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Abstract

Fe-containing SiC ceramic nanocomposites were prepared by pyrolysis of iron pentacarbonyl (Fe(CO)s)-modified allylhydridopo-
lycarbosilane (AHPCS-Fe(CO)s). The cross-linking mechanism and ceramization of the AHPCS-Fe(CO)s precursors were studied by
nuclear magnetic resonance, Fourier transform infrared spectroscopy and thermal gravimetric analysis. It is suggested that
hydrosilylation, dehydrocoupling and the reaction of Si-H bonds with C=0 groups evolved by Fe(CO)s decomposition are involved
in the cross-linking of the AHPCS-Fe(CO)s precursor. The crystallization behavior, microstructure and magnetic properties of the
obtained Fe-containing SiC ceramic nanocomposites were investigated by techniques such as X-ray diffraction, scanning electron
microscopy, transmission electron microscopy and vibrating sample magnetometry. The results indicate that the a-Fe crystallites
together with B-SiC crystallites and poorly organized turbostratic carbon are dispersed in an amorphous SiC,O,, matrix, which might be
responsible for the soft magnetization of the obtained ceramic composites. The iron content and the magnetic properties of the final

ceramic could be easily tuned by the amount of Fe(CO)s in the precursor.
Crown Copyright © 2013 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

High-performance ceramics, especially Si-based materi-
als, are of considerable interest because of their high
thermal and chemical stability, low density, high mechan-
ical strength and hardness [1-5]. Recently, some research-
ers have paid more attention to the electrical and magnetic
properties of Si-based ceramics [6—15].

It is well known that iron has the highest magnetic
moment among all 3d transition metals. The incorporation
of iron into Si-based ceramics is desirable as it will
introduce interesting magnetic properties. Literature
search indicates that only a few investigations [6,16—19]
have been carried out to prepare iron-containing SiC
ceramics using the polymer-derived ceramic (PDC) route.
Maclachlan et al. [6] prepared a shaped magnetic ceramic
by the pyrolysis of poly (ferrocenylsilanes) precursors. The
magnetic properties of the shaped ceramic could be tuned

*Corresponding author. Tel.: +86 133 287 80080.
E-mail address: zhaojuyu@xmu.edu.cn (Z. Yu).

between superparamagnetic and ferromagnetic by adjust-
ing the pyrolysis conditions. Sun et al. [16,17] synthesized a
series of hyperbranched poly[ferrocenylene(methyl)silyne]
polymers to prepare mesoporous, conductive, and mag-
netic FeSiC ceramics. Chen et al. [18] synthesized a new
polyferrocarbosilane from polydimethylsilane and ferro-
cene, which exhibits good spinnability and has been
converted to magnetic Si—-Fe—C—O fibers by high tempera-
ture pyrolysis in an inert atmosphere. However, those
works involve a relatively complicated synthetic route
during the preparation of iron-containing polymeric pre-
cursor. More recently, Chen et al. [19] prepared iron
nanoparticle-containing SiC fibers by using an iron-
containing polycarbosilane (Fe-PCS) as precursor. Iron
pentacarbonyl (Fe(CO)s) first reacted with low-molecular-
weight polycarbosilane (PCS) to form an iron-containing
colloid. The colloid was then added into high-molecular-
weight PCS to form Fe-PCS, which led to magnetic SiC
fibers after pyrolysis.

In the past two decades, a liquid hyperbranched PCS
(HBPCS) has been regarded as an excellent effective
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precursor especially for a matrix source because of its
unique structures and favorable properties [20,21]. In our
previous work, a series of HBPCSs such as allylhydrido-
polycarbosilane (AHPCS), ethynylhydridopolycarbosilane
and propargylhydridopolycarbosilane were synthesized
[22-25]. An important consideration is the ceramic
yield when choosing a ceramic precursor. It is well
accepted that cross-linking of preceramic polymers is a
prevalent method for increasing the ceramic yield because
it reduces the amount of volatile decomposition products
[6]. In this regard, we tended to explore an efficient cross-
linking agent in order to lower the cross-linking tempera-
ture while improving the ceramic yield of this type of
HBPCS [26-29].

