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Reactive sintering of zinc ferrite

F.J. C. M. TOOLENAAR, M. T. J. VERHEES
Philips Research Laboratories, PO Box 80 000, 5600 JA Eindhoven, The Netherfands

The reactive sintering of zinc ferrite, i.e. firing without previously calcining, has been studied
using three types of iron oxide. The conversion into ferrite as well as the simultaneous densifi-
cation were investigated upon variations in morphology and impurity content. The formation
reaction is shown to be accompanied by a strong increase of the median pore size. This phenom-
enon appears responsible for the generally smaller density of the final material as compared
with single-phase sintering. It is shown that reactive sintering is inevitably accompanied by
expansion, irrespective of molecular volume variations. A calcining step appears indispensable
for the preparation of the highest quality of ferrites.

1. Introduction

The most vital step in the processing of a ceramic is
the sintering of the powder compact into’ the final
product. During this process the microstructure of the
material is developed which determines to a great
extent its performance. Reactive (or: reaction) sinter-
ing stands for the concurrent processes of reaction(s)
and densification during firing [1, 2]. A reaction in
this sense may be the formation of the intended pro-
duct [3-5], but the term is also used when oxidation—
reduction reactions [5], phase transitions [6], or the
formation of a solid solution [7] or a liquid phase
[8, 9] are involved. In this way reactions caused by
impurities or additives, which are often included in the
“normal” sinter process, in fact imply some sort of
reactive sintering.

Densification during sintering is usually brought
about by the lowering of the surface free energy
through elimination of solid—vapour interfaces by
material transport. The decrease in free energy in a
chemical reaction, however, is much larger [1, 10] —
and may also be accompanied by a diffusion flow [11].
The occurrence of such a reaction could be expected to
affect the densification behaviour and microstructure
development.

Ferrites are a good example of compounds which
undergo chemical reactions during sintering. For
instance after calcining, the reactants are usually
only partly converted into ferrite and full formation
has to take place during the subsequent sinter process.
As a rule, the aim is to achieve the highest possible
conversion after calcining [12]. However, the chemical
composition during sintering is only rarely considered.
Chemical reactions that have taken place [5] may thus
remain unnoticed. To investigate the pure effect of the
conversion, zinc ferrite is a suitable model system,
which has already been investigated thoroughly
[13-26]: the conversion takes place at a relatively low
temperature without the risk of a subsequent decom-
position. The objective of this paper is limited to
evaluating the effects of the formation reaction on the
development, of the microstructure during sintering.
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The problem in analysing such a process is the
separation of effects due to a particular reaction from
those originating from (e.g.) impurities or inhom-
ogeneities. For example, a local excess of iron oxide
induces extra cation vacancies [27], which strongly
affect the densification behaviour. In order to identify
such complications three types of iron oxide and three
ferrite compositions were examined.

2. Experimental procedure

Two commercial iron oxides were used: one from
BASF and a Ruthner type iron oxide from Hoogovens
(Ijmuiden, The Netherlands). As they differed both in
particle size and impurity content, BASF iron oxide
was calcined in air at 700°C to a material with a
specific surface area comparable with that of the
Ruthner Hoogovens iron oxide. This calcining pro-
cedure did not increase the impurity content of the
BASF iron oxide, except for a slightly higher silicon
level. The zinc oxide used was a very pure material
from UCB (Union Chimique Belgique, Drogenbos,
Belgium). Table I presents the relevant data of
all reactants. In Fig. 1 SEM photographs give an
impression of the morphology of the reactant
materials. Three ferrite compositions, Zn,_,Fe,,, O,
with x = 0, 0.03 and 0.10, were compared to detect
effects of the amount of excess iron oxide.

Mixing was performed by ball-milling in an iso-
propanol sturry which did not induce any detectable
conversion into spinel or change of the specific surface
area. In the following the mixtures of the different
iron oxides with the zinc oxide will be designated by
the code letters (A), (B) and (C) as in Table I. Isostati-
cally pressed (100 MPa) tablets were fired (heating rate:
120°Ch~", 4h at top temperature) in a double-pipe
furnace in which nitrogen could be flushed between
inner and outer tubes to prevent air from leaking in.
The sinter atmosphere was flushed at 2Imin~' and
consisted usually of air. Occasionally a temperature-
dependent amount of oxygen was applied according
to [28]: log po, = —12140/T + 8.70 with po, in % of
atmosphere and 7 in K.

