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A Study of the Combustion Method to Prepare Fine Ferrite Particles
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A combustion synthesis method was adapted for the efficient
preparation of pure barium ferrite particles (BaFe2O4 and
BaFe12O19). It is based on the exothermic reaction of the corres-
ponding metal nitrates with a reducing agent (ODH or TFTA)
and yields extremely fine-grained ashes that readily convert into
pure BaFe2O4 and BaFe12O19 when treated thermally. The com-
position and microstructure of the so-obtained materials were
studied by XRD and TEM, and the best synthesis conditions
were established. ( 1997 Academic Press

1. INTRODUCTION

Spinel ferrites combine interesting soft magnetic proper-
ties with rather high electrical resistivities (1). Fine-particle
spinel ferrites, such as BaFe

2
O

4
, are useful for the low-

temperature preparation of high-density ferrites and as
suspension materials for ferromagnetic liquids (2).

Hexagonal magnetic hard ferrites such as BaFe
12

O
19

are
magnetic materials of great scientific and technological
interest due to their relatively strong anisotropy and mode-
rated, but still interesting magnetization. They are applied
as permanent magnets, in microwave devices or in perpen-
dicular magnetic recording (3). Fine-particle hexagonal
ferrites exhibit magnetic properties different from those
observed for sintered materials (4, 5).

A wide range of chemical methods have been used to
obtain ultrafine mixed oxide particles: the organometallic
precursor method, the pyrosol method, chemical coprecipi-
tation, sol-gel, mechanical milling, hydrothermal method,
etc. These chemical methods were recently reviewed by
Dufour (6).

The combustion method presents some advantages com-
pared to other methods: reagents are very simple com-
pounds, special equipment is not required (pyrex containers
are used), dopants can be easily introduced into the final
product, and agglomeration of powders remains limited.

This method uses the energy produced by the exothermic
decomposition of a redox mixture of metal nitrates with an
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organic compound. In the combustion mixture nitrates and
the organic compounds behave similarly to conventional
oxidants and fuels. The reaction is carried out by dissolving
metal nitrates and fuel in a minimum amount of water in
a pyrex dish and heating the mixture in order to evaporate
water in excess. The resulting viscous liquid foams, ignites,
and undergoes a self-sustained combustion, producing
ashes containing the oxide product. During the combustion,
exothermic redox reactions associated with nitrate de-
composition and fuel oxidation take place. Gases such as
N

2
, H

2
O, and CO

2
evolve, favoring the formation of fine-

particle ashes after only a few minutes. The properties of the
final product (particle size, surface area, and porosity)
depend on the way combustion is conducted. The departure
of gases favors the desegregation of the products (increasing
the porosity) and heat dissipation (inhibiting the sintering
of the products). The exothermicity of the combustion is
controlled by the nature of the fuel and the ratio oxidizer/
fuel. Fuels are organic compounds, frequently hydrazine
derivatives, with N—N bonds that undergo highly exother-
mic combustion. When fuels are heated in the presence of
nitrates, the mixture of gases generated is always hypergolic:
it reacts readily with evolvement of heat. The stoichiometric
composition of the metal nitrate—fuel mixtures is given by
the equivalence ratio /

%
, which reflects the relative ratio of

intramolecular fuel/oxidizer, considering the total reducing
and oxidizing power of both fuel and oxidizer compounds
(7). The mixture is considered fuel-rich when /

%
(1, fuel-lean

when /
%
'1, and stoichiometrically balanced when /

%
"1.

Other factors influencing combustion are the evaporation
time, the total mass of the redox mixture, the dish capacity,
and the amount of water used to dissolve the reagents.

In the recent literature the combustion method has been
used to synthesize a wide range of mixed oxides: ferrites,
manganites, cobaltites, chromites, titanates, aluminates,
ZrO

2
, c-Fe

2
O

3
, superconducting oxides, and CeO

2
, among

other compounds (8—11).
This paper reports on the synthesis of barium ferrites

using the combustion method with oxaldihydrazide (ODH,
C

2
H

6
N

4
O

2
) and tetraformaltrisazine (TFTA, C

4
H

12
N

6
)

2H
2
O) as fuels. The microstructure of the products is

discussed as a function of the combustion conditions.
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TABLE 2
Proportion (in %) of Impurity Phases Present in BaFe12O19