In this paper, we tried to use Fe(CO)s as a cross-linking
agent to improve the cross-linking of AHPCS as well as
acts as a new source of Fe for the final ceramic nanocom-
posites. It is interesting to point out that Fe(CO)s is also an
important catalyst for hydrosilylation (a reaction between
Si-H and C=C groups) [30,31]. Therefore, we expected
that Fe(CO)s could efficiently catalyze the hydrosilylation
of AHPCS, which contains a large amount of C=C
groups and Si—H, groups. The detailed cross-linking
mechanism of the AHPCS-Fe(CO)s precursor was studied,
and the in situ synthesis of the SiFeC nanocomposites by
the PDC route was investigated. The structural evolution
during the ceramization process, microstructure and mag-
netic properties of the final ceramics were also studied.

2. Experimental sections
2.1. Materials

All manipulations were carried out using standard high-
vacuum or insert-atmosphere techniques as described by
Shriver and Drezdzon [32]. AHPCS with a composition
formula [SiH; 26(CH3).60(CH,CH == CH3)o.14CH,],  was
prepared, as previously described [23], by a one-pot
synthesis with CL,Si(CH;)CH,Cl, CI3SiCH,CI, and
CH,=CHCH,)CI as the starting materials. The AHPCS
used in this work had a number-average molecular weight
of ca. 700 and a polydispersity index of 1.96. Iron
pentacarbonyl [Fe(CO)s, 99%] was provided by Tian-Yi
Submicron Metal Co., Ltd. (Jiang Su, China). Other
commercially available reagents were used as received.

2.2. Cross-linking

Preparation and cross-linking of AHPCS—Fe(CO)s pre-
cursors, abbreviated as AF, were carried out in a Schlenk
flask with a reflux condenser, a magnetic stirrer and an
argon inlet. Certain amount of Fe(CO)s was introduced
into the Schlenk flask in an argon atmosphere, and then
liquid AHPCS was added to dissolve Fe(CO)s until a clear
solution was obtained. The weight ratios of Fe(CO)s to
AHPCS were 1/6, 1/3 and 2/3, and were abbreviated as
AF-1, AF-2 and AF-3, correspondingly. Finally, the

Schlenk flask was heated in a 150 °C oil bath. The AF
solution solidified immediately into a compact, light
brown, rubbery solid and was kept at this temperature
for 6 h. A control test was performed under the same
conditions but no Fe(CO)s was added. These cross-linked
AFs and AHPCS were used both for TGA and for
macroscopic pyrolysis.

2.3. Pyrolysis

With the pyrolysis temperature (Tp) of 900 °C, the cross-
linked sample was put in an aluminum boat and heated in
a glass silica tube under an argon flow. The temperature
was progressively raised up to Tp at a rate of 5 °C/min and
kept at this value for 2 h. For Tp > 900 °C, the sample
(pre-pyrolysed at 900 °C) was put in a graphite crucible
and heated in a tube furnace in argon. The pre-pyrolysed
sample was heated rapidly to Tp at a rate of 40 °C min ™"
and kept at this temperature for 2 h. After pyrolysis, the
resulting ceramics were furnace-cooled to room tempera-
ture (RT).

