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a b s t r a c t

Nano-sized BaxMg1−xFe2O4 ferrite particles less than about 150 nm were prepared by using self-
propagating high temperature synthesis (SHS) and mechanical ball milling. As the ratio of BaO2 to MgO in
the initial powder composition varied from 0.25 to 4.0, coercive force (iHc) decreased about 102%, whereas,
maximum magnetization (Ms) and residual magnetization (Mr) increased about 324% and 221%, respec-
tively. Oxygen pressure changes from 0.25 to 1.0 MPa during SHS reaction resulted in decreasing iHc about
46%, whereas, increasing Ms and Mr about 59% and 4%, respectively. An empirical equation to describe
the SHS reaction with oxygen pressure was obtained.
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. Introduction

Barium ferrites are especially useful for microwave and millime-
er devices. The ferrites are conventionally prepared by various
echniques of solid state chemistry of co-precipitation, precur-
or methods, freezing–drying and self-propagating temperature
ynthesis (SHS) to make various forms like polycrystalline, aggre-
ates, thin and thick films and single crystal [1–5]. Ideal ferrite
owders are small equiaxed particles with narrow size dis-
ribution of high purity and homogeneous composition [6]. A
ommon problem in all these methods is the agglomeration
f particles during precipitation or removal of the solvent [7].
ne of the interesting characteristics of the SHS reaction is that

he SHS products, especially which includes gas–solid reaction,
re so porous as to be well pulverized by mechanical milling.
ccordingly, in this study, the SHS reaction for the formation of
a–Mg ferrites is selected as the chemical reaction expressed as

BaO2 + (1 − x)MgO + yFe + zFe2O3 + wPO2 = BaxMg1−xFe2O4 which
s known as a gas–solid reaction in which iron is oxidized and
eleases a weak heat of formation. Since the chemical reaction
ncludes oxidation of iron and reduction of oxide phases, the oxy-
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en partial pressure and the initial composition ratio are important
o produce barium–magnesium ferrites. Although there have been

any attempts to obtain various ferrites, little information about
errites formed by using SHS is available, especially about nano-
ized ferrites [8–10]. Hence, the objectives of this study were to
abricate nano-sized barium–magnesium ferrite particles by using
HS followed by mechanical milling and to characterize the mate-
ials. Emphases are on the effects of initial composition of the
HS reactant and oxygen pressure during the SHS reaction on the
agnetic properties of the nano-sized barium–magnesium ferrite

articles formed by using SHS reaction and mechanical milling.

. Experimental method

Reagent grade iron powders with about 6 �m of average particle size and var-
ous size of barium peroxide (BaO2, <150 �m), magnesium oxide (MgO, <120 �m)
nd iron oxide (Fe2O3, <1 �m) powders were used as starting materials. Each pow-
er mixture with a suitable molar composition was mechanically blended by using a
all-mill (SPEX 8000) for 5 min with two steel balls. The powder process was carried
ut in a glove box to minimize exposure. The reactant powders were ignited with
arious oxygen pressures of 0.25–1.0 MPa in an autoclave type SHS chamber [11]. The
ombustion temperature and the propagating rate were determined by using a two-

hermocouple method. The phase of the SHS product was analyzed by using X-ray
iffractometry (MXP3A-HF2000) with copper target (� = 0.15405 nm). Mechanical
illing of the SHS products was carried out with a ball-mill (SPEX 8000). The mor-

hology of the SHS product was observed by using field emission scanning electron
icroscopy (FESEM, JSM Joel 6400). The magnetic properties were determined with
vibrating sample magnetometer (Toei VSH-5).

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yochoi@sunmoon.ac.kr
dx.doi.org/10.1016/j.jallcom.2008.09.169
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clearly observed in the X-ray diffraction spectra of the SHS products.
ig. 1. Effect of the oxygen partial pressure on the average combustion velocity of
he SHS reactants with different BaO2/MgO molar ratios: (�) 0.25, (�) 0.75, (�) 1.0,
nd (�) 4.0.

