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In the present work we studied the kinetic-process
1. INTRODUCTION

cceuring  during a  typical thermal decomposivion

Solid state reactions in ferrite formation have been reaction;

the subject of much research, since the discovery of

BaC0O,+6Fe,0,—Ba0 . 6Fe, 0.+ CO;

ferrite as a magnetic material by workers in Philips
Laboratory'® After World War II, much progress
has been made, but there are many problems left to

In rhe reaction between barmum carbonate and ferne
oxide, Ward and Struthers® siudied in Lhe range
from 610° to 970°C for eguimolar mixture BaCO,-
Fe,Q, by weighing earthon diozide liberated- They

be explored concerning behavior of reactions in some

ferrites. Rare data are available on the kinetics of

the formation in barium ferrite and this work was
initiated to give a quantitative interpretation of the

kinetics.

* SR 2 d T

obtazined two activation energies, 25Kcal/mole and 19

Keal/mole respectively associated with two products
Ba(Fe(.), and Ba,Fe,0,. However,

whether this corresponds to the activation energy of

it is not clear
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formation of the reaction product or to that of decom.
position of barium carhanate, since there is no reason
to believe that latter process is rate-determinig one.
In an oxide-oxide reaction of nickel ferrite Econo-
mos and Clevenger, Jr. @, in reviewing the forma-

tion-kinetics, found that Jander’s expression
A—-¥1-X)*=K¢
was not applicable either in the sarly stages of

reaction or after the reaction had prograssed for same-

time. Where X is the fraction reacted. ¢ the time,

and K a reaction rate constant.” They mentioned that j

more detailed model would be desirable. However,
an average of 56 Keal was oblained for the aclivation
energy. After that time Turnbull™ reported that the

reaction follows Tamman’s law
C=Alog t+B

in nickel ferrite and magnesium ferrite. Where C is
the fraction of formed at time ¢ for a given tempera-
ture, and A and B are constants. In their study
they found that a plol of concentration versus the
which

are related ta the change in the diffusion mechanism

Iogarithm of time gave two distinel slopes,
with time, They interpreted that surfsce diffusion
was significant in the 600° to 700°C 1ange. and a
gradual change-over to bulk diffusion took place as
the reaction temperature went np.  In their work
activation energies {or the surface diffusion end bulk
diffusion are 30 Kcal and 18 Keal and they suggest
that the reaction mechanism was 1ron diffusing into
an active metastable nickel oxide phase, although
they could not elaborate whal the melastable or active
phase should be. Subsequently, Blum and Li** in the
study of kinelics of nickel ferrite formation, criticized

the Jander eguation and gave a new expression

Td: £

dzr _ (a—zx)

where x is the percentage of ferrite formed, ¢ the
time, and a the kinetic isothermal reaction Ttate
coeflicient.

From these short review it can be casily expected
that the mechanism of the formation of barium ferrite

may be due to a diffusion process. We will observe

(143

the kinetics which occurs in the latter stages of the.
reaction to investigate the mechanism of the formation

of barium ferrite under iscthermal heat-treatment.

II. EXPERIMENTAL

A, Preparation of Samples

Reagent—grade barium carbonate and high-purity-
commercial ferric oxide were used as stariing materials
for the reaclion. The purity of barium carbonate was
99. 3% and & disturhing impurity wae sulfate, 0.04
%. Ferrie oxide of 99.3 to 99. 8% purity had impu--
rities such as $i0,, Ti0, ALO, with-in 0.45%.
The particle shape of ferric oxide powder was sphe--
roidal and the predominant particle size was 0.3 1o-
0.8z, These two constituents were dried at 110°C
far an hour to remove adsorbed moisture. They were-
then placed in a desiccator until they were cooled to-
room temperature. Afler cooling, the proper amount:
of barium carbanate and ferric oxide to give harium
ferrite (BaO-6Fe,0,) after reaction was wet-milled in
a still ball mill for 4 hours with distilled water. The:
resulting slurry was dried at 110°C and ground in a
mortar, This homogenized mixture was stored in a
desiceator before ealeining.

Reaction was carried out at 50°C intervals in the
temperature 1ange 900° to 1100°C for various time at
each temperature, in air atmospherc, under isothermal.
condition. The reaction temperature were selected
according to References(6) (7). Each time, 30 grams
of powdered sample was loosely compacled in a reac-
ticn vessel used and placed in a muffle hox furnace

After

the pre-determined time the sample was air quenched

malintained at the given constant temperature.
by removing it from the furmace, reground in a
mortar below 200 mesh, and placed again in a desic..
cator before an X-ray analysis.

Precise corrections to the temperature readings were
made by a Pt/Pt-Rh 13 thermocouple in contact with
the reaction vessel and the temperature fluctuavion in
heating zone was +3°C, which were measured by
another thermocouple.

B. X-Ray Analysis
A Shimadzu GX-3B X-ray diffractometer with a

CuKe radiation was used in the X-ray analysis.
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B. 1. Identification of Phases

Phase identification was achieved by a comparison
of the diffraction data of the calcined product with
those given by the ASTM cards.

B 2. Quantitative Analysis
. B.2.1. Preparation of Standard Calibration Curves

The standard mixtures were prepared from ferric
oxide which was previously used and commercial
high purity barium ferrite powder with mixing ratios
as shown in Table 1. The material weighed to a
tenth of a milligram, mixed in a mortar for 20
minutes, and then diffracted by X-ray diffractometer

in the range 20=29° to 68°. In this work the line-

Table 1. Constitution of Standard Mixtures
Mixing ratio (in wt%) Wt of
Balch No. - Sample
Ba0-6Fe,0;, a-Fe,0, (gr.)