Samples as Obtained by Rietveld Adjustments of X-Ray Powder
Diffraction Patterns

Reducing agent

Cumulative ODH TFTA
thermal
treatments /

%
a-Fe2O3 BaFe2O4 a-Fe2O3 BaFe2O4

700°C/100 h "1 5.4 1.2 25.2 10.4
(1 2.5 0.0 13.0 3.8

750°C/100 h (1 1.4 0.0 7.8 2.1
850°C/100 h (1 0.0 0.0 1.6 0.0
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2. EXPERIMENTAL

Two different fuels were used for the combustion: oxal-
dihydrazide and tetraformaltrisazine. ODH is a commercial
hydrazine derivative, but TFTA must be prepared via the
reaction of formaldehyde with hydrazine hydrate as
reported earlier (12). We found that the best way to carry
out this reaction was the dropwise addition, without stir-
ring, of 240 ml formaldehyde (36.5% aq CH

2
O) to a 0°C

cooled solution containing 150 ml hydrazide hydrate (80%
aq N

2
H

4
.

Important differences between ODH and TFTA fuels
must be pointed out:

(a) Although both of them have N—N bonds, ODH also
has C"O bonds that could have some influence on the
formation of barium carbonate as a second phase.

(b) Theoretically, complete combustion of 1 mol of ODH
gives 7 mol of gases (1), whereas 1 mol of TFTA gives 15 mol
of gases (2):

CH
4
N

2
O#3/2O

2
PCO

2
#2H

2
O#N

2
(1)

C
4
H

12
N

6
) 2H

2
O#7O

2
P4CO

2
#8H

2
O#3N

2
. (2)

This means that twice the amount of ODH as compared to
TFTA is required to produce the same quantity of gases.

In this work mixtures with /
%
"1 (theoretical value to

obtain complete combustion) and /
%
(1 (fuel-rich mixtures)

have been used. Similar amounts of metal nitrates have been
used for all samples.

2.1. Combustion Synthesis of Barium Monoferrite
BaFe

2
O

4
For all samples, barium nitrate Ba(NO

3
)
2

(0.405g) and
iron nitrate Fe(NO

3
)
3
) 9H

2
O (1.250 g) were first dissolved in

the minimum amount of water. Either ODH or TFTA was
then added to the resulting solution (see Table 1 for
amounts). The mixture was heated in an open vessel at
a temperature of approximately 300°C.
TABLE 1
Amount of Reducing Agent and Equivalence Ratio (/e) Used
for the Preparation of BaFe2O4 and BaFe12O19 Sample Series

Sample Reducing agent quantity (g) /
%

BaFe
2
O

4
ODH: 0.730 1

1.000 0.82
1.460 0.67

TFTA: 0.319 1

BaFe
12

O
19

ODH: 3.466 1
6.932 0.68

TFTA: 1.544 1
3.088 0.55
When ODH is used, a viscous green mass is formed after
evaporation that decomposes with frothing and foaming
before combustion. Then, it ignites, typically after 2 or
3 min. In the case of TFTA combustion is faster and takes
place within 30 s only.

Ashes obtained with the first fuel are brown and more
porous than those obtained with TFTA.
These ashes were then heat treated as indicated in Table 2.

2.2. Combustion Synthesis of Barium Hexaferrite
BaFe

12
O

19
Mixtures of barium nitrate Ba(NO

3
)
2

(0.405 g) and iron
nitrate Fe(NO

3
)
3
) 9H

2
O (7.500 g) were dissolved in a mini-

mum amount of water (50 ml), fuel was added to the solu-
tion (see Table 1 for quantities), and the final mixtures were
heated at a temperature of approximately 300°C.

With ODH a viscous yellow liquid is formed upon evapo-
ration and then, just before combustion, a viscous black
product appears whereas a brown viscous mixture is first
obtained with TFTA and then a faster and more violent
combustion reaction takes place.

In both cases, the ashes obtained after ignition were
reddish—brown, but they were more voluminous, more por-
ous, and lighter with ODH than with TFTA, and also when
using /

%
'1, rather than /

%
"1. These ashes were then heat

treated as indicated in Table 2.

2.3. Structural Characterization

X-ray diffraction (XRD) spectra were recorded with
a PW-1729 Philips powder diffractometer using CuKa
radiation. All patterns were recorded at room temperature,
in the step-scan mode. A Rietveld refinement of the X-ray
powder diffraction patterns of the well-crystallized samples
was carried out using the FULLPROF (13) and ARIT4 (14)
programs. The morphological features of the powders were
observed with a Philips CM-12 transmission electron
microscope, operating at 100 kV.