. Results and discussion

The SHS reaction for each powder mixture occurred well
ith oxygen pressures of 0.25–1.0 MPa. Figs. 1 and 2 are the

ombustion temperature and the average combustion velocity
ith oxygen pressure. As Figs. 1 and 2 show, the combustion

emperatures and the combustion velocity are in the ranges of
05–1148 K and 3.8–6.3 mm/s, respectively. Both of them tend to
e increased with increasing molar ratio of magnesium oxide to
arium peroxide in the reactant powder mixtures, and oxygen par-
ial pressure during the SHS reaction. This means that the SHS
eaction is competitive reaction between oxidation and reduction
eactions. The dependence of combustion velocity on combustion
emperature (Tc) of the porous samples with oxygen partial pres-
ure (PO2) is given as: rate = A exp(�/(1 + ˇ�))�(P) where (ˇ = RT/E,
= (Tc − T)E/RT2, �(P) = PO2/P, E = activation energy, T = temperature
nd R = gas constant) [12]. The model assumes a steady state adi-
batic heat transfer condition in a one-dimensional homogeneous

edia, diffusion kinetics to describe the reaction kinetics, and inde-

endence of thermodynamical parameters on temperature. The
ependence of the combustion rate and temperature on oxygen
ressure can be described with a similar empirical equation. Com-

ig. 2. Effect of the oxygen partial pressure on the combustion temperature of the
HS reactants with different BaO2/MgO molar ratio: (�) 0.25, (�) 0.75, (�) 1.0, and
�) 4.0.

T
v
r

F
b

ig. 3. Typical X-ray spectra of BaxMg1−xFe2O4 prepared by SHS with different
aO2/MgO molar ratio: (a) reactant, (b) 0.25, (c) 1.0, (d) 4.0, and (�) BaxMg1−xFe2O4

eaks.

ining a polynomial equation to describe the relation between
xygen pressure and combustion temperature in Fig. 1 and the
xponential equation to describe the relation between oxygen pres-
ure and combustion rate in Fig. 2, we can obtain an empirical
ate equation to describe the Ba–Mg ferrite powder formation dur-
ng the combustion reaction below an adiabatic temperature as
ollows: � = A exp(Tc/B − 1), where the pre-exponential term (A),
onstant (B) and the power of the oxygen pressure (n) were deter-
ined as average values from the best fit results. A, B and n were

.3, 1347 and 0.3, respectively. Although the empirical equation
annot clearly describe composition dependence separately, the
mpirical equation indicates that the combustion velocity is depen-
ent simultaneously upon the combustion temperature and oxygen
ressure.

Fig. 3 is the typical X-ray spectra of BaxMg1−xFe2O4 prepared at
he oxygen pressure of 0.25. Barium–magnesium ferrites phase was
he variations of the combustion temperature and the combustion
elocity with the reactant composition and oxygen pressures are
elated to the on-going combustion reaction mechanisms. Since the

ig. 4. Typical morphology of nano-sized BaxMg1−xFe2O4 ferrite particles observed
y using FESEM.
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Table 1
Magnetic properties of barium–magnesium ferrites with the initial composition ratio of barium peroxide to magnesium oxide and oxygen partial pressure during SHS reaction.

Sample # BaO2/MgO PO2 (MPa) Maximum magnetization, Ms (A m2/kg) Residual magnetization, Mr (A m2/kg) Coercive force, iHc (kA/m)
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M-1-1 4 1.0 31.17
M-1-2 1 1.0 23.09
M-1-3 1 0.25 14.48
M-1-4 0.25 1.0 7.34

errite formation reaction involves the oxidation of iron and the
eduction of oxides, such as barium peroxide, magnesium oxide and
ron oxide, retardation of the combustion reaction at a low molar
atio of barium peroxide to magnesium oxide accounts for the heat-
oss during the reduction reaction at the combustion front. It means
hat the heat-loss is larger at barium peroxide than at magnesium
xide. These observations also support the combustion reaction is
self-propagating process with the aid of exothermic heat released
uring the oxidation of iron [13].

Fig. 4 is the typical morphology of a product observed by using
eld emission scanning electron microscopy. The powder sample
as prepared by a ball-milling of the SHS products for 5 min. As

ig. 4 shows, the SHS products were agglomerated-powders in
hich nano-sized particles were present. The particle size of the
ulverized-powders obtained was approximately less than about

50 nm.

