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ABSTRACT

Thermal (DTA/DTG/TG) studies have been carried out in order to understand the
ferritization reaction leading to the formation of hexagonal strontium ferrite. Two different
routes, namely, (a) the conventional ceramic method (solid state reaction) and (b) the
chemical coprecipitation method, have been used to prepare the starting materials. Simulta-
neous DTA /DTG /TG plots clearly exhibit the onset of the exothermic ferritization reaction
at T=730°C, with an activation energy of 43.872 kcal mol~! for the precursors derived
from the coprecipitation route. On the other hand, the temperature required for the reaction
with the ceramic route precursors was greater than 900 © C without any accompanying energy
change.

INTRODUCTION

Hard ferrites are one of the major components in the field of high-tech
ceramics. In this exciting area, the key to success in achieving high perfor-
mance parameters is to prepare highly uniform and ultrafine particles and
their subsequent processing. Various preparation methods such as the powder
metallurgical method [1], the chemical coprecipitation method [2—4], the
glass crystallization method [5,6], the organic resin method [7], the liquid
mix technique {8,9], the sol-gel technique [10,11}], the hydrothermal method
[12], etc. have been explored to control the microstructure of the green body.
In an earlier communication [13], the synthesis of high performance Sr-
hexaferrite prepared by the chemical coprecipitation method was reported.
On low temperature processing of this precipitate under optimum condi-
tions, excellent magnetic parameters for the dense compact were achieved,
i.e. (BH) = 1.6 MGOe and Br = 2750 G.
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However, it has been noticed that the mechanism governing the ferritiza-
tion reaction during these processing experiments is poorly understood and
varied and often contradictory observations [9,14-17] regarding the nature
of the reaction have been reported. For example, a few researchers have
failed to observe any energy change during the ferritization reaction, while
Roos [14] and Higuchi et al. [15] observed an exothermic peak at around
750°C. Thermal analysis is rarely used for investigating the formation of
ferrite in comparison with other methods of analysis, and because the
thermochemical data so far reported is mainly on Ba-hexaferrite, an analysis
of the reaction in the case of Sr-hexaferrite is attempted here. In continua-
tion with the earlier research work performed in our laboratory [13,18], we
report in the following a detailed analysis of the thermal data obtained from
a systematic DTA/DTG/TG study of the two preparation methods for
Sr-hexaferrite, namely, ceramic and coprecipitation.

EXPERIMENTAL
Preparation

Sr-hexaferrite was prepared by two different techniques, namely, (a)
ceramic and (b) chemical coprecipitation, using the following raw materials:
a-Fe,0, and SrCO, (commercial grade); FeCl, - 6H,0 (LR grade, SD Fine
Chemicals, India); SrCl, - 6H,0 (LR grade, Ranbaxy, India); and NaOH
(LR grade, SD Fine Chemicals, India).

Figure 1 gives a flow chart illustrating the preparation processes. Hexago-
nal ferrite was prepared by keeping the molar ratio of Fe/Sr =11 in both
the techniques, the detailed preparation procedure being described elsewhere
[18].

Instrumental

As described in Fig. 1, the samples were characterized during different
stages of their synthesis using DTA, XRD, IR and SEM techniques.

Thermal analysis (DTA / DTG / TG)

A Netzsch STA 409 differential thermal analyser was used to locate the
reaction temperature, i.e. the onset of the ferritization reaction for the two
different preparation methods and to study their thermochemical behaviour.
A calibrated Pt/Pt-10% Rh thermocouple was used for sensing the temper-
ature accurately. The samples were heated in dynamic air with a heating rate
of 10°C min~! and a chart speed of 120 mm h~! during the full scan
(20-1400 ° C). Three types of thermal scans were taken:

1. A normal DTA/DTG/TG scan for i) the physical mixture of a-Fe,0,
and SrCO, and ii) the coprecipitate of Fe and Sr hydroxides;
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Fig. 1. Flow chart showing preparation procedures of SrFe;,0,9 from ceramic and coprecipi-
tation methods.

