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Abstract

The effect of minor additions (<1 wt%) of SiO,
and CaCO; to manganese ferrites was investigated.
Complex impedance analysis showed that the resis-
tivity was modified by altering the electrical re-
sponse of the grain boundaries. The measured resis-
tivity of the grain boundaries went through a
maximum at between 0-2 and 0-4 wt% additions.
DC conductivity measurements showed a shift from
grain boundary to bulk control of the conductivity
at fields >10° V/m. An equivalent circuit model was
used to calculate the coefficient of non-ohmic re-
sponse for Mn ferrites which were less than 3-0 for
all compositions investigated. Differential thermal
analysis in a magnetic field showed that Mn ferrite
decomposed when subjected to post sintering ther-
mal anneals at temperatures >600°C in air. The ad-
dition of less than 1 wt% SiO, and CaCOj inhibited
this phase decomposition, by preventing the rapid
diffusion of oxygen at the grain boundaries. The
control of oxidation in ferrites by dopants is in ad-
dition to the previously recognized role in the con-
trol of the electrical and magnetic properties.

Der Effekt der Zugabe (< I Gew%;) von SiO, und
CaCO; zu Manganferriten wurde untersucht. Die
Untersuchung der Wechselstromimpedanz zeigte, daf3
sich der Widerstand durch das unterschiedliche Ver-
halten der Korngrenzen verdnderte. Der gemessene
Widerstand der Korngrenzen ging durch ein Maxi-
mum bei Zugaben zwischen 0-2 und 0-4 Gew%. Die
Gleichstromleitfihigkeit verdnderte sich von Korn-
grenzen- zu Materialleitfihigkeit bei einer Feld-
stirke > 10° V/im. Mit Hilfe eines Aquivalentschalt-
kreismodells wurde der Koeffizient des Nicht-
Ohmschen-Verhaltens der Mn-Ferrite berechnet. Der
Koeffizient war fiir alle untersuchten Verbunde kleiner
als 3-0. Die Differentialthermoanalyse in einem mag-
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netischen Feld ergab, daf3 Mn-Ferrite zerfallen, wenn
sie nach dem Sintern bei Temperaturen > 600°C an
Luft warmebehandelt werden. Die Zugabe von weniger
als 1 Gew% SiO, und CaCO; hemmte den Zerfall
dieser Phase durch das Verhindern der schnellen Sauer-
stoff-diffusion entlang der Korngrenzen. Die Kontrolle
der Oxidation in Ferriten durch Dotierung ist ein neuer
Aspekt, der zusdtzlich zu der bereits bekannten Rolle,
die die Dotierung bei der Kontrolle der elektrischen
und magnetischen Eigenschaften spielt, gefunden wurde.

On a étudié l'effet de faibles additions (<1%pond)
de SiO, et CaCO; dans des ferrites de manganése.
L'analyse de !'impédance complexe montre que la
réponse électrigque des joint de grains a été modifiée,
Jjoints de grains, d’aprés les mesures, passe par un
maximum pour une teneur comprise entre (-2 et
0-4%. Les mesures de conductivité en courant continu
mettent en évidence le passage d'une conductivité
controlée par les joints a une conductivité controlée
par le volume, pour des champs >10° V/m. On a
calculé le coefficient de réponse non-ohmique pour
les ferrites de manganése a l'aide d'un modéle de
circuit équivalent : on trouve des valeurs inférieures
a 3-0 pour toute les compositions étudiées. L'analyse
différentielle thermique sous champ magnétique montre
que la ferrite de manganése se décompose lorsqu’on
la soumet, aprés frittage, a des recuits sous air a
T>600°C. Ern ajoutant une quantité de SiO, et
CaCO; inférieure a 1% pond, on peut éviter cette
décomposition, en empéchant la diffusion rapide de
l'oxygeéne aux joints de grains. Ainsi l'addition de
dopants permet non seulement de contréler les pro-
priétés électriques et magnétiques, ce qui etait déja
admis, mais aussi de controler 'oxydation.

1 Introduction

During the last 30 years there has been an in-
creased recognition of the importance of grain
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boundaries in determining the electrical properties
of oxide ceramics."? This has lead to further
recognition that grain boundaries can be engi-
neered to yield new devices with unique properties
such as (1) internal boundary layer capacitors,
SrTiO; based materials doped with Nb, Ta, or W;
(2) positive temperature coefficient thermistors,
BaTiO, based materials doped with La, Bi, Y, Sb
or Ta; and (3) voltage dependent resistor or varis-
tors, based on zinc oxide. The common feature of
each is the presence of conductive grains separated
by insulating grain boundaries.