Figs. 5 and 6 present typical magnetization curve of nano-sized
a–Mg ferrites for the same initial molar ratio of barium peroxide
nd magnesium oxide of 1.0 with different oxygen pressure dur-

ig. 5. Typical magnetization curves of BaxMg1−xFe2O4 ferrite prepared by using
HS reaction at various oxygen pressures.

ig. 6. Typical magnetization curves of BaxMg1−xFe2O4 ferrite prepared by using
HS reaction with different barium peroxide and magnesium oxide ratio.
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5.37 12.87
5.20 25.50
5.02 37.16
1.67 25.99

ng the SHS reaction and the initial composition, respectively. As
igs. 5 and 6 show, the maximum magnetization (Ms), the residual
agnetization (Mr) and the coercive force (iHc) of the nano-sized

arium–magnesium ferrite particles formed by using SHS signifi-
antly depended on the oxygen partial pressure during SHS reaction
nd initial molar ratio of barium peroxide and magnesium oxide in
he SHS reactant powder mixtures. Soft magnetic properties were
mproved by increasing oxygen pressure during the SHS reaction.
he maximum magnetization tended to be increased as increasing
arium peroxide content.

Table 1 summarizes the magnetic properties for the sam-
les, as determined with a vibrating sample magnetometer.
s Table 1 shows, Ms, Mr and iHc of the quasi-nano-
ized barium–magnesium ferrite particles formed by using SHS
ignificantly depended on the initial composition and oxygen
artial pressure during SHS reaction. The Ms, Mr and iHc of
he quasi-nano-sized barium–magnesium ferrite particles formed
y SHS at 1.0 MPa of oxygen partial pressure are 31.17 A m2/kg,
.37 A m2/kg and 12.87 kA/m for 4.0 of the initial molar ratio of
arium peroxide to magnesium oxide, 23.09 A m2/kg, 5.20 A m2/kg
nd 25.50 kA/m for 1.0 of the initial molar ratio of barium per-
xide to magnesium oxide, and 7.34 A m2/kg, 1.67 A m2/kg and
5.99 kA/m for 0.25 of the initial molar ratio of barium per-
xide to magnesium oxide, respectively. As oxygen pressure
uring the SHS reaction decreased from 1.0 to 0.25 MPa, the val-
es changed from 23.09 to 14.48 A m2/kg, 5.20–5.02 A m2/kg and
5.5–37.16 kA/m, respectively. Although the magnetic properties
f the ferrite powders depended on the microstructure and the
easured parameters such as the particle size, the porosity, and

he magnetizing frequency, the magnetic properties of the nano-
ized barium–magnesium ferrite particles prepared by using SHS
hows slightly higher values than the sintered magnesium ferrite
nd lower values than sintered barium ferrite powders [10,14]. The
Hc of the nano-sized barium–magnesium ferrite particles shows
ower value for the ferrite prepared by co-precipitation method
nd thin film process [15,16]. The value can be further improved
y reducing pore, cracks, local grain boundary and improving the
-axis orientation of grains in polycrystalline ferrite. Hence, the
arium–magnesium ferrite prepared by using SHS reaction fol-

owed by a mechanical milling is cost effective in mass-production
f future microwave devices.

. Conclusions

Nano-sized barium–magnesium ferrite powders were prepared
y self-propagating high temperature reaction with various oxygen
ressures and mechanical milling and the following conclusions
ere drawn:

1) The combustion temperature and the combustion velocity are
in the ranges of 605–1148 K and 3.6–6.3 mm/s, respectively,
which tend to be increased with increasing initial molar ratio

of magnesium oxide to barium peroxide and oxygen partial
pressure during the SHS reaction.

2) The SHS products are mainly barium–magnesium ferrites. They
are agglomerated-powders in which nano-sized particles with
less than 150 nm exist.
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3) As the molar ratio of barium peroxide to magnesium oxide
decreases and the oxygen pressure during SHS reaction
increases, the maximum magnetization, the residual magne-
tization increase and the coercive force decreases, respectively.

4) In the view of the improved magnetic properties and pro-
ductivity, the fabrication of the Ba–Mg ferrites by using
self-propagating high temperature synthesis at a high oxygen
pressure followed by mechanical milling is one of useful meth-
ods for mass-production.
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