2. DTA/DTG/TG scans for the coprecipitate with various heating rates
between 2°C min ! and 50°C min~!; and

3. An isothermal DTA scan for the mixture of a-Fe,O; and SrCO, at 900°C
for 6 h.

XRD
_ A Philips PW 1730 X-ray diffractometer using Cu K« radiation (A = 1.542
A) was used for recording the powder spectra of the samples prepared by
the two techniques.

IR :
IR spectra of samples were recorded in Nujol on a Pye-Unicam IR
Spectrometer (SP3-300).
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SEM

The particle size and its distribution, and the morphology of the samples
were observed on a Cambridge Stereoscan 150 scanning electron micro-
scope.

RESULTS AND DISCUSSION
Thermal analysis

Figure 2a gives the thermograms of the mixture of a-Fe,O; and SrCO,
between 20 and 1400°C. 40.2 mg samples of the mixture of a-Fe,O, and
SrCO, were used for the thermal measurements. The TG curve shows a
continuous slow rise up to 640°C without any change in the DTG curve.
This change, therefore, was attributed to the buoyancy effect and can be
considered to be negligible. The main decomposition starts from 710°C
onwards up to 1070 °C which was evident from the two small peaks in the
DTG curve at 810 and 970 ° C, with a total weight loss of 3.11%. The DTA
curve shows a broad -endotherm up to 1200°C with a small hump at
= 960 ° C. However, no exothermic energy change associated with the ferriti-
zation reaction was observed in the temperature range between 1000 and
1380° C. The peaks at 810 and 970 ° C can be attributed to the decomposi-
tion stages of SrCO, [19].

For preparation using the coprecipitation route, an exact sample (100 mg)
was used for thermal studies. Figure 2b describes the thermal behaviour of
the coprecipitate between 20 and 1200°C. A sharp weight loss of =16.4%
was observed up to 568° C due to the loss of water molecules. The DTA plot
showed an endothermic peak at 126 ° C corresponding to this loss. With the
increase in temperature, an exothermic peak appeared at 730 °C indicating
the onset of some chemical change in the coprecipitate. This can be
attributed to the ferritization reaction as was demonstrated by the ap-
pearance of Sr-hexaferrite peaks in the XRD pattern of the coprecipitated
sample heated at 750°C over 5 h, as shown later in Fig. 6. Table 1
summarizes the thermal decomposition data for Sr-hexaferrite samples pre-
pared by the two routes.

In order to calculate the activation energy of the ferritization reaction,
DTA scans of 100 mg of the coprecipitated sample were taken at various
rates, namely, 2, 5, 10, 20 and 50°C min~'. As the heating rate was
increased, the exothermic peak appeared on the higher temperature side,
successively. Figure 3 shows the plot of the logarithm of the heating rate
against the inverse of the peak temperature. To calculate the activation
energy, the following equation was used [20]

1 h= —~E—Xi+constant
%810 "= TS T T,
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Fig. 3. Plot of log,, # versus 1/T,, (the values of T}, are read on DTA curves recorded at
different heating rates, h, for the coprecipitated sample.)

where E is the activation energy, & is the heating rate and T, is the peak
temperature.

From the slope of the straight line, the activation energy was calculated to
be 43.872 kcal mol 1.

In the case of the ceramic preparation route, the DTA plot did not show
any energy change up to 1380°C. But the onset of the ferritization was
observed at T > 900°C, which will be substantiated later from the XRD
data. The rate of reaction may be slow due to the larger and less active
particles so that the corresponding energy change can be detected only if the
reaction is carried out at the appropriate temperature for a longer time. To
study this possibility, an isothermal scan was recorded on 48.8 mg of the
physical mixture of a-Fe,0, and SrCO, at 900°C for 6 h, but the DTA plot
did not show any exothermic energy change.