2.4. Characterization

Fourier transform infrared spectroscopy (FT IR) spectra
were recorded on a Nicolet Avator 360 apparatus (Nicolet,
Madison, WI) with KBr plates for liquid samples and KBr
discs for solid samples. Nuclear magnetic resonance
(NMR) experiments were carried out on a Bruker AV
300 MHz spectrometer (Bruker, Germany) operating at
75.46 MHz for carbon-13 ("H-decoupling). The specimen
used for >C NMR was dissolved in CDCls solution. The
3C chemical shifts were referred to tetramethylsilane
(TMS) (assigned to 0 ppm). The solid-state '*C magic
angle spinning (MAS) NMR experiments were also per-
formed on a Bruker AV 300 NMR spectrometer using a
4.0 mm Bruker double resonance MAS probe. The samples
were spun at 5.0 kHz. The '*C isotropic chemical shifts
were referenced to the carbonyl carbon of glycine (assigned
to 173.2 ppm). Thermal analysis of the samples was
performed by thermal gravimetric analysis (TGA)
(Netzsch STA 409C, Netzsch, Germany) in argon gas with
a heating rate of 10 °C/min ranging from RT to 1200 °C.
X-ray diffraction (XRD) studies were executed on a
PANalytical X’Pert PRO diffractometer (PANalytical,
Netherlands) with Cu K, radiation. The specimens were
continuously scanned from 10° to 90° (20) at a speed of
0.0167°s~'. The elemental analysis of the ceramics was
performed by an energy dispersive spectrometer (EDS,
JEOL, Japan). The morphologies of the ceramics were
examined with a scanning electron microscope (SEM)
(Model 1530, LEO, Germany). Transmission electron
microscopy (TEM) observations and high resolution ima-
ging were performed using a JEM 2100 (JEOL, Japan)
operated at 200 kV. The magnetic properties of the
ceramics were measured using a vibrating sample magne-
tometry system (TOEIVSM-5-15, Japan) at RT with a
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standard sample of Ni, and then Hk was determined by
calculating the measured easy axis and hard axis loops of
the reduced magnetization.

C=C groups at 114 and 135 ppm almost disappear,
indicating that the hydrosilylation of AHPCS is obviously
improved by the introduction of Fe(CO)s.

—Si—CH==CH, + H—Sj— ——— —Sli—CHZCHz—Sil— (1)

3. Results and discussion
3.1. Cross-linking

According to the literature [19], Fe(CO)s did react with
low-molecular-weight PCS which was prepared by Yaji-
ma’s route. It was found that Fe(CO)s first decomposed
under heat into nanosized carbonyl derivatives and CO.
CO then reacted with PCS at the interface, rendering the
PCS cross-linked [19]. In comparison with the Yajima
PCS, the AHPCS has more reactive C—C bonds and Si—
H bonds such as SiH, SiH, and SiH; units [22,23]. Based
on this fact, the cross-linking of the AHPCS would be
improved by the introduction of Fe(CO)s.

The cross-linking of AHPCS-Fe(CO)s precursors was
investigated by NMR and FT IR. As the polymers became
insoluble upon cross-linking at intermediate temperatures,
solid-state NMR was the available way to study the chemical
structural changes. Fig. 1 shows '*C NMR spectrum of the
soluble AHPCS and solid-state '*C MAS NMR spectra of
the cross-linked AHPCS-Fe(CO)s precursors.

The weight ratios of Fe(CO)s to AHPCS are 1/6, 1/3 and
2/3, and the resultant samples are abbreviated as AF-1,
AF-2 and AF-3, correspondingly. For the cross-linked
AHPCS, the intensity of carbon signals of C=C groups
(114 and 135 ppm) decreases in comparison with that of
the original AHPCS, indicating that C=C groups are
involved in the cross-linking. According to our previous
study [29-31], the consumption of C=C groups is due to
the hydrosilylation of the AHPCS (Eq. (1)). For the cross-
linked AHPCS-Fe(CO)s precursors, carbon signals of

b)
M (a)
150 100 50 0 -50

Chemical shifts (ppm)

Fig. 1. '*C NMR spectrum of the (a) soluble AHPCS (*CDCl; solvent)
and solid-state '3C MAS NMR spectra of cross-linked precursors:
(b) AHPCS, (c) AF-1, (d) AF-2, and (e) AF-3.

The cross-linking reaction of AHPCS-Fe(CO)s precur-
sors was further investigated by FT IR (Fig. 2). From a
comparison of the FT IR spectra of the cross-linked AF
precursors with those of AHPCS and Fe(CO)s, it is
observed that the AF spectra contain characteristic peaks
of AHPCS and Fe(CO)s. Careful examination indicates
that the peaks at 3077 cm ~' (C-H stretch in -CH=CH,)
in the AFs almost disappear in comparison with those in
the original AHPCS and cross-linked AHPCS. The FT IR
results agree well with the NMR, supporting once again
the fact that the hydrosilylation could be significantly
improved by Fe(CO)s.