FIG. 1. X-ray powder diffraction patterns of BaFe
2
O

4
ash samples.

(*) Fe
3
O

4
, (#) Ba(NO

3
)
2
, (d) BaCO

3
, (d) BaFe

2
O

4
.

FIG. 2. X-ray powder diffraction patterns of BaFe
12

O
19

ash samples.
(*) Fe

3
O

4
, (#) Ba(NO

3
)
2
, (d) BaCO

3
, (d) BaFe

2
O

4
.
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3. RESULTS AND DISCUSSIONS

The XRD patterns of the ashes obtained after combustion
exhibit broad Bragg peaks (Figs. 1 and 2). This broadening
was attributed to the small size of the particles and to their
poor crystallinity. Electron transmission micrographs of
these ashes clearly showed that they are nanoparticles with
an average diameter of 70 nm (Fig. 3).
FIG. 3. TEM micrographs of BaFe
12

O
19

: (a) a
3.1. Barium Monoferrite BaFe
2
O

4
Samples

All the ashes obtained after combustion contain Fe
3
O

4
,

Ba(NO
3
)
2
, BaCO

3
, and BaFe

2
O

4
in different proportions

depending on the sample (Fig. 1). In the samples prepared
sh samples; (b) samples treated at 700°C/100 h.
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with ODH:
— BaFe

2
O

4
is the main phase when /

%
"0.82; it is less

abundant when /
%
"1 and /

%
"0.67.

— Ba(NO
3
)
2

is abundant in the sample prepared with
the smallest amount of reducing agent (/

%
"1).

— BaCO
3

is present in all samples; its relative propor-
tion increases when a larger amount of Ba(NO

3
)
2

has
reacted (/

%
"0.67).

— Fe
3
O

4
: no significant differences among the different

samples.
The X-ray pattern of the ash sample obtained with TFTA is
similar to that of the sample obtained with ODH with
/
%
"1. The conclusion is that fuel-rich mixtures favor the

formation of BaFe
2
O

4
during the combustion; but if the

fuel/oxidizer ratio becomes too high the reaction gets re-
tarded, i.e., it cannot be too fuel-rich. On the other hand
experimental results also indicate that smaller water volume
and faster evaporation favor the formation of the monofer-
rite: samples containing the same amount of nitrates and the
same fuel/oxidant ratio, but dissolved in a larger amount of
water, give a slower combustion reaction and yield less
BaFe

2
O

4
.

After these ashes have been treated at 700°C for 2 h
(Fig. 4), BaFe

2
O

4
becomes the major phase in all samples.

Nevertheless secondary phases, BaCO
3
and Fe

3
O

4
, can still

be found. They are more abundant when fuel-lean rather
than fuel-rich proportions are used, independently of the
nature of the fuel, ODH or TFTA. This result also shows
that the presence of C"O bonds in ODH does not promote
the formation of more BaCO

3
in the final products.

3.2. Barium Hexaferrite BaFe
12

O
19

Samples

With this route, as for the commonly used methods, the
formation of barium hexaferrite takes place through the
FIG. 4. X-ray powder diffraction patterns of BaFe
2
O

4
treated at

700°C/2 h. (d) BaCO
3
, (d) BaFe

2
O

4
.

following steps:

ReagentsPBaCO
3
#4 Fe

3
O

4
PBaFe

2
O

4
#5a-Fe

2
O

3

PBaFe
12

O
19

.

During the combustion process the precursor phases for
the formation of barium hexaferrite were formed. The
X-ray patterns of all ashes show the presence of broad
peaks that correspond to spinel Fe

3
O

4
, BaCO

3
, BaFe

2
O

4
(Fig. 2).

More crystalline phases are obtained with ODH for fuel-
rich redox mixtures (sample with /

%
"0.68 more crystalline

than sample with /
%
"1). Thus, a fuel-rich redox reaction

improves the combustion reaction.
Combustion with TFTA gives ashes with a slightly better

crystallinity containing a larger amount of BaFe
2
O

4
.