0022-2461/88 $03.00 + .12 © 1988 Chapman and Hall Ltd.



TABLE I Raw materials

Property ZnO Fe,O,*
(A) (B) (9]

Am2g Hf 3 20 2.5 3

Dy (um)¥ 0.4 0.06 0.5 0.4

Purity$ 99.99 99.96 99.96 99.5
Na <9.01 <0.01 <0.01 0.02
Si <0.001 0.002 0.003 0.0091
Ca <0.001 <0.001 <0.001 0.009
Mn 0.0001 0.01 0.01 0.2
Ni <0.001 0.002 0.002 0.03
Cl <0.001 <0.001 <0.001 0.085

*(A) BASF iron oxide; (B) BASF iron oxide calcined at 700°C in
air; (C) Ruthner iron oxide.

T Specific surface area from BET.

IParticle size from 4.

§ By spectrochemical analysis in wt % (unless otherwise indicated).
' By chemical analysis in wt %.

The (reaction) sintered samples were characterized
by:

(i) density: if over 90% theoretical density by water
displacement, otherwise from the dimensions or from
mercury porosimetry (Carlo Erba 2000, Milan, Italy)
experiments;

(ii) conversion into spinel: by measuring (cali-
brated) peak heights from X-ray diffraction;

(iii) microstructure: if less than 85% dense, by
mercury porosimetry or by scanning electron micro-
scopy (SEM) of a fracture surface; otherwise by
observing the polished etched surface.

In separate experiments the densification in air was
monitored by dilatometry (Netzsch 402 ES single
push-rod dilatometer).

3. Results
The size of the particles as observed from SEM
photographs of the raw materials (see Fig. 1) agreed
with the data obtained from specific surface area
measurements (see Table I). Neither the oxygen
content of the sinter atmosphere nor the excess
amount of iron oxide were found to have any effect on
density, microstructure, or conversion after reaction
sintering at temperatures below 1100°C, i.e. before
the final density was reached. Consequently, no
further specifications in this respect are given.

The conversion into spinel in sintered samples as
a function of the sinter temperature (i.c. the top tem-
perature) is shown in Fig. 2, while the corresponding
densities are plotted in Fig. 3. A comparable but more
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distinct picture of the densification behaviour was
obtained by means of dilatometry, the results of which
are given in Fig. 4. In Fig. 4a the direct densification
curves reproduce the expansion of the (C) mixture,
observed already in Fig. 3 for samples after sintering.
The (B) mixture too showed a clear expansion now,
which appears smoothed in Fig. 3. An even more dis-
tinct picture was obtained by plotting the derivative
of the densification curves (Fig. 4b): now all three
mixtures display a comparable maximum around the
temperature at which the conversion took place. The
obvious conclusion is that the formation reaction is
in all cases accompanied by expansion.

To obtain more insight into the development of the
microstructure during the first stages of densification,
the samples were analysed by mercury porosimetry. In
Fig. 5 the median pore size obtained from these
experiments is plotted against the sinter temperature.
Especially in the case of the (B) and (C) mixtures it
can be seen that an increasing conversion (cf. Fig. 2
and Table II) is accompanied by an (extra) increase of
this pore size. Concurrently, the specific surface area is
decreasing, which implies an increase of the average
particle size, Dy, (see Table II). SEM pictures of
fracture surfaces confirmed the still distinct particle
morphology (without appreciable neck growth) after
sintering below 1000° C (Fig. 6).

The essential point, however, is the implication of
these parameters with respect to the final density and
microstructure. To this end we calcined (4 h at 800°C
in air) part of the mixtures and sintered pressed pellets
of both calcined and non-calcined powders. Fig. 7
shows typical results of the microstructures thus
obtained. The final pore size is strongly reduced by the
calcining procedure. No significant variations of this
trend were observed between the results of the (A), (B)
and (C) mixtures.