Moreover, the peak at 2140 cm ' (Si-H stretch) of the
AFs obviously decreases, compared with those of the
original AHPCS and the cross-linked AHPCS. Herein,
the intensity ratio of the peak at 2140 cm ™' (Si—H) to that
at 1250 cm ™' (Si-CHj), indicating the Si-H content, is
denoted as A(Si—H)/A(Si—-CHj). As shown in Fig. 3, the
A(Si-H)/A (Si—-CHj3;) value gradually decreases with the
increase of the Fe(CO)s/AHPCS weight ratio.

According to our previous study in the AHPCS system
[33-35], the consumption of Si—H bonds is due to the Si—Si
dehydrocoupling (Eq. (2)) besides the hydrosilylation (Eq.
(1)). In the present cross-linking of the AF precursors, the
above FT IR results indicate that the consumption of Si-H
bonds is simultaneously enhanced by the introduction of
Fe(CO)s.

-H ||
—Sil—H + H—Si— ————> —§i—S§j— )

_VW_W‘ @)
si-HY Si-CHg

T T T T T T T
4000 3500 3000 2500 2000 41500 1000 500

Wavenumber (¢cm™ )

Fig. 2. FT IR spectra of (a) original AHPCS, (f) Fe(CO)s and cross-
linked precursors: (b) AHPCS, (c) AF-1, (d) AF-2, and (e) AF-3.
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Fig. 3. Dependence of A(Si-H)/A(Si-CH3) on Fe(CO)s/AHPCS weight
ratios.

i i
Si-H Si-CHg"
T T T T T T 1

3500 3000 2500 2000 4500 1000 500

Wavenumber [cm-“ ]

Fig. 4. FT IR spectra of AF-3 treated at different temperatures.

On the basis of the published literature [19], Fe(CO)s
starts to decompose gradually into intermediate carbonyl
derivatives. The carbonyl derivatives further react with one
another to form carbonyls containing more iron nuclei,
releasing CO gas [19]. It is thus believed that the evolved
CO is then reacted with the Si-H bonds of AHPCS,
forming the Si—O-Si linkage and rendering the cross-
linking of AHPCS (Eq. (3)). This is confirmed by the fact
of the appearance of stronger and broader peak at

1090 cm ™" (Si-O-Si stretch) with the increase of
Fe(CO)s/AHPCS weight ratio.
I -CH,

—Sil—H + c=0 ——Sil— O—Sil—— 3)
From the above analyses, it is believed that hydrosilyla-
tion, dehydrocoupling and the reaction of Si—-H bonds with
C=0 groups evolved by Fe(CO)s decomposition are
involved in the cross-linking of the AF precursors.

3.2. Ceramization

The structural changes during the ceramization of the
AF precursors were analyzed by FT IR (Fig. 4). It is
readily observed that the absorption of Si-H at 2140 cm ™!
in AF-3 markedly decreases after heat treatment at 300 °C
in comparison with that treated at 150 °C, which might be
due to further cross-linking reaction of Si—-H with Si-H

(Eq. (2)) and/or Si-H with C=0 (Eq. (3)). The peaks of
C=0 groups almost vanish, indicating that the decom-
position of Fe(CO)s is completed. In the FT IR spectrum
of the sample treated at 600 °C, the absorption of Si—-CHj
at 1250 cm ' reduces when compared with that treated at
300 °C, which is attributed to the decomposition of organic
side groups. Meanwhile, the intensity of Si-H at
2140 cm~" almost disappears. At 900 °C, a broad band
at around 800 cm ™! (attributed to SiCy4) and a small peak
centered at 1090 cm ™! (attributed to Si—O-Si) are retained,
while other bands at 1250 cm ' (assigned to Si—-CH3) and
1040 cm ' (from Si-CH,-Si functionalities) are no longer
observed in the FT IR spectrum. It is therefore believed
that the conversion of polymer-to-ceramic is completed at
around 900 °C. Further heating to 1100 and 1300 °C led to
sharpening of the SiC band and shift from 780 to
850 cm ! in position, which is consistent with the forma-
tion of crystalline SiC [36].

