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Abstract

The sintering of ferrite powders prepared by a hydrothermal treatment of starting oxides was studied in comparison with con-
ventional pre-sintered powders. Two hydrothermal powders were prepared, one with a similar degree of conversion into spinel
products as the pre-sintered powder but with a larger specific surface, and the other with a lower specific surface area and a high
degree of conversion into MnZnFe,Oy,. In the first powder, non-homogeneity caused primarily by the agglomeration of the Mn-rich
particles (Mn304 and ZnMn,O,) resulted in the formation of Kirkendall porosity, which significantly influenced the densification

process. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The large-scale production of MnZn-ferrite ceramic
materials is based on ceramic technology involving pre-
sintering of a homogenized mixture of the appropriate
starting oxides at temperatures around 900°C in air.
This pre-sintered material is subsequently milled to
produce the ferrite powder. The pre-sintering step has
the following effects on the ferrite powder:! (i) oxides
are partially transformed into various spinel phases, (ii)
the variations in reactivity of the individual starting oxi-
des are reduced and (iii) the starting mixture is homo-
genized. This last effect is believed to have the largest
influence on the properties of the final sintered ferrites.!

An alternative method involves the preparation of
ferrite powders by the hydrothermal treatment of start-
ing oxides.? During hydrothermal treatment, chemical
reactions between oxides occur in an autoclave at ele-
vated temperatures around 300°C under a high pressure,
normally under equilibrium water pressure. As a result
of the hydrothermal treatment, multiphase powders are
obtained, composed of some residual reactants (Fe,Os,
Mn;0,4) and spinel products, e.g. ferrite Zn(Mn)Fe,O4
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and manganate ZnMn3 " O,. The nature of the spinel
products formed as well as the degree of conversion into
the products is a function mainly of the oxidation state
of the manganese present during treatment. To obtain a
high degree of conversion to MnZnFe,O,, the starting
oxide mixture containing MnO has to be hydrothermally
treated under an inert atmosphere.?

Hydrothermally derived powders are much finer than
conventionally prepared powders using pre-sintering.
Their high reactivity demands special attention during
sintering. The aim of the present work was to study
the sintering of the hydrothermally derived powders in
comparison to the conventional pre-sintered powder.

2. Experimental

Two different ferrite powders with a composition
corresponding to the formula Mng soZng42Fes 0704
were prepared using a hydrothermal treatment of the
intimate mixture of starting oxides: Fe,O3; (CSR 800,
Chemirite LTD., specific surface area 6.0 m?/g), ZnO
(Zinkweiss Pharma A, 3.9 m?/g) and Mn;0,4 (Brownox-
X, Tosoh Corp., 13.5 m?/g) or MnO (Johnson Matthey,
0.6 m?/g) for 2 h at 300°C under an equilibrium water
pressure. The powder A was prepared using Mn;04 as a
source of manganese and the hydrothermal reaction was
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conducted in air, while for powder B, MnO was used for
hydrothermal reaction under an inert atmosphere.
Details of the hydrothermal method used are explained
in Ref. 3. After the hydrothermal treatment, the pow-
ders were milled in a steel ball mill for additional
homogenization and deagglomeration.

For the comparison, powder C was prepared using
classic ceramic technology by pre-sintering of the start-
ing oxide mixture with Mn3;O4 for 1 h at 900°C in air
and subsequent milling in a steel planetary ball mill for
4 h in an aqueous environment.

The powders were analyzed using quantitative X-ray
powder diffractometry (XRPD),> thermal analysis
(DTA/TGA), scanning (SEM) and transmission (TEM)
electron microscopy and other methods.

To study the sintering process, the powders were
granulated with 2 wt.% PVA and 0.5 wt.% PEG and
pressed into tablets with a green density of 3.00 g/cm?>.
Shrinkage of the samples during sintering was studied
using a dilatometer (Type 802, Bihr Gerdtebau GmbH,)
at a constant heating rate of 5°C/min in air, or in N,
containing less than 500 ppm O,. The reactions occurring
during sintering were studied using high-temperature
diffractometry (HT-XRPD), SEM and DTA/TGA.

