. When the oxides are mixed in stoichiometric proportions, there_aré two
mechanisms by which ferrous iron can form. The formation below about 1300°C is
caused by localized nonstoichiometric regions. Ferrous iron content due to this
cause can be minimized by thorough mixing of the oxides and a prolonged firing
time. The effect of firing time and extent of mixing on ferrous iron formation
in a stoichiometric nickel-zinc ferrospinel was investigated and reported by
Jefferson and Grimes.® Above about 1300°C, the presence of ferrous iron in
stoichiometric material is due to the decomposition of the nickel-zinc ferro-
spinel. Van Uitert? has shown that volatilization of zinc occurs, which leaves
the material with an excess of FepOz. Ferrous iron formation by this mechanism
increases with firing, rather than decreases as occurs in the first case.

It has been known for some time that two iron sequioxides exist. OFep0z is
the ‘common form and has the hexagonal structure. 7Fe205 is cubic and differs
from magnetite in that cation vacancies exist in the structure. It is known
that under certain conditions magnetite oxidizes to 7F6205 followed by trans-
formation to aFeQOB. Due to the similarity in crystal structure between yFep0O3
and magnetite, direct evidence for the transformation has been difficult to ob-
tain, and the subject remains controversial.

KojimalL studied the transformations in iron oxides by following the mag-
netic remanence and coercive force as a function of temperature in various
atmospheres. He concluded that yFepO3 is an intermediate product in both the
oxidation of magnetite of aFe205 and in the reduction of dFe205 to magnetite.
David and Welch® investigated magnetite prepared by reduction of GFepOz and by
precipitation. Only the magnetite prepared by precipitation showed the forma-
tion of 7FepOz on oxidation. The authors concluded that yFepOz is stable only

if water is present in the lattice. Behar6 conducted a micrographic study of
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the oxidation of magnetite, and concluded that oxidation occurs first in the
[111] direction.

The oxidation of magnetite has been investigated by differential thermal
analysis by several investigators. Magnetitie shows two characteristic exo-
thermic peaks. The first peak occurs at about 300°C, while the second broader
peak occurs at about 900°C. Kulp and Trite! concluded that synthetic magnetite,
prepared by a reduction of aFepOz at low temperatures, is transformed to 7Fe205,
but they attributed the first peak in natural magnetite to recrystallization
with no formation of yFepOz occurring. This conclusion 1s based on the facts
that the size of the peak is proportional to particle size, and that the mate-
rial heated beyond the first peak contains a considerable amount of ferrous
iron. Schmidt and Vermaas® concluded that the first peak in natural magnetite
is due to surface oxidation and the second peak to volume oxidation instigated
by recrystallization of the protective surface layer of aFeQOE. They agree
with Kulp and Trite, that no 7Fep0z 1s formed.

An investigation of the oxidation of the solid-solution series Ni.474
Zn spp FepOl - Fez0) has been undertaken to attempt to understand the processes
involved in oxidizing the ferrous iron in solid solution with the nickel-zinc
ferrospinel. The samples used were prepared by ball-milling NiO, ZnO, and
aFe205 in acetone for six hours. The oxides were dried, pressed into compacts,
fired in air for 1425°C for one hour, and water-quenched. The samples were then
crushed and passed through a 325-mesh sieve. The differential thermal analysis
curves were obtained with a unit built according to the Department of Agricul-
ture design. A platinum-vs-platinum—10%-rhodium differential thermocouple
was used at a sensitivity setting of 2.9 microvolts per centimeter. A chromel-
alumel thermocouple was used to determine the temperature of the block. This
thermocouple was calibrated against the inversion temperature of quartz using
the procedure given by Faust.9 The heating rate was 12°C per minute.

The differential thermal curves are shown in Fig. 1. The curves show a
slight exothermic peak at 360°C from the Curie temperature of the nickel sample
holder. The curve for magnetite shows the two characteristic exothermic peaks
along with a break at the Curie temperature of magnetite, 585°C. To identify
the cause of the exothermic peaks, the oxidation of magnetite was followed by
determining the change in weight, and the change in ferrous iron content of a
sample heated in air for 15 minutes at 50°C temperature intervals. . Figure 2
shows the percent change in weight. There is a break in the curve between
250° and 300°C. This same break was obtained in the ferrous iron content of the
samples. The change in rate of oxidation at this temperature interval would ap-
pear to explain the low-temperature exothermic peak in the differential thermal
curve of magnetite. It is concluded that this peak in magnetite is caused by
surface oxidation, as proposed by Schmidt and Vermaas.

Schmidt and Vermaas state that the oxidation of magnetite is accelerated
at the Curie temperature. Figure 2 shows no indication that this is the case.
It appears that the second peak is not due to any sudden initiation of oxidation
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but rather makes its appearance when the continuously increasing rate of oxida-
tion becomes sufficiently rapid.