Minor dopant additions to commercial ferrites
are widely used to control their electrical and
magnetic properties.>* Of particular concern is the
control of eddy current losses in Mn-Zn ferrites.
Eddy current losses are due to electrical resis-
tance-losses within the magnetic core caused by al-
ternating electric fields. It is given by

C 242
=27 M)
p

where P, is the eddy current loss, C is the propor-
tionality constant, B is the flux density, f is the
frequency, and p is the resistivity. Several ap-
proaches have been developed to address various
aspects of this problem. These include enhancing
the resistivity of the grains. The resistivity of the
grains can be increased by substitution of Ti** for
the Fe?* ion on the octahedral site in the spinel
lattice. The Ti** ions trap the conduction electrons
associated with Fe** ions which suppresses elec-
tron hopping between Fe?* and Fe**. Other addi-
tives that alter the electronic properties by substi-
tution on the cation sublattice, generally the
octahedral site, include SnO,, Sc,0;, In,05, Li,O,,
and V,0s.°

Eddy current losses can also be minimized by
forming uniform, small grain, pore free micro-
structures. High purity raw materials or additives
which suppress grain growth, such as Ta,Os, can
be utilized to control the grain size.

In the pioneering work, Guillaud® reported the
effect of calcium addition in reducing eddy current
losses in ferrites. The addition of SiO, and CaO to
MnZn ferrite was reported by Akashi’ to increase
the resistivity and decrease the eddy current loss
by the formation of highly resistive grain bound-
aries. The addition of Ca, usually in combina-
tion with SiO,, has been utilized by numerous
authors*>*® to control magnetic losses in ferrites.

P

2 Experimental procedure

Mn ferrites were prepared using standard ceramic
processing techniques. Oxides and carbonates of

the starting materials were mixed in a polypropy-
lene ball mill with isopropyl alcohol and either
calcia stabilized ZrO, or steel grinding media for
30 min. The powder was oven-dried at 110°C fol-
lowed by calcining in air at 1000°C for 4 h in a
platinum crucible. The calcined powder was then
remilled during which reagent grade SiO, and
CaCO, were added, individually or in equal
weight percentages. Pellets were uniaxially pressed
at 36 MPa in a 19 cm die and then sintered in
either air or flowing nitrogen at 1250°C for 4 h.
The heating rate during sintering was 5°C/min.

Samples sintered in air were cooled either at the
rate of —1°C/min or —10°C/min. The samples
sintered in flowing nitrogen were cooled at
—10°C/min, which was the recommended cooling
rate to avoid damage to the furnace tube.

Samples were electroded with sputtered coatings
of Au or Au-Pd. Electrode resistance was meas-
ured to verify a low resistance before testing. AC
impedance response was measured using a com-
mercial low frequency impedance analyzer. DC
electrical response of the current versus voltage
was measured at voltages below 25 V using a
current source to apply between 10 nA and 10 mA
to the samples, with the resulting voltage drop
measured with an electrometer. The in-line current
was monitored with a digital multimeter. Due to
I’R resistive heating of the sample, a pulse tech-
nique was utilized at the high fields. The custom
designed and built source was capable of produc-
ing a rectangular pulse of up to 1000 V for a
duration of 1 ms at a frequency of 50 Hz with
a maximum current output of 150 A. The pulse
applied to the samples was displayed on an
oscilloscope and the data manually recorded.

The magnetic Curie temperature varies markedly
with composition and the cation distribution
between the octahedral and tetrahedral sites for
the Mn;0,-Fe;O, system. The Curie temperature,
therefore, provides a highly sensitive measure of
changes in the crystal chemistry of the magnetic
phase present.

The use of a thermogravimetric analyzer has
been shown to provide a ready technique to
measure the Curie temperature.!® Sintered specimens
were placed in the weighing pan of a thermogravi-
metric analyzer. A permanent magnet was placed
on top of the horizontal furnace assembly of the
analyzer. The apparent weight of the sample in
the magnetic field of the permanent magnet was
recorded as a function of temperature for a heat-
ing rate of 10°C/min. When the sample was heated
through the magnetic Curie temperature, its ap-
parent weight increased due to the loss of the
spontaneous magnetization. The magnetic Curie
temperature, was arbitrarily defined as the maxi-
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mum of the temperature derivative of the appar-
ent weight change. All TGA results presented
were performed in a magnetic field.