3. Results and discussion
3.1. Analysis of the powders

The powder A had the largest specific surface area
(7.2 m?/g) and the lowest degree of conversion into the
spinel products. Phase-composition analysis using a
combination of XRPD and TEM/EDS showed that
powder A was composed of the remaining reactants
Fe,05 (~52 wt.%) and Mn3Oy4 (~6 wt.%), and of two
spinel products, ZnFe,O4 and ZnMn3* Q4. TGA analy-
sis (Fig. 1) suggested that the manganese was present
preferentially in the oxidation state 3+, since Mn3Oy4
was oxidized during the hydrothermal treatment in air.
The particles of individual phases present in powder A
had different shapes and sizes; the oblong particles of
Fe>O; and the octahedrally shaped crystallites of ZnFe,Oy4
were much larger (~ 0.3 um in size) than the rounded Mn-
rich particles of Mn3;O4 and ZnMn,Oy4 (less than 0.1 pm
in size). The small Mn-rich particles have a strong ten-
dency to agglomerate [Fig. 2 (a)].

Powder B had a lower surface area (4.0 m?/g) than
powder A, but a much higher degree of conversion into
the spinel products. In addition to Fe,O3 (~13 wt.%), it
was composed mainly of (Mn?", Zn)Fe,O, spinel and
was much more homogeneous than powder A. The
manganese in powder B was present preferentially in the
oxidation state 2+. This can be demonstrated by TGA
showing mass changes corresponding to the oxidation
of MnO to Mn,Oj3 during heating in air (Fig. 1).
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Fig. 1. Thermogravimetric measurements on samples heated in air
and in N».

The conventional powder C had a surface area similar
to powder B (4.6 m?/g) and a degree of conversion
similar to that of powder A (it contained ~52% of the
remaining Fe,053).

3.2. Sintering

During the heating of multiphase mixtures, the
shrinking of the samples is often influenced by chemical
reactions (reaction sintering). Fig. 3 shows changes in
the relative intensity of the Fe,O5 (104) XRD peak with
the temperature for the samples heated in air or in N. It
can be seen that Fe,O; is consumed by the (Mn?™,
Zn)Fe,04-formation reaction at a higher rate when sin-
tered in N5 than in air. In N,, the formation of (Mn?*,
Zn)Fe,0y4 in all the samples was already completed after
heating to 900°C, while in air, Fe,O; grains were
observed by SEM/EDS in sample A even after heating it
to 1150°C. During heating in air at temperatures below
~ 700°C, the manganese present in the starting powder
in the oxidation state 2+ is oxidized (Fig. 1) and conse-
quently the MnZnFe,O4 present in the powder decom-
poses (intensity of Fe,O3 peaks increase with temperature
for sample B, Fig. 3). During heating in N», the Mn?™ is
preserved and consequently the ferrite-formation reac-
tion is completed at a much lower temperature than in
air.

Figs. 4 and 5 show the shrinkage curves and the cor-
responding shrinkage-rate spectra for the samples sin-
tered in air and in N», respectively. During heating in
air, a small step-like shrinkage at ~600°C is visible. This
step-like shrinkage, which is largest for sample B, while
hardly visible for sample A, is related to the oxidation
reaction of Mn?* (Ref. 4). In air, sample A starts to
shrink at a lower temperature (~660°C) than sample B (~
800°C). This is consistent with the fact that powder A
exhibits the largest specific surface area. Moreover, the
onset of shrinkage in sample B may be delayed due to oxi-
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Fig. 2. SEM micrographs of powder A (a) and samples A, heated in air to 600°C (b), 900°C (c) and 1150°C (d) illustrating the formation of Kir-

kendall porosity.

dation reactions. During sintering in N, all three samples
start to shrink at nearly the same temperature (~ 600°C),
lower than during sintering in air.