A large amount of BaFe
12

O
19

is formed after annealing
the ashes at 700°C for 4 h. Well-defined Bragg peaks indi-
cate good crystallinity (Fig. 5). Secondary phases, identified
as a-Fe

2
O

3
and BaFe

2
O

4
, are also present (Fig. 5). Upon

heating of these materials at 700°C for 100 h, the amount of
these impurities decreases below 10% for samples prepared
with ODH. The impurity level remains high when the
sample is prepared with TFTA, about 40% in samples
prepared with the smallest amount of fuel and 20% in the
other samples (see Table 2). Minor phases were almost
eliminated (to less than 1%) upon heating ODH samples to
FIG. 5. X-ray powder diffraction patterns of BaFe
12

O
19

samples
obtained with ODH (/

%
"0.68) treated at different temperatures. (*)

Fe
3
O

4
, (s) a-Fe

2
O

3
, (d) BaFe

2
O

4
. The rest of the peaks correspond to the

BaFe
12

O
19

phase.
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850°C. TFTA samples always have more impurities than
ODH samples after the corresponding treatments (see
Table 2).

Electron transmission micrographs clearly show nano-
structured particles, with an average diameter of 70 nm,
for samples treated at low temperature (Fig. 6). The size
of the particles increases slightly with the annealing temper-
ature: for treatments at 750, 850, and 1000°C, average dia-
meters are 0.1, 0.3 and 0.5 lm, respectively. These
micrographs do not show any obvious differences in the
granulometry of the samples prepared with different fuels
and different oxidizer to fuel ratios. As-prepared particles
are agglomerated due to sintering. They are more spherical
at low temperature and become platelet-like when heated at
higher temperature.

3.3. Discussion

We have shown that BaFe
2
O

4
and BaFe

12
O

19
can be

obtained via the combustion method. In the successful
synthesis of these ferrites it is important to choose the
right fuel and oxidizer/fuel ratio. Optimum values of /

%
for ODH and TFTA turn out to be less than one in both
cases. Larger /

%
values can be used to prepare BaFe

12
O

19
with ODH as a fuel. But with TFTA, samples must be
prepared with a /

%
very close to the optimum value. So in

this case it is easier to use ODH than TFTA. Also ODH is
a commercial product while TFTA must be synthesized.
And as has been shown, the C"O bond in ODH has no
influence on the formation of BaCO

3
phase as an impurity.

Thus, ODH is a more convenient fuel than TFTA for the
BaFe

12
O

19
.

On the other hand, the volume of ashes prepared using
TFTA is lower than that of ashes obtained using ODH. This
difference is attributed to the choice of the fuel (15), which
alters the exothermicity of the reaction and, consequently,
the morphological characteristics of the oxides. The degree
of porosity depends directly on the amount of gases that
escapes during combustion. A large amount of gases dissi-
pates the heat thereby preventing the oxides from sintering.
Also, as the gas escapes, it leaves a porous network for the
final product. Consequently ashes obtained from fuel-rich
redox mixtures were found to be more porous than those
obtained from stoichiometric mixtures (/

%
"1). For fuel-

rich mixtures, no differences are observed in ashes obtained
with ODH or TFTA. In the case of stoichiometric mixtures
(/

%
"1), ashes prepared with TFTA are less reactive than

those obtained with ODH. This should be due to the fact
that the exothermicity of the combustion is not completely
compensated by the escaping gases. It also must be pointed
out that when evaporation conditions are changed (e.g.,
temperature, time, volume) the results are also slightly
changed: minor temperature, more time or more volume
undergo slower evaporation and poor combustion.
4. CONCLUSIONS

Fine particles of barium monoferrite and barium hexafer-
rite have been prepared by a combustion process. This
method offers advantages over other methods for the syn-
thesis of ferrites. Nanosized and very reactive particles of
precursor oxides can be prepared rapidly and simply when
fuels and the stoichiometry are properly chosen. Conse-
quently, very fine particles can be obtained after a thermal
treatment of these precursor oxides. Fuel-rich mixtures
favor the formation of barium monoferrite and barium
hexaferrite when ODH or TFTA is used as fuel. ODH has
some advantages over TFTA: it is a commercial product
and it is easier to use an adequate proportion nitrates/fuel.

The magnetic performances of the BaFe
12

O
19

particles
resulting from annealing around 850°C are promising
(4 5 16): the main magnetic characteristics (magnetization
value of 57.8 emu/g and coercive fields of 5285 Oe at
13.5 kOe) should be due to the high purity ((1% of
impurities), the good crystalline state, and the small
homogeneous size of the particles (the dimensions of
platelet-shaped particles are in the range 0.1—0.2 lm).
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