XRD and IR

To further investigate the nature of the ferritization reaction, a systematic
study of the reaction has been carried out using XRD and IR techniques.
Both the coprecipitate and the physical mixture of a-Fe,0; and SrCO, were
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heated at various temperatures ranging from 600 to 1300°C, with steps of
100° successively, allowed to cool to room temperature and then analysed
by the above two techniques.

Ceramic route

Figure 4 depicts the change in the X-ray diffraction patterns of the
original reactants with the increase in temperature. Representative X-ray
diffractograms are shown in the figure. It clearly exhibits Sr-hexaferrite
peaks at around 900°C, along with the peaks of unreacted components:
a-Fe,0; being identified by the corresponding diffraction lines while Sr
carbonate and /or oxide was not evident owing to their low concentration. A
small amount of SrFe,O, phase was also observed at 900°C which de-
creased with the increase in temperature, and, finally, single phase Sr-hexa-
ferrite was formed at 1300° C. The formation of spinel ferrite intermediate
phase during the reaction has been already reported by many authors [21].

Figure 5 gives the IR spectra of the sample formed from «-Fe,O; and
SrCO; when heated at various temperatures between 600 and 1300° C, along
with that of the original physical mixture. In the 800-300 cm™' region, the
samples heated at T' < 800°C showed a-Fe,0; with its characteristic bands
at =545, 470 and 330 cm™!, while that of SrCO, is at 860 cm™'. The
pattern successively changed above 900°C, indicating chemical reaction
between Fe,0; and SrO/SrCO;. The band at 860 cm ™! disappeared and the
other peaks in the region of 600-300 cm™' became broad and split. The
completion of the reaction at 1300°C as indicated by XRD, was also
confirmed by IR, showing double absorption meaks at 600 and 450 cm ™%,
These were attributed to two kinds of Fe’* sites: FeO in tetrahedral and
FeQq in octahedral coordinations [15].

Coprecipitation route

The changes occurring in the XRD pattern during the heating of the
coprecipitate at various temperatures from 600 up to 1300°C are shown in
Fig. 6. It is clear from the accurate analysis of the intensities, that a
temperature of 7 = 700 ° C is required to start the ferritization, and 1200°C
is necessary for complete conversion of oxides into the hexaferrite phase.
There are also clear indications of the formation of SrFe,O; at about
900° C; its concentration continued to decrease at higher temperatures and,
at 1200° C, single phase Sr-hexaferrite was observed.

Figure 7 describes the changes in the IR spectra of the same samples. The
inset of the figure shows that the fresh coprecipitate had bands at 3400 and
1610 cm ™! due to the stretching and bending vibration modes of water and
structural hydroxyl groups [22]. These bands disappeared for the sample
heated at 600°C, due to loss of water molecules. In the region between 800
and 300 cm™', strong absorption bands due to the iron-oxygen lattice
vibrations were observed at around 570 and 435 cm™! indicating the
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Fig. 4. X-ray diffraction patterns of the mixture of a-Fe,0; and SrCO; heated at: a, 800° C;

b, 900°C; ¢, 1100°C; d, 1300°C.



56

TRANSMITTANCE (%)

o F9203+ SYC03

1 L -

1200 1000 800 600 400 200

- |
WAVENUMBER Cm

Fig. 5. IR spectra of: a, the mixture of a-Fe,O; and SrCO;; and the same calcined at: b,
800°C, ¢, 900°C; d, 1100° C; e, 1300° C.

presence of a hexagonal closed-packed arrangement of the oxygen sublattice,
similar to that present in a-Fe,O, and a-FeO - OH [23]. IR spectra for the
samples heated at T > 800°C exhibited broad and split bands. Ultimately
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Fig. 6. X-ray diffraction patterns of the dried coprecipitate of hydroxides of Fe and Sr heated

at: a, 600°C; b, 700°C; ¢, 900°C; d, 1100°C; e, 1200°C.
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Fig. 7. IR spectra of: a, the dried coprecipitate of Fe and Sr hydroxides; and the same
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Inset shows changes occurring in the bands of the coprecipitate when heated at 600 ° C, in the
region 4000-1500 cm ™1,
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two bands at 590 and 450 cm™' were observed for the sample heated at
1200° C at which temperature SR-hexaferrite has been fully formed. The
spectrum matched well with that obtained using the ceramic method.