Due to heterogeneity of the powders and the con-
sequent chemical reactions accompanying the densifica-
tion, the shrinkage-rate spectra exhibits two shrinkage-
rate maxima [Figs. 4(b) and 5(b)]. The first maximum,
at a lower temperature, is especially large for powder A,
which has the largest surface area, the lowest degree of
conversion into spinel products and is very non-homo-
geneous. The major influence on the non-homogeneity
of this powder is the agglomeration of the Mn-rich
particles in an aqueous environment. Due to counter-
diffusion of the ions with different diffusivities, the fer-
rite-formation reactions are accompanied by the forma-
tion of large Kirkendall pores.’ These large pores are
visible in the microstructures of samples A, cooled from
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Fig. 3. Change in the intensity of the Fe,O3 (104) peak relative to the
intensity of the spinel (311) peak with temperature illustrates the con-
sumption of Fe,Oj3 for the ferrite-formation reaction or an increase in
its concentration due to decomposition of MnZnFe,O,4. High tem-
perature-diffractometry was performed during heating in air or in Nj.
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1000°C under equilibrium conditions [Figs. 4(a) and
5(a)].

Fig. 2 illustrates the formation of the Kirkendall
pores. Mn from the large Mn-rich agglomerates present
in powder A [Fig. 2(a) and (b)] diffuse into the sur-
rounding matrix, leaving the Kirkendall pores behind
[Fig. 2(c) and (d)]. At porous regions of the sample,
much higher concentrations of Mn were detected by
EDS, than in the surrounding matrix. The formation of
pores may be additionally influenced by the oxygen
release related to manganese reduction during its incor-
poration into the ferrite. Due to formation of Kirken-
dall pores related to the ferrite-formation reactions, the
shrinkage rate is decreased, resulting in the first, low-
temperature maximum in the shrinkage-rate spectra. In
samples B and especially in the conventional samples C,
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Fig. 4. Shrinkage curves (a) and corresponding shrinkage-rate spectra
(b) for samples sintered in air. In (a) SEM micrographs of samples
cooled under equilibrium conditions from 1000°C are inserted.

where better homogeneity is expected than in sample A,
this low-temperature maximum in the shrinkage-rate
spectra are difficult to resolve, while large Kirkendall pores
were very seldom observed. In the conventional sample
C these effects are not pronounced in spite of the low
conversion rate of the starting oxide mixture into the
spinel products after the pre-sintering step in air, con-
firming the advantageous effect of the pre-sintering on
the homogeneity of the ferrite powder.! The first low-
temperature maximum appeared at lower temperatures
during sintering in N, than in air, in agreement with the
fact that in N, the ferrite-formation reactions occur at
lower temperatures.

The maximum shrinkage rate, i.e. the second, high-tem-
perature maximum in the shrinkage-rate spectra, could be
related to sintering of the already-formed MnZnFe,O,. It
was observed at temperatures around 1150°C in air and
at higher temperatures (above 1200°C) in N,. The final
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Fig. 5. Shrinkage curves (a) and corresponding shrinkage-rate spectra
(b) for samples sintered in Nj. In (a) SEM micrographs of samples
cooled from 1000°C are inserted.
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shrinkage, as well as the maximum shrinking rate, was
higher in N; than in air for all the samples. This can be
explained by the increase in oxygen lattice diffusion
during sintering under a low oxygen partial pressure.®
In the present investigation, relatively large differ-
ences in the sintering behavior have been observed
between the hydrothermally prepared ferrite powders
and the conventional pre-sintered powder. The hydro-
thermal powder A had the largest specific surface area
and was the most reactive, however, the agglomeration
of the Mn-rich particles during hydrothermal treatment
negated the benefit of a large specific surface area.

4. Conclusions

This study of sintering has shown that ferrite powders
prepared by the hydrothermal treatment of commercial
raw oxides can be successfully used for the preparation
of MnZn ferrites with improved properties when a suffi-
cient homogeneity of the powder is achieved. To achieve
this homogeneity, the agglomeration of individual pha-
ses (Mn-rich particles) in the aqueous environment of the
hydrothermal treatment has to be prevented.
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