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Abstract Mullite based iron magnetic nanocomposite
powders were synthesized by reduction of sol-gel prepared
mullite—iron oxide solid solution in hydrogen flow. Struc-
tural characterization studied by TEM revealed that two
types of «-iron nanoparticles existed in mullite matrix. The
«-iron nanoparticles with the size around hundreds of
nanometers appeared as inter-type grains, while those
around 10 nm were embedded in the grains of mullite.
The magnetic properties of nanocomposites suggest that the
intergranular and intragranular «-iron nanoparticles had the
ferromagnetic and superparamagnetic behavior at room
temperature, respectively. The oxidation behavior of nano-
composite powders showed that there existed two different
oxidation stages of «-Fe nanoparticles.
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1 Introduction

Iron based magnetic nanoparticles have been widely
studied for applications on magnetic recording, magnetic
fluids, magnetic resonance imaging contrast agents and
environmental remediation [1-3]. Generally, iron nano-
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particles are prepared from soluble precursors with some
methods, such as thermal decomposition, sonochemical
decomposition, electrochemical reduction or chemical
reduction [4-7]. By thermal or sonochemical decomposi-
tion of iron pentacarbonyl in the presence of organic
surfactants/dispersants (such as oleic acid or polymers),
inorganic—organic nanocomposites with the dispersion of
iron nanoparticles were synthesized. Moreover, the disper-
sion of iron nanoparticles in amorphous glass was also
obtained by chemical reduction of iron oxides contained
silica. Actually, ceramic grains can also be used as effective
dispersants for preparation of metal nanoparticles by
chemical reduction of ceramic solid solutions [8]. Since
metal nanoparticles nucleate and grow inside ceramic
grains, the particle growth is restricted. It becomes possible
to prepare intragranular nanocomposite with metal nano-
particles embedded in ceramic grains.

As the only stable crystalline phase formed at atmo-
spheric pressure in the aluminosilicate (Al,0;—Si0,)
system, mullite is widely researched. Due to its superior
thermal and physicochemical properties, such as low
thermal expansion, good thermal shock resistance, high
melting point, high chemical stability, and infrared trans-
parency, mullite has been considered as an important
material for high-temperature structural, electronical, and
optical applications [9]. Besides the replacement of Si*"
and AI’" that leads to the formation of non-stoichiometric
compound, mullite can also incorporate different amounts
of transition metal cations by substitution of AI*" ion at
different positions [10]. In the case of Fe-doped mullite,
12 wt% Fe,O5 can be dissolved in mullite matrix under
1,200 °C by replacing the AP** at octahedral site [11]. In
this paper, mullite—iron magnetic nanocomposite powders
were prepared by reduction of sol-gel prepared mullite—
iron oxide solid solution with a nominal composition of
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Fig. 1 XRD profiles of powders heat-treated at various temper-
atures and atmosphere. ((a) 500 °C, 2 h, air; (b) 1,200 °C, 4 h, air;
(c) 1,300 °C, 1 h, Hy)

Als 4Fe( ¢Si»015 in hydrogen flow at 1,300 °C. The
microstructure, magnetic properties and oxidation behavior
of nanocomposite powders were investigated.

2 Experimental procedures

The mullite—iron oxide solid solution with nominal com-
position of Als 4Fe( ¢Si,013 was synthesized by heating the
sol-gel made powders following the method described
elsewhere [12]. AI(NO3);-9H,0, Fe(NO3);-9H,O and Si
(OC,Hs)4 were used as the precursors for alumina, iron
oxide and silica, respectively. Dried gel powders were
treated at 500 °C for 2 h in air to remove volatile substance
and were successively calcinated at 1,200 °C for 4 h to
form solid solution. To obtain the iron dispersed mullite
nanocomposite powders, solid solution powders were

Fig. 2 The TEM images of
reduced powders. ((a) Inter-
granular iron grains, (b) Intra-
granular iron nanoparticles
embedded in mullite grain)
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reduced in flowing hydrogen gas at 1,300 °C for 1 h. The
crystalline phases of samples were recorded by Rigaku RU-
200B X-ray diffractometer with 50 KV and 200 mA using
Cu Ko radiation. The microstructure of nanocomposite
powders was observed by transmission electron micro-
scope, Hitachi H-8100T. Measurement of magnetic
properties was conducted on Quantum Design MPMS
superconducting quantum interference device (SQUID)
magnetometer. Zero-field-cooled and field-cooled mag-
netizations were determined with an applied field of
100 Oe between 10 K and 300 K. Oxidation behavior
of nanocomposite powders was monitored by thermo-
gravimetric and differential thermal analysis (TG-DTA;
TG-DTA 2020SAF) in air at a heating rate of 10 °C/min
from room temperature to 1,400 °C.