4. Discussion

It is well known that the powder characteristics of the
raw materials influence both the conversion and the
sintering of ferrites [21-25]. The (B) mixture with the
coarser iron oxide, however, showed the same tempera-
ture dependence for the conversion as the (A) mixture
(see Fig. 2). At first sight this is in contrast with an
earlier report [23], but in that case the particle size
variations were not only larger but should probably be
ascribed indeed rather to differences in vacancy con-
centration of the reactant materials than to a particle
size effect. Furthermore, it should not be precluded
that the absence of a difference between the (A)

Figure | SEM pictures of the
UCB zinc oxide and the iron
oxides: (a) BASF iron oxide; (b)
as (a) but calcined at 700° C in air;
(c) Ruthner iron oxide.

(d)
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Figure 2 Conversion into spinel of sintered pellets as a function of
sinter temperature: (O) (A) mixture, (®) (B) mixture, (a) (C) mix-
ture.

and (B) mixtures is caused by the strong degree of
agglomeration of the fine particles in the (A) mixture
(cf. Fig. 1). The (C) mixture with the both coarser
and less pure iron oxide, on the other hand, showed
conversion into spinel at a lower temperature. Either
a better mixing [25] is obtained with this iron oxide
(e.g. because of the apparently more rounded particles
as shown in Fig. 1), or the increased conversion is
caused by the presence of (some of the) impurities.
Indeed, it has been shown before [29] that (e.g.)
chloride impurities may enhance the conversion into
spinel. A volatilization of iron in the form of ferric
chloride might be involved here [30].

The densification is much more strongly influenced
by the morphology: the temperature at which the
densification starts increases with the particle size.
With the (C) mixture, however, an additional increase
of this temperature (Figs 3 and 4) was found. Better
mixing and thus stacking of the particles would
have been expected just to improve the densification
characteristics, so in this case only the presence of
(some of the) impurities appears a likely cause of the
observed differences. At the moment, we do not know
what impurities are effective, nor the mechanism(s) by
which they operate. From the results presented in
Figs 3 and 4 it is clear that the formation reaction is
always accompanied by macroscopic expansion. Even

TABLE II Characteristics of sintered (C) mixture pellets
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Figure 3 Density of sintered pellets as a function of sinter tem-
perature: (O) (A) mixture, (®) (B) mixture, (a) (C) mixture.

when an expansion seems absent, as in the case of
the (A) mixture, this is only because of interference
between densification (starting already at a lower
temperature) and expansion (during reaction).

The concurrence of a large initial expansion with
a chemical reaction — or, more generally, with inter-
diffusion — is not uncommon [4, 31-35]. Sometimes
an expansion can simply be explained by an increase
of the average molar volume [32, 34], but with the
formation of zinc ferrite from the oxides this is not the
case: the average density of a mixture of zinc oxide
and iron oxide, 5.35gcem ™, is almost equal to that
of zinc ferrite, 5.34 gem™ [36]*. In the comparable
formation of zinc aluminate, it has been suggested
[4, 34] that the product phase would separate the
original reactant grains before they had disappeared.
However, it is not necessary to assume such a mech-
anism to explain the expansion. A Kirkendall effect of
unequal diffusion flows would cause an increase of the
porosity (and hence of the volume) in the faster dif-
fusing species [31, 33, 37]. In the extreme case of
diffusion of only one component an expansion should
also be expected. Consider a system of spheroid
equimolar particles of iron oxide and zinc oxide. A
bce-like stacking of these with Fe, O, at the vertices
and ZnO in the centre, would result in an expansion of
already more than 10%. The reason obviously is a less

7oy ¢ (gem™)F o (%)t pso () A’ gl Dy (pmy* Dy/ryse
- 2.82 0 0.100 3.40 0.33 33

600 2.70 5 0.135 291 0.38 2.8

650 2.59 48 0.184 2.40 0.46 2.5

700 2.55 92 0.246 2.11 0.53 2.1

800 2.55 100 0.291 1.57 0.7t 2.4

900 2.50 100 0317 1.43 0.78 25

1000 2.66 100 0.341 1.22 0.92 2.7

*The sample was heated 4h in air at this temperature.

1 Density of the sample determined from its weight/volume ratio.
I Conversion from calibrated X-ray diffraction peak heights.

§ Median pore radius from mercury porosimetry.

Y Specific surface area from BET.