SEM

Figure 8 shows scanning electron micrographs of the sample heated at
750°C for the coprecipitation method. It clearly shows particles of = 0.2
pm, which are smaller than those produced by the ceramic method which
has a particle size of > 2 pm [13].

It is clear from these experiments that, after decomposition of the original
precursors, both the ceramic and coprecipitation routes form oxides of Fe
and Sr in situ and that the reactions from there onwards progress in a
similar fashion, ultimately resulting in Sr-hexaferrite. In the case of the
coprecipitation method, the ferrite forms with an exothermic reaction at a
fairly low temperature, = 730°C, resulting in ultrafine particles.

The reported data on the formation of Ba/Sr hexaferrite has been
tabulated in Table 2. All these methods have their own salient processing
features such as lypholization, drying at low temperature, high temperature
quenching, etc., resulting in various types of intermediate phases; sometimes
even amorphous phases have been observed before the ferrite formation.
Some of these methods show exothermic change accompanying the ferrite
formation, while the others do not.

In the present case, as discussed earlier, both the ceramic and coprecipita-
tion routes follow similar patterns for the ferrite formation. An attempt was

Fig. 8. Scanning electron micrograph of the sample prepared by the coprecipitation route.
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TABLE 2
Thermochemical data on the ferritization reaction
Method of Surrounding Types of Ferritization Nature of Ref.
preparation atmosphere phases temp. heat change

during detected °0 associated with

reaction ferritization
Coprecipitation - Amorphous 760 Exothermic Roos
of hydroxides up to 740° C, [14]
of Ba, Fe no a-Fe,0;

or BaFe,0,

Coprecipitation Dry N, Amorphous 750 Exothermic Higuchi
by hydrolysis of at [15]
organometallic T<750°C
precursors of
Ba, Fe
Liquid mix CO+CO, v-Fe,0,, 600 - Srivastava
technique for - Fes0,, 91
preparation of no a-Fe,0,

citrates of Ba,
Fe and their

decomposition
Gel formation of  Reducing Amorphous 700 - Lucchini
Ba, Fe and its atmosphere up to 500°C, [16]
decomposition due to Fe,0,,

burning of  y-BaFe,O,,

organic no a-Fe,0,

matter
Ceramic method CO+CO,  SrFe,0, 900 - Kulkarni
(solid state [13]

reaction of
SrCO; + a-Fe,05)

Chemical - SrFe,0, 700-730 Exothermic Date
coprecipitation [18]

of hydroxides of Present
Sr, Fe work

made to analyse the difference in the thermochemical behaviour of the two
methods as follows:

1. The enthalpy of the reaction AH (=g, for reactions at constant
pressure), being a state function, depends only on the state of the reactants
and products. Because the product, i.e. Sr-hexaferrite, as characterized by
XRD and IR, has been found to be exactly identical for both methods, it
can be assumed to have same energy state. In contrast, the reactants
a-Fe,0, and Sr oxide might have different states because they have been
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prepared in situ from two different techniques resulting in different entropy
contents. Thus A H may vary for the two methods.

2. If during the formation of ferrite, simultaneous processes such as
decomposition of the precursor (e.g. StCO; decomposing into Sr oxide) with
an energy change equal and opposite to that of the ferritization, are in
progress, the net effect will be no energy change.

In conclusion, the coprecipitation method forms Sr-hexaferrite at a much
lower temperature, with an exothermic energy change. The product thus
formed is more uniform with ultrafine particles and exhibits better magnetic
properties [13].
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