3 Results and discussion
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3.1 Impedance results
An electrical analog for the microstructure of fer-
rites was first presented by Koops!!' where a resis-
tor and capacitor in parallel corresponded to the
different phases in the microstructure. Assuming a
continuously connected minor phase separating the
major phase, the individual RC circuits of similar
phases can be combined, which reduces the model
to two RC elements, one representing the bulk
grains and the other the grain boundaries (Fig. 1A).
Such a circuit can be analyzed using complex
impedance spectroscopy. The complex impedance
Z(w) of an ideal system at an angular frequency w
may be written as the sum of the resistance R(w)
and the reactance y(w):

Z(w) = R(w) + jx (o) 2

If one plots the imaginary part of the impedance
versus the real part, i.e. R(w) versus y(w) the
resulting plot shows distinction features for
certain combination of circuit elements. For an
ideal combination of a resistor and capacitor in
parallel, the resulting plot will show a semicircle
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1. Equivalent circuit models of ferrites. (A) From
Ref. 11, (B) from Ref. 12.

Fig.

Fig. 2. Complex impedance response of MnZn ferrite with no
additions cooled at —1°C/min in air.

located with the locus on the horizontal axis and
the high frequency intercept at the origin.

For the specific equivalent circuit of Koops!
containing two parallel RC circuit elements in
series, and providing that the RC time constants
of the two RC series elements of the circuit
are significantly different, the expected complex
impedance representation would be two semicir-
cles, a low frequency semicircle representing grain
boundary process and a high frequency semicircle
representing the bulk process. The intercepts with
the real axis directly correspond to the resistance
of bulk (Rg,,) and the sum of resistances of the
bulk and grain boundaries (Rp + g5) The Koops!!
model was modified by Miroshkin et al.'> who
added a series RC leg in parallel with the grain
boundary component which he attributed to grain
boundary charging (Fig. 1B).

Although Mn-Zn ferrites are of greater com-
mercial interest, the high resistance corresponding
to the bulk grains dominated their overall im-
pedance response (Fig. 2). The high resistance of
the bulk made it difficult to measure the effect of
dopants at the grain boundaries. In order to
resolve the response of the grain boundaries to
minor dopant additions, the Mn ferrite system
with lower bulk resistivity than the Mn-Zn ferrite
system was chosen for this study (Fig. 3). One
should note that the overall resistance of Mn
ferrite was over an order of magnitude smaller
than Mn-Zn ferrite and that the bulk and grain
boundary components of the complex impedance
plot were readily distinguishable.
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Fig. 3. Complex impedance response of Mn ferrite with no
additions cooled at —1°C/min in air.



230 Jeffrey H. Boy, Gerald P. Wirtz

—

00 X103 = — - T

o <D @
[=3 (=] [=]
i i T
L A !

impedance Z* (ohms)

n
[=)
T

1

— D
80 100

L
0 20 40 60 120 140 160x103
Impedance Z' (chms) $P-1358

Fig. 4. Complex impedance response of Mn ferrite with
between 0-1 wt% and 1-0 wt% SiO, and CaCO; additions,
cooled at —10°C/min in air.

The grain boundary component of the impedance
for Mn ferrites with additions of up to 1-0 wt%
Si0, and CaCO; are shown in Fig. 4. The grain
boundary component dominated the total response
in every case and the bulk component showed
very little sensitivity to the addition of Si and Ca
compared to the grain boundary component. Only
the low frequency arc corresponding to the grain
boundary is shown. The grain boundary resistance
varied by more than an order of magnitude for
the composition range, going through a maximum
between 0-2 wt% and 0-3 wt% SiO, and CaCO,
(Fig. 5). (It should be noted that the data from
Fig. 3 are incorporated in the 0% addition
category.) A maximum in the grain boundary
resistance with concentrations of less than 1 wt%
is consistent with Akashi’s’ results for Si and Ca
additions to Mn—Zn ferrites. This is also similar to
other ceramic systems such as ZnO (Ref. 13) and
BaTiO, (Ref. 14) where the electrical properties
are critically dependent on dopant concentrations
and the maximum response occurs with less than
1% additions.