For macroscopic pyrolysis, the ceramic yields of the AFs
at different temperatures were determined, with the results
shown in Fig. 5. The ceramic yields of AF-1 and AF-2 are
higher than that of AHPCS, while that of AF-3 is lower. It
seems that the ceramic yield decreases with the increase of
Fe(CO)s amount. The ceramic yield of AF-1 is the highest,
which is 16 wt% higher than that of AHPCS. As indicated
in Fig. 3, higher Fe(CO)s/AHPCS weight ratio would lead
to higher extent of cross-linking of the AF. However, the
introduction of Fe(CO)s would be beneficial in enhancing
the weight gain of the precursor because of the cross-
linking, while at the same time readily lead to weight loss
because of the decomposition of Fe(CO)s. Therefore, the
weight loss due to the decomposition of Fe(CO)s is
dominative for AF-3, which has the highest Fe(CO)s
content, leading to a lower ceramic yield in comparison
with that of AHPCS.

As mentioned above, the ceramic yield of the precursor
AF-1 is the highest. Therefore, the thermal behavior of the
cross-linked AF-1 was investigated by TGA (Fig. 6).
Careful examination of the TGA curve finds only 1%
weight loss of AF-1 at 400 °C. As reported [37], the weight
loss of PCS below 400 °C is predominately due to the
evaporation of oligomers. Thus the above TGA results

80
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75 4 = =
9 —=— AHPCS
;70 - —@— AF-1
_?, —dhe— AF-2
] —¥— AF-3
2654 L, .
= e o -
Q
= 60 -
S
@
O 55 '\’\,
50 - - v T

T T T T T
900 1000 1100 1200 1300
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Fig. 5. Dependence of ceramic yields on Fe(CO)s/AHPCS weight ratios.
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Fig. 6. TGA curve of cross-linked AF-1.

suggest that the low-molecular-weight oligomers in AF-1
were efficiently cross-linked by Fe(CO)s to prevent them
from evaporation during heating. In the 400-900 °C
region, the weight loss of AF-1 is 15%. It was well-
known that above 300 °C, hydrogen (H,) and methane
(CHy4) are the major volatile species evolved during the
pyrolysis of PCS, leading to the mass loss [38]. Generally
speaking, the mass residue is constant at temperatures
higher than 900 °C, that is, organic groups in AF-1 are
completely decomposed below this temperature. The mass
change is negligible in the temperature range of 900-
1200 °C, indicating excellent heat-resistance of the
obtained ceramic under argon gas. The TGA thermogram
indicates a ceramic yield of 84% for the cross-linked AF-1
at 900 °C. However, the macroscopic pyrolysis experiment
gives a lower yield of about 77% (Fig. 5), presumably
because of the lower heating rate and the different heat
history.

To analyze the ceramic composition, the EDS elemental
analysis of the 1300 °C ceramics was measured and is
shown in Fig. 7(a). The EDS spectrum exhibits character-
istic peaks of silicon, iron, oxygen and carbon, confirming
the ceramic composition. Evaluation of the EDS spectra
indicates that the Fe content in the ceramic increases
linearly with the increasing of the Fe(CO)s/AHPCS weight
ratio. Therefore, the Fe content in ceramics could be
readily controlled by varying the Fe(CO)s content in
the feed.

3.3. Microstructure of ceramics

The evolution of the crystalline phase was studied by
XRD (Fig. 8). For the sample pyrolyzed at 600 °C, the
product is amorphous and highly disordered. For the
sample pyrolyzed at 900 °C, three peaks appear at
260=35.6°, 60.0°, and 72.0°, corresponding to the (111),
(220), and (311) lattice planes of B-SiC, respectively. The
peaks become sharper with increase of the pyrolysis
temperature, which is attributed to the increased degree
of crystallization. A broad band appears at 20=45.2° in
the XRD pattern of the sample pyrolyzed at 1100 °C,
corresponding to the (110) plane of a-Fe [19].
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Fig. 7. (a) Typical EDS spectrum of AF-3-derived ceramic and (b) Fe
content of SiFeC ceramic as a function of Fe(CO)s/AHPCS weight ratios.
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Fig. 9. XRD patterns of 1300 °C ceramics derived from (a) AHPCS,
(b) AF-1, (c) AF-2 and (d) AF-3.
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Fig. 11. (a) Bright field image and (b) HRTEM image of AF-3-derived ceramic.