*The particle diameter from 4 according to Dy = 6/(¢,A), where g, is the theoretical density.

*This is contrary to the (unreferenced) values suggested by Lesniewski et al. [35].
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Figure 4 In situ densification as measured with dilatometry: (a)
densification curves, (b) derivatives of the densification curves.
(—) (A) mixture, (- --) (B) mixture, (—-—-—-—) (C) mixture,

ideal filling-up of the space. Anyhow, in practice a
macroscopic expansion appears to be almost inevi-
tably linked with reactive sintering in the sense of
concurrent formation reaction and densification.
Pore growth is also a well-known phenomenon dur-
ing the sintering of single-phase ceramics. Whittemore
and Sipe [38] showed that neck growth during the first
stage of sintering would account already for an
increase of 45% of the original value of the pore
diameter after compaction. Even an increase by a fac-
tor of two or three, as in our results, is not uncommon
[39-40]. Several effects may be involved here. The
microstructure after reactive sintering (as shown in
Fig. 7) is not unlike that after sintering a material with
a large excess of iron oxide [39]. A local excess could
be conceived from the a priori inhomogeneity of
reactive sintering, although one would have expected

001 —
500 1000

Sinter temperature (°C}

Figure 5 Median pore size from mercury porosimetry as a function
of sinter temperature: (O) (A) mixture, (®) (B) mixture, (a) (C)
mixture.

Figure 6 Microstructure after sintering at 1000°C in air of an (A)
mixture, showing still a clear particle morphology.

then an influence of the amount of overall excess —
which was not the case, as stated above. Other effects
that may be held responsible are (e.g.) the inhomo-
geneous densification caused by a broad particle size
distribution [41, 42], or the occurrence of the already
mentioned Kirkendall porosity by unequal mutual
diffusion of the reactants [10, 33, 37].

This (extra) increase of the pore size could have
severe consequences with respect to the microstruc-
ture after sintering. It has been shown that the ability
for a pore to be removed during sintering is deter-
mined by its size [43], or, more accurately, by its
pore coordination number, i.e. the number of particles
surrounding the pore [44]. Above a certain critical
value of this number the pore cannot be removed,
which sets a limit to the attainable density. An
impression of this pore coordination number can be
obtained by considering the ratio of particle size and
pore size, Dy/r,s in Table II — provided that the
compacts compared do not differ in extent of neck
growth. The higher this ratio, the smaller the (average)
number of particles surrounding the pores. In experi-
ments with a single-phase material this number gradu-
ally increases with proceeding densification. However,
with the (C) mixture it clearly decreased concurrent
with the formation reaction (see Table IT). As a result,
the average pore coordination number is increased,
and hence the number of pores which cannot be
removed during sintering. This could lead to the very
large pores in Fig. 7. Anyhow, an increase of the
porosity appears to be an inherent phenomenon of
reactive sintering. An improvement of this process
might be expected from a more gradual densification
(in time) by “‘rate-controlled sintering”, but this would
not principally counteract any of the effects described
above.

When the formation reaction precedes densifi-
cation, reactive sintering will therefore always result
in a lower density. On the other hand, if the densifi-
cation precedes the reaction this will probably happen
inhomogeneously and induce stresses and pore growth
[2, 37, 42, 45] owing to differences in morphology and
inherent properties of the reactants. It is not surprising
then that the microstructure after “green sintering” is
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generally characterized by a lower density and larger
pores, as seen in Fig. 7. Comparable results upon
variation of sinter and calcining temperature have
been shown before for manganese—zinc ferrites [5].
An improvement of the microstructure can only be
expected in the suppression of discontinuous grain
growth, caused (and hence inevitably accompanied!)
by the larger pores which stick more strongly to the
grain boundaries. To minimize the increase in pore
size during the reaction, the best results would seem
achievable with homogeneously mixed particles smaller
than those applied in this report.

5. Conclusions

Reactive sintering of zinc ferrite is always accom-
panied by a macroscopic expansion and an increase
of the average pore size. The reason is that the
simultaneous process of formation reaction and
densification will decrease the homogeneity of the
compact. With the materials investigated in this
report a calcining step appears essential to obtain
the homogeneity required for preparing high-quality
ferrites.
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