Mn ferrite samples were also fabricated with
between 0-2 and 1-0 wt% additions of CaCO, only.
The low frequency arc corresponding to the grain
boundaries are shown in Fig. 6. As with samples
containing both SiO, and CaCO,; additions, the
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Fig. 5. Electrical resistance of Mn ferrite with between
0-0 wt% and 1-0 wt% SiO, and CaCO; additions, cooled at
—10/min in air.
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Fig. 6. Complex impedance response of Mn ferrite with
02 wt% and 08 wt% additions of CaCO; cooled at
—~10°C/min in air.

resistivity of the grain boundaries varied by more
than an order of magnitude and went through a
maximum with less than 1-0 wt% additions, espe-
cially at 0-4 wt% CaCO; additions. Again these
results are consistent with those of Akashi’ who
reported a maximum in the resistivity with 0-6 wt%
CaO additions for Fe-rich Mn—Zn ferrites.

This work showed that the additions of Ca and
Si to Mn ferrites are concentrated at the grain
boundaries where they yield the widely recognized
effect of modifying its resistance.

3.2 Non-ohmic response

A varistor is a non-linear or voltage dependent
resistor and is typically represented by the rela-
tionship:

I=KVe 3)

where « is a figure of merit of the non-ohmic
response of the material. Combining eqn (3) with
ohm’s law, V = IR, yields an equivalent expres-
sion for the voltage dependence of resistance in
terms of the parameters K and o:

I
R=_yle 4
X | 4)

Commercially available ZnO-based varistors typi-
cally operate at greater than 100 V and have
values of a between 35 and 50. ZnO varistors are
used in many applications including voltage stabi-
lization or pulse suppression in consumer electron-
ics, surge absorption, and as arrestor elements in
lighting arrestor.!> Low voltage varistors, typically
based on SiC, used to equalize the direct currents
in telephone circuits require « values of greater
than 3.1

The current versus voltage characteristics of Mn
ferrites containing 0-3 wt% SiO, and CaCO; are
shown in Fig. 7. On a log-log plot, an ohmic
response would correspond to a straight line. At
low voltages ohmic behavior was observed and
was attributed to the resistance of the grain
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Fig. 7. DC current versus voltage response of Mn ferrites
with 03 wt% SiO, and CaCO; additions cooled at
—10°C/min and the best fit using the equivalent circuit model.

boundaries. At moderate voltages, a non-ohmic
region was observed. At high voltages the curve
turns upward approaching a second region with
linear ohmic response.

When solved for DC conditions, the equivalent
circuit of Koops'' with two parallel RC circuits
elements in series, as well as the modified circuit of
Miroshkin et al.,'? reduce to a series combination of
resistors, with the response at all voltages given by

V' = I(Rpui + Rar2) (5)

where Ry, and Rgg, refer to the resistance of
the bulk and grain boundary, respectively. The
current-voltage response of Mn ferrite can not be
represented by these models.

A model to represent the observed current—
voltage response would require that there are two
parallel processes occurring at the grain bound-
aries, one yielding a voltage-independent compo-
nent of the resistance, and another yielding a volt-
age-dependent component of the form of eqn (3).
This would be represented by an equivalent circuit
similar to that of Miroshkin et al'? but with the
series RC leg of the grain boundary component
(Rgpy) of the equivalent circuit of Fig. 1(B)
replaced by a voltage-dependent resistor of the
form of eqn (4) (Fig. 8A). For DC conditions
this reduces to the circuit of Fig. 8(B) and can be
represented by
(6)

V — I (RBulk + RGBZRGB3 )

RGB2 + RGB
From the experimental evidence of the complex
impedance analysis it was concluded that Rgg >
Ry There are two limiting conditions which are
readily apparent. At low voltages, from eqn (3)
and Rgg; = Rgp), €qn (6) reduces to

V = IRgp, (7

At sufficiently high voltages, where Rgp, > Rggs,

GB2
" \\
1 I-o
— RgB3 “g 'GB3
(|
. I
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B

Fig. 8. (A) Equivalent circuit model of Miroshkin et al.'’
modified for a non-ohmic resistor; (B) modified model under
DC conditions.

eqn (6) reduces to
V = IRyux + Rgps) (8)

for the condition where Rg,, > Rgps, eqn (8)
reduces to

V' = IRpyx 9)

The Rgg; in eqn (6) is given by eqn (4) where
the voltage is that across the voltage-dependent
resistor, Vgp;, rearrangement and substitution
yields

Veps = V — IRy (10)

Substituting eqns (4) and (9) into eqn (5) yields
1 o
Rona — (V = IRy

V=1|Rgy + " (11)
Rgpy + X (V = IRp )"

The parameters which serve to describe the device
are Ry, Rgpys @, and K.