1 100 | 0 5

2 90 10 5

3 80 f 20 B

1 o 30 5

5 60 40 5

4] 50 50 5

7 40 60 3

8 30 70 5

9 2 | 80 5

10 10 i uC 5]
11 0 100 ‘ 5

intensity iechnique was used to determine the ratio
of inrensities, and the average linear background was
obtained by considering the fuctuation of the original
backgiound at which no peak was appeaved. The
and prepared data of six 20 angles having good trend
was selecled the calibration curves using an arithmetic

correction expressiont®
(1—-K) /K =am 1-C3/Cy

where K, is the relative intensity and C4 the weight
fraction of component 4, and a,p is the value depend
on the characteristic line of component A. Figure 1
shows two typical calibration curves for 20=32.2°
(Ba-Ferrite line) and 32.2° (x-Fe,0, line). The

deviations of these curves from the linearity is due

gl §r3nk (1975) {1

to mass absorption effect. ¢

B. 2.2 Determination of Reaction Amount

The quantitative determinations of the amount of
bazium ferrite formed were carvied out by comparing
the diffraction data of calcined samples with standard
calibration curves. The average value of the & deter-

minations was taken.

1 s,

C S / [

K { Relafive Infensify )
o
[

o8
Co { Weighl fraction of ferrite] -

Fig.1. Standard calibration curves for 28=33.2%
(¢-Fe,0; peak-angle) and 20=32.2° (Ba—
Ferrite pesk-angle) using a CuKa radiation

III. RESULTS AND DISCUSSION

Figure 2 shows the experimental results for the
ferrite formation with time at temperatures from 900°
to 1, 200°C in the reactions between barium carbonate
and ferric oxide. From these kinetic curves it was
found that the reactions follow parsbolic relationships.,.
indicating that the mechanism of the latrer stages
Trom Fick's

law of diffusion in a sclid-solid reaction, an eguation

might be a diffusion-controlled process.

1
a=K*

can be derived. Where « is the weight {fraction
reacted, # the time, and K a reaction rate constant.
The plots of the fraction transtormed versus the
square root time yield linear relalionships as shown
in Fig. 3. These curves for isothermal heat-treatments
indicate the reactions oceur predominantly by diffu-
sion-controlled process in the latter stages of the re-
action. In Fig. 3, it is found that the swaight lines
have their ordinate inlercepts when they are extra-
polated to £=0, even though & must be zero when &

is zerd. A question then arises for the earlier stages

of the reaction.

}
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Fig.2. Reaction of iron oxide-barium carbenate

mixture as a function of time at various

temperatures
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Fig. 3. Reaction of iron oxide-barium carbonate
mixture as a function of square root time at
various temperatures

This problem cannat be solved by our data because
of the very rapid reaction rates at the initial stages.
The initial reaction might be controlled by another
mechanism such as surface resction or by diffusion
process of different species or by both of thom. It is
also likely that a very fast surface reaction might be
responsible for the chservation.

The possible reaction steps in the system of barium

carbonate and ferric oxide are:

BaCQ,—BaQ-+CO, (1a)
BaO-+6Fe;0,—Ba0 6Fe, 0, (1h)
BaCQ,+6Fe,0,—Ba0-6Fe,0,+C0O, (2)

When the rate of reaction {1b) is much greater
than that of reaction (la), the formation of barium
ferrite must be controlled by the decomposition rate
of barium carbonate. On the other hand if the rate

of reaction (1b) is much less than that of reaction

(1a), the formation must be contralled by the reac-
tion-mechanism of reaction(1b). In the earlier studies,
many workers assumed that the liheration of CO, gas
was an indication that the reaction (1b) had been
actually taken place. However, it is a priori not

clear that it is so. It is easily concelvable that
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Fig. 4. Rarte of formation as a function of temperature
for barium fernte

decomposition of BaCQ, can occur withaur any reac-
tion with ferrie oxide. as studied by Ward and Stru-
thers, ¢ If the kinetics is controlled by the reaction
(1b) it is quite plausible that the ferritc formation
reaction is bulk diffusion-controlled. Indeed, a square
root time dependence of reaction rate as shown in
Fig 3 at the latter stages supports this interpretation.
However, we can not say, for sure, what diffusion
or diffusion specy is actually responsible for it from
this experimental result alone. Any interdiffusion of
Ba*?, Fe™ and 0° might be contribute to form
barium hexaferrite,

The experimental activation energy for the latter
stages of the farmation of barium ferrite is 1410
Kcal, which is calculated from the slope of a plot of
logarithm of reaction rate constapt versus the recip-
rocal absolute temperature, Fig.4. The small activa-
tion energy is comperable to that of an cazlier work
by Ward and Struthers™® and the magnitude of acti-
vation energy {14210 Kecal/mole) seems ta be smaller

than what onz would cxpeet to be an activation

energy for bulk diffusion in an oxide system.

(16) EFEGL
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V. CONCLUSIONS

The results of this work may be summerized as
follows:

1. In the latter stages of the formation nof barium
ferrite 1he reaction is contrclled by a diffusion
Process.

2. In the earlier stages of the formation of barium
ferrite the reaction is controlled by a different me-
chanism. Tt can he surface reaction, or diffusion
pracess of different species or by hoth of them.

3. The experimental activation energy {for the
latter stages of the formalion of barium ferrite is 14

+10 Keal/mole.
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