Curves 1 through 9 of Fig. 1 are the differential thermsl curves for the
solid-golution series Ni_u74 Zn'526 FeoOy - FeBOu. Curve 1 shows a broad exo-
thermic peak, due to the oxidation of the ferrous iron formed in the stoichio-
metric ferrospinel at the temperature of formation of 1425°C. As the magnetite
content is increased in Curves 2 to 9, this peak becomes less broad and moves
down in temperature and corresponds with the low temperature peak in magnetite.
Curves 8 and 9 have what appears to be two superimposed peaks. There is the
possibility that the first of these two peaks increases in amplitude to become
the low-temperature peak in magnetite. This does not seem as likely as the
above explanation. In Curve 4 a second exothermic peak makes its appearance.
This peak moves down in temperature with increasing magnetite content and de-
creases in amplitude, until it has almost disappeared in Curve 10. A third
higher temperature peak makes its appearance in Curve 6. (The second peak in
Curve 5 might well be a summation of two superimposed peaks.) This third
peak moves up in temperature and corresponds with the high-temperature peak in
the magnetite curve.

By identifying the exothermic peaks in the solid-solution series with those
in magnetite, it can be concluded that the surface oxidation of the magnitite in
solid solution occurs at a higher temperature than in magnetite itself, and the
oxidation in the interior occurs at a lower ftemperature. The peak occurring at
the intermediate temperature is thought to be due to the transformation of
7Fep0z to OFepOz. Since Michel and Lenseni® and others have shown that certain
foreign ions stabililize the 7Fe205 structure, it seems reasonable to assume that
in the solid solutions investigated some stabilization of ¥FepOz has occurred.

THE SOLID-STATE REACTION

The use of differential thermal analysis to study the formation of the
ferrospinel from the oxides was attempted. The sintering of the material to
the thermocouple proved to be a problem, and only one or two runs were possible
before 1t became necessary to replace the differentisl thermocouple.

The differential thermal curves of Fig. 3 were obtained from oxide samples
ball-milled to insure proper mixing. The equipment used was similar in design
to that described above, but the recording was made with an X-Y Recorder. The
sensitivity was 200 microvolts per cm and the heating rate was 25° per minute.
A stainless steel sample holder replaced the nickel oune.

All the curves in Fig. 3 show an exothermic peak between %00 and 325°C.
Curve 1 is from magnetite prepared by firing aFe205 at 1425°C while Curve 2
1s from OFep0z ball-milled for six hours in acetone. Curve 3 is from the same
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aFep03 before it was ball-milled. From the resemblance between the low-tempera-
ture peaks in Curves 1 and 2, it is concluded that a surface layer of magnetite
is formed on the OFepOz particles.

Curves L4 through 8 are for the following oxide mixtures: NiO + FepO3;
Zn0 + FepOz; .4 NiO + .6 ZnO + FepOz; .LTh NiO + .526 ZnO + 1.29k FepO3; and
4 Ni0 + .6 ZnO + FepOz + .0075 VoOs, respectively. The break at 680° in Curves
2 through 8 corresponds to the temperature of transformation of aFepOz from an
antiferromagnetic state to a paramagnetic state. According to Willis and Rook-
sky,ll there 1is a sudden expansion along the triad axis and a change In the
rhombohedral angle on cooling through this temperature. There is an indication
that NiO + FepO3 (Curve 4) reacts at a higher temperature than ZnO + FepOsz
(Curve 5). The curves for samples of .4 NiO + .6 ZnO + FepOz and .LTh NiO +
.526 Zn0 + .1294% FepOz are difficult to interpret. Curve 6 resembles Curve 5,
while Curve 7 appears to have a double peak at the higher temperatures. The ad-
dition of V205 in small emounts has been shown by Grimes, Thomassen, Jefferson,
and Kotharyl? to lower the temperature of ferrospinel formation. Curve 8 from
material containing a small amount of VpOs shows a decided exothermic peak at
about 820°C. It is interesting to note that the melting point of V205 is given
as 800°C in the Handbook of Chemistry.l’

CONCLUSICN

The oxidation of magnetite occurs in two stages. The surface oxidation at
about 250-300°C is marked by a sharp exothermic peak in the differential thermal |
curve. The rate of volume oxidation increases with temperature and becomes suf-
ficiently rapid. at the higher temperatures to give rise to a second broad exo-
thermic peak at .900°C.. The surface oxidation of magnetite in solid solution
with a nickel-zinc ferrospinel occurs at a higher temperature than in magnetite
itself, while the volume oxidation occurs at a lower temperature. A third exo-
thermic peak occurs in the intermediate compositions which has tentatively been
ldentified with the transformation of yFepOz to QFepOx.

The use of differential thermal analysis to study the solid-state reaction
occurring during the formation of the ferrospinel from the oxides did not prove
very informative. There is an indication that NiO + FepOz reacts at a higher
temperature than does ZnO + FepOz. The presence of an exothermic peak in all
material ball-milled in steel ball mills was traced to QFep03. The similarity
in the differential thermal peak of this material to that of magnetite leads to
the conclusion that magnetite has formed on the surface of the particles. The
addition of small amounts of VpOs to the oxide mixture is known to lower the
ferrospinel formation. Differential thermal curves of the material shows an
exothermic peak near the melting point of V205.
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