Assuming values of I5g; to range from 107! to
102 and appropriate Rp,;, Rgpy, @ and K, I and V
can be calculated. The resulting curves for various
combinations of Rgpy, Rpux, @ and K are shown
in Fig. 9. The curves successfully represented the
limiting conditions of eqn (5) discussed above. As
the value of alpha was increased, the sharpness of
the transition increased. Rgg, successfully repre-
sented the limiting conditions of eqn (6) where
Rges > Rgmpy > Ry, While Ry, represented the
limiting conditions of eqn (7) where Rgy, and
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Fig. 9. Calculated current versus voltage response of Mn
ferrites for various combinations of the equivalent circuit
parameters Rgg, Rgu, K', a.

Rip, > Rgps. Therefore, Rgp, controls the DC
response at low fields, while Rg,, controls the
DC response at high fields. Such a transition is
not possible using the previous models of either
Koops'' or Miroshkin et al.'?

A numerical iteration technique was used to fit
this model to the experimental results. This is
shown in Fig. 7 for Mn ferrite with 0-3 wt% SiO,
and CaCO, additions. The circles represent the
measured current and voltage values, while the
solid line represents the best fit of the equivalent
circuit model.

The best fit values of the equivalent circuit para-
meters were determined for Mn ferrite composi-
tions with between 0-0 and 1-0 wt% additions of
Si0, and CaCOj; cooled at two different rates. The
values of the coefficient of non-linearity, «, ranged
from 2-0 to 3-0 and went through a maximum
between 0-2 and 0-4 wt% additions (Fig. 10). The
values of « obtained for Mn ferrites were similar
to the 21 to 3-5 reported by Kuanr et al.'” and the
1:2 to 51 reported by Larson and Metselaar'® for
yttrium iron garnet.

Although the Mn ferrite samples with Si and Ca
additions did show some non-ohmic current ver-
sus voltage response, the calculated values of «

4
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P2 Cooled -10°C/min

Coefficient alpha
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Fig. 10. Coefficient of non-ohmic response of Mn ferrites
with various additions of Si0O, and CaCO;.
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Fig. 11. DC current versus voltage response of Mn ferrites
with 0-3 wt% SiO, and CaCOQ; additions: (A) after sintering
in air, (B) after refiring in N, at 1250°C for 2h.

were all <3, the minimum value necessary for use
in telecommunication circuits. Attempts to enhance
the ratio of the resistance of the grain boundary to
the resistance of the bulk grains were performed
by subjecting the samples to high temperature
anneals with atmospheres containing various partial
pressures of oxygen.

Samples sintered and cooled in air were sub-
jected to a high temperature anneal (1200°C/4h) in
a nitrogen atmosphere in an attempt to further de-
crease the resistance of the bulk grains, as can be
seen in Fig. 11, the overall resistance of the
sample decreased from 3 X 10° Q to 50 Q due to
reduction of the sample. The reduction of the
sample eliminated the difference of the resistivity
between the bulk grains and the grain boundaries
and resulted in the elimination of the non-ohmic
transition region.

Additional samples of Mn ferrite with 0-3 wt%
SiO, and CaCO; additions were fabricated and
sintered at 1250°C in flowing nitrogen, and cooled
at the cooling rate of the furnace. The samples
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Fig. 12. DC current versus voltage response of Mn ferrites

with 0-3 wt% SiO, and CaCO; additions: (A) sintered in

N,, (B) refired in air at 1050°C for 15 min and cooled at
—10°C/min.
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Fig. 13. TGA in a magnetic field of Mn ferrite pellet with no
additions sintered and cooled in nitrogen: (A} wt% change,
(B) rate of weight change.

were highly conductive (R = 18 (1) and did not
show any non-ohmic response. The samples were
subjected to a high temperature (1200°C) thermal
anneal in air from 15 to 120 min with the objec-
tive of selectively oxidizing the grain boundaries
to increase their resistivity, while maintaining
the high conductivity of the bulk grain. Although
the resistance did increase with longer thermal
treatments, no significant non-ohmic response was
obtained, Fig. 12.

The difference between the most resistive grain
boundary, obtained for a sample with Si and Ca
additions sintered in air, and the least resistive
bulk, obtained for different samples sintered in
nitrogen, was ~10* Q. This difference corresponds
to a limiting value for the magnitude of the non-
ohmic transition in Mn ferrites. This is in contrast
to the >10" () transition reported for ZnO.

3.3 Thermal stability

Figure 13 shows a gravimetric thermogram in
argon for a nitrogen sintered and cooled Mn fer-
rite sample without additions. The magnetic tran-
sition is sharply defined and the magnetic Curie
temperature was 289°C, which is similar to the
literature value of 300°C.