In addition, the effect of Fe(CO)s content in feed on the
crystallization behavior of the obtained ceramics pyrolyzed
at 1300 °C was also investigated (Fig. 9). With increase of
the Fe(CO)s content in the feed, the intensities of a-Fe
peaks significantly increase, which matches very well with
the increase of Fe content in the ceramics determined by
EDS (Fig. 7(b)). Moreover, the growth of SiC crystals is
improved by the introduction of iron into the ceramics. It
has been reported [19] that the catalytic effect of iron on
the decomposition of SiC,O, phase would lead to the
growth of B-SiC crystals.

The microstructures of the 1300 °C ceramics derived
from AHPCS and AF-3 were investigated by SEM, and
the results are shown in Fig. 10. It is evident that the
crystal particle of AF-3-derived SiFeC ceramic is larger
than that of the AHPCS-derived SiC ceramic, indicating
that the Fe-containing SiC would be much better crystal-
lized than SiC. The results agree well with the XRD
patterns.

To further investigate the iron morphology in the SiFeC
ceramic, TEM observations were performed, and the
results are shown in Fig. 11. Fig. 11(a) demonstrates that
the AF-3-derived ceramic annealed at 1300 °C consists of
SiC and Fe nano-crystals with grain size in the range of
1020 nm. Fig. 11(b) shows that a-Fe crystallites of 10 nm,
together with B-SiC crystallites of about 15 nm and poorly
organized turbostratic carbon, are dispersed in an amor-
phous SiC.O, matrix, indicating a microstructure of

Fe-containing SiC ceramic nanocomposites. It is believed
that the decomposition of Fe(CO)s leads to formation of
a-Fe in the ceramic nanocomposites.

3.4. Magnetic properties of ceramics

Fig. 12 shows the magnetization curves for the 1300 °C
ceramics derived from AF precursors. It is found that all of
the ceramics are magnetizable (Fig. 12(a)). Their magne-
tization increases rapidly with the increase of the applied
field strength and becomes constant over the field strength
of 3000 Oe. The three samples exhibit some hysteresis
loops. For AF-3-derived ceramic, the highest remnant
magnetization Mr and coercivity Hc are 0.4 emu/g and
125 Oe, respectively. The results suggest that the ceramics
are basically soft magnetic materials. In addition, the
saturation magnetization (Ms) of the ceramics increases
with the increase of Fe(CO)s/AHPCS ratio in the feeds,
which is thought to be caused by the increasing content of
a-Fe in the final SiFeC ceramic (Fig. 12(b)).

4. Conclusions

In this paper, Fe-containing SiC ceramic nanocompo-
sites were prepared by the PDC route, using AHPCS-
Fe(CO)s precursors as starting materials. On one hand,
Fe(CO)s was used as a new source of Fe in the final
ceramic nanocomposites. On the other hand, the cross-linking
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Fig. 12. (a) Magnetization versus field measurements for AF-derived
ceramics and (b) dependence of Ms on Fe(CO)s/AHPCS weight ratios.

of AHPCS involving hydrosilylation reactions had been
improved by Fe(CO)s, which acted as an effective catalyst
during hydrosilylation cross-linking. The ceramic yield of
AF-11s 16 wt% higher than that of AHPCS. However, the
ceramic yield decreases with increase of Fe(CO)s in the
feed, which is attributed to the dominative weight loss of
the decomposition of Fe(CO)s compared with the weight
gain of the cross-linking of AF by Fe(CO)s during
ceramization. Both the increase of pyrolysis temperature
and the introduction of Fe have been found to improve the
degree of crystallization of the final ceramic. The TEM
observation suggests that o-Fe crystallites and B-SiC
crystallites, together with poorly organized turbostratic
carbon, are dispersed in an amorphous SiC,O, matrix.
This type of microstructure might be responsible for the
soft magnetization of the obtained ceramic nanocompo-
sites. The iron content and the magnetic properties of the
final ceramic could be easily controlled by adjusting the
amount of Fe(CO)s in the precursor.
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