3 Results and discussion

XRD patterns of heat-treated powders at 500 °C, 1,200 °C,
along with those powders reduced at 1,300 °C, are shown in
Fig. 1. Powders remain amorphous after treated at 500 °C
while volatile impurities have been completely eliminated.
Through crystallization and reaction of oxide precursors, the
mullite—iron oxide solid solution is the only phase detected by
XRD after soaking at 1,200 °C. After reduction at 1,300 °C,
the peaks of «-Fe appear in composite powders. It should be
noted that the formation temperature is much higher than that
of iron nanoparticles embedded in silica (around 500 °C
[13]). Since Fe*' locates in the lattice of mullite, high
temperature is essential to supply enough reduction and
diffusion ability to hydrogen. The TEM images of reduced
powders are shown in Fig. 2. Two kinds of «-Fe nano-
particles with different particle sizes were observed. Some
o-Fe grains with sizes larger than 200 nm are formed by the
aggregation and growth of the iron nanoparticles located on
or near the surface of the solid solution grains. Other
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Fig. 3 The hysteresis loops for mullite—iron nanocomposite powders
at different temperature. Insert shows enlargement of the plot near the

origin. ((a) at 10 K, (b) at 300 K)
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embedded «-Fe nanoparticles in the mullite grains have a
particle size less than 10 nm. Since metal cations in solid
solution have different stability under reduction atmosphere,
only Fe®" can be reduced from the solid solution at 1,300 °C.
The formation of intragranular nanoparticles is due to the
precipitation of iron nanoparticles inside parent grains by
changing the chemical state of iron cations through reduction.
Mullite grain acts as a matrix to prevent the iron nanoparticles
from further aggregation and growth.

Figure 3 shows the magnetic hysteresis loops for
mullite—iron nanocomposite powders measured at temper-
ature of 10 K (a) and 300 K (b). Saturated magnetizations
(Ms), remanence ratio (Mr/Ms) and coercivity (Hc) of
nanocomposite powders are 14.81 emu/g, 0.72%, 15 Oe at
300 K and 15.78 emu/g, 1.49%, 38 Oe at 10 K,
respectively. It is known that for a superparamagnetic
particle system, both the coercive field and remnant
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Fig. 4 The field-cooled and zero-field-cooled curves of mullite—iron
nanocomposite powders reduced at 1,300 °C
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Fig. 5 The thermogravimetry curve of mullite—iron nanocomposite
powders heated in air

magnetization increase with decreasing temperature below
the superparamagnetic-ferromagnetic transition tempera-
ture. And this increase is due to the lower thermal
activation energy of spins at lower temperature. In our
results, the variation of coercivity and remanence ratio with
temperature implies the existence of superparamagnetic
iron nanoparticles in mullite—iron nanocomposite powders.
In magnetism, the temperature dependence of the magne-
tization for nano-sized magnetic particles reveals typical
characteristics of superparamagnetism, showing the block-
ing temperature (Tz) at which the zero-field-cooled mag-
netization curve exhibits a cusp [14]. Figure 4 shows the
result of magnetization versus temperature for field-cooled
and zero-field-cooled experiments. It is found that a
maximum appears at around 100 K in the zero-field-cooled
curve, which is the blocking temperature. However, the
zero-field-cooled and field-cooled magnetization curves do
not completely overlap with each other above 100 K, which
indicates the existence of ferromagnetic particles. As
known, the magnetic behavior of metal nanoparticles is
tightly related with their particle size. In the case of iron
nanoparticles, the critical size of superparamagnetism is
14 nm [15]. From the observation of TEM, most of the
intragranular iron nanoparticles are less than the critical
size, which show the superparamagnetic behavior at room
temperature. On the other hand, intergranular iron grains,
with the size of hundreds of nanometers, are in the state of
ferromagnetism at temperature above Tp.

The oxidation behavior of the mullite—iron nanocompo-
site powders was studied by heating them in air up to
1,400 °C. The thermogravimetry curve (Fig. 5) shows two
stages of weight increment around 450 and 1,000 °C,
respectively. The total mass gain of powders during the
oxidation run is about 3.4%, which corresponds to the full
transition of «-Fe (nominally, 7.81 wt% in reduced nano-
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composite powders) to Fe*" cation in Als4FeqSirOs.
Since the intergranular iron grains are directly exposed to
air, they have the similar oxidation temperature with pure
iron powder (around 400 °C). On the contrary, it needs
much higher temperature to penetrate the protection of
mullite grain to oxidize the intragranular iron nanoparticles
by oxygen. It is inferred that the lower oxidation temper-
ature corresponds to the oxidation of intergranular iron
grains and the higher one attributes to the oxidation of the
iron nanoparticles embedded in mullite grains. Moreover,
after comparing the amount of weight increment in two
stages, it can roughly be estimated that about 64% of the
total «-Fe phase in nanocomposite powders is dispersed as
intragranular particles.

4 Conclusions

The mullite—iron composite powders have been successful-
ly synthesized through the reduction of sol-gel prepared
mullite—iron oxide solid solution at 1,300 °C. Two types of
iron nanoparticles, the intergranular grains with the size
around hundreds of nanometers and intragranular nano-
particles embedded in the grains of mullite, are formed in
mullite—iron nanocomposite powders. The magnetic prop-
erties of nanocomposite powders suggest that the intergran-
ular and intragranular «o-iron nanoparticles have the
ferromagnetic and superparamagnetic behavior at room
temperature, respectively. The blocking temperature of
intragranular o-iron nanoparticles is about 100 K. The
oxidation behavior of nanocomposite powders shows that
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there exist two different oxidation stages of «-Fe nano-
particles. The intragranular «-iron nanoparticles have
higher oxidation resistance than intergranular ones.
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