Mn ferrite wafers without additions were sub-
jected to various thermal anneals in air using
TGA apparatus. Figure 14 shows the sample
weight during isothermal anneal for various times
at nominal temperature of 600°C, and during sub-
sequent cooling in a magnetic field. Weights are
given as a percent of the initial weight. As the
duration of the air anneal was increased, several
points are readily apparent. The samples showed a
progressively increasing weight gain at the anneal-
ing temperature. This was attributed to oxidation
of the sample. Secondly, the magnetic Curie tem-
perature was shifted following the thermal anneal.
For anneals <15 min the calculated T, shifted to
slightly higher temperatures. For anneals >20 min
the 7, were shifted to lower temperatures. Thirdly,
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Fig. 14. TGA of Mn ferrites wafers with no additions
subjected to various thermal anneals for up to 30 min in air.

the magnetic transition on cooling occurred over
progressively wider temperature ranges. For the
sample annealed for 20 min the onset of the mag-
netic transition began at 400°C and was not com-
pleted until the temperature was below 100°C.
Following an anneal in air for 30 min the mag-
netic transition occurred over a 200°C tempera-
ture range, with the maximum of the derivative of
the weight gain placing the 7, at ~225°C.

Upon oxidation in air MnFe,O, decomposes
into Mn,0; (bixbyite) and Fe,O, (hematite). X-ray
diffraction patterns (Fig. 15) shows the initial
appearance of bixbyite and hematite after only
2 min of annealing at 600°C, for the samples with
no additions. These become the preponderant
phases after 30 min.

The very important role of the additives in pro-
viding thermal stability to the ferrites was previ-
ously reported.'” Mn ferrite samples containing
from 0-2 to 1-0 wt% SiO, and CaCQ; were sub-
jected to thermal anneals at 600°C for 2 h, and in
contrast to samples without additions, the magnetic
transition of the ferrites with additions remained
sharply defined indicating no decomposition of
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Fig. 15. X-ray diffraction patterns of specimen surfaces of

Mn ferrite with no additions subjected to various thermal

anneals for up to 30 min in air (Cu Ko radiation), where B is
bixbyite, H is hematite, and S is spinel.

the magnetic phase during the thermal anneal in
air. The derivative of the weight gain confirmed
the sharpness of the magnetic transition (Fig. 16).
The very slight shift in the Curie temperature was
attributed to a change in the cation distribution
and is consistent with the work of Jirak and
Vratislav.”’ The suppression of the decomposition
of Mn ferrite with SiO, and CaCO; additions was
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Fig. 16. Derivative of the TGA curve in a magnetic field of

Mn ferrite with 0-3 wt% SiO, and CaCO,; additions: (A)

initial heating (B) cooling following an anneal at 550°C for
2 hin air.

{a)

Intensity (arbitrary units)

Degrees (29)

Fig. 17. X-ray diffraction patterns using CuKe« radiation of

(A) Mn ferrite with no additions annealed in air at 600°C for

4 h; (B) Mn ferrite with 0.3 wi% SiO, and CaCO,; additions
annealed in air at S00°C for 4 h.

confirmed by XRD analysis which detected only the
spinel phase (Fig. 17). This is in dramatic contrast
to samples without additions which decomposed
under similar thermal treatments. The presence of
less than 1:0 wt% of both silica and calcium addi-
tions inhibited the oxidation and resulting thermal
decomposition.

Therefore, the modifications of the grain
boundaries in Mn ferrite by the addition of Si and
Ca, decreased the grain boundary diffusion of
oxygen and inhibited the oxidation and associated
decomposition of the ferrite grains when subjected
to a post-sintering thermal anneal in air.

4 Conclusions

The role of minor additions (x £ 1-0 wt%) of Si
and Ca in modifying the physical and electrical
properties of the grain boundaries in manganese
ferrites was investigated. The measured resistivity
went through a maximum between 0-2 and 0-4
wt%. Although a shift from grain boundary to
bulk control of the electrical conductivity was ob-
tained at fields >10°, the calculated values of the
coefficient of non-ohmic response, a, was less than
3 for all composition investigated, insufficient for
most device applications.

Manganese ferrite decomposed when subjected
to post-sintering thermal anneals at temperature
below 600°C in air. The addition of less than 1%
of Si0, and CaCO; inhibited this phase decompo-
sition. The role of Si and Ca additives in the con-
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trol of the thermal stability of ferrites may be as
important to the overall electrical properties as the
previously recognized role in the control of the
electrical conductivity of the grain boundaries.
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