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Abstract

In this paper, Si-C—N-Fe magnetoceramics were obtained by pyrolysis of iron-modified polysilazane (PFSZ) precursors which were
synthesized by using polysilazane (PSZ) and iron (III) acetylacetonate (Fe(acac);) as starting materials. The as-synthesized PFSZ
precursors were characterized by Fourier transform infrared spectroscopy (FT-IR) and gel permeation chromatography. The polymer-
to-ceramic conversion of the PFSZ was studied by FT-IR and thermal gravimetric analysis. It is found that the ceramic yield of the
PFSZ precursor is ca. 25% higher than that of the original PSZ. The crystallization behavior, microstructures and magnetic properties
of the PFSZ-derived Si—-C—N-Fe magnetoceramics were studied by techniques such as X-ray diffraction, transmission electron
microscopy and vibrating sample magnetometer. The results indicate that the formed o-Fe nanoparticles are uniformly dispersed in
amorphous Si-C-N(O) matrix, leading to the soft magnetization of the resultant Si-C-N—Fe ceramics. Moreover, the iron content and

the magnetic properties of the Si-C—N—Fe ceramic could be easily controlled by the amount of Fe(acac); in the precursor.
Crown Copyright © 2012 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Polymer-derived ceramics (PDCs) such as SiC, Si3Ny, as
well as Si-C-N composite materials, have superior ther-
mostability and mechanical properties [1-4]. The PDC
route was almost focused on the design of polymeric
precursors for ceramics to emphasize thermal stability
and strength of materials [5-7]. Recently, PDCs modified
with metallic elements (Fe, Co, Ni, Ti, Zr and Mn) have
attracted much interest due to their electrical and magnetic
properties [8—18].

PDCs based Si—-C-N system have been reported to
exhibit extraordinary high temperature properties [1].
The metal-modified Si-C-N ceramics were also studied
[19-28]. It is well known that iron has the highest magnetic
moment among all three transition metals. The incorpora-
tion of iron into Si—~C—N ceramics is desirable as it will
introduce interesting magnetic properties into the
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ceramics. Saha et al. [23] reported the synthesis of iron
modified Si—-C-N ceramics by incorporating Fe;O,4 into
liquid polysilazane (PSZ) and then pyrolyzed up to
1100 °C in a nitrogen atmosphere. The evolution of CHy
and H, reduced the Fe;O,4 into o-Fe, generating a high-
temperature magnetic material for applications in harsh
environments. Hauser et al. [24] reported the pyrolytic
conversion of a PSZ blended with Fe or Fe(CO)s in argon
to obtain Si—-Fe—C—N ceramics, which have a high satura-
tion magnetization of ~57 emu/g and good ferromagnetic
behavior. Dumitru et al. [25] reported a versatile method
to prepare inorganic polymer precursors by plasma poly-
merization. The precursors were then converted to Si—C—
N-Fe nanostuctured ceramics. Francis et al. [26] studied
the crystallization behavior and the controlling mechanism
of a Si-Fe-C-N system based on PSZ-derived SiCN
ceramic filled with iron metal powder. Xie’s group [27]
synthesized a hyperbranched PSZ containing iron com-
pound by the polycondensation of silazane lithium salts
with FeCls, then the PSZ was pyrolyzed under nitrogen,
argon or NHj to obtain a series of magnetic ceramics.
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Subsequently, they prepared another iron-containing PSZ
by the amine displacement reaction along with heat-
induced vinyl crosslinking reactions between Fe[N(Si-
Me,Vi),]; and the PSZ containing —Si—Vi— [28]. The
authors suggested that a-Fe was the only magnetic crystal-
line embedded in the amorphous Si/C/N-based matrix.
However, the above mentioned methods have many dis-
advantages. For instance, mixing iron or iron compounds
into PSZ precursors might cause heterogenous dispersion
of Fe in the PDC matrix or the processing is difficult to
control due to the complex synthesis routes.

In this paper, we try to prepare an iron-modified PSZ by
using iron (III) acetylacetonate (Fe(acac)s) as a new source
of iron. As expected, the resultant Si-C—N-Fe ceramics
show relatively good magnetic properties. Herein, we
report the first results about the reactivity of the Fe(acac)s
versus the PSZ and their application to the preparation of
the Si—-C-N-Fe ceramics.

2. Experimental
2.1. General

All manipulations were carried out by using standard high
vacuum or inert atmosphere techniques as described by
Shriver and Drezdzon [29]. Fe(acac); with a 99% purity
was purchased from Alfa Aesar. Dimethylbenzene was
distilled from a sodium benzophenone ketyl prior to use.
Liquid PSZ with a composition formula —[SiH(CH3;)NH],—~
[Si(CH=CH,)(CH3;)NH],~[Si(CH3)(NH)NH].— was pre-
pared by the ammonolysis reaction of CH;SiHCl,,
CH;Si(CH=CH,)Cl, and CH;SiCl; [30]. PSZ used in this
work had a number-average molecular weight of ca. 500 and
a polydispersity index of 1.8.

Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet Avator 360 apparatus (Nicolet,
Madison, WI) with KBr plates for liquid samples and KBr
disks for solid samples. Gel permeation chromatography
(GPC) measurements were performed at 30 °C with tetra-
hydrofuran as the eluant (1.0 mL/min) by using an Agilent
1100 system (Agilent, Santa Clara). The calculation of the
molecular weight of the PSZ was calibrated with narrow
polystyrene standards. Thermal analysis for the pyrolytic
conversion of the cured PSZ and PFSZs was performed on
a thermal gravimetric analysis (TGA, Netzsch STA
409 EP, Germany). X-ray diffraction (XRD, PANalytical,
Netherlands) was carried out to study the crystallization
behavior with a CuKu radiation. Iron contents in ceramics
were determined by energy disperse spectroscopy (EDS,
JAX-8100, Japan). Transmission electron microscopy
(TEM, JEM-2100, Japan) was used to observe the micro-
structure of the ceramics. The magnetic properties were
measured by using a vibrating sample magnetometer
system (TOEIVSM-5-15, Japan) at room-temperature,
and the standard sample is Ni. The Hk was determined
by calculating the measured easy axis and hard axis loops
of the reduced magnetization.

2.2. Synthesis of precursors

The preparation of iron-modified PSZ (PFSZ) precur-
sors was carried out in a Schlenk flask with a reflux
condenser, a magnetic stirrer and an argon inlet. A typical
synthesis of the PFSZ was achieved with the following
procedure: 0.189 g Fe(acac); was introduced into a 150 mL
Schlenk flask in an argon atmosphere, and then 20 mL dry
dimethylbenzene was added to solve Fe(acac); until a clear
red solution was obtained. After that, 3g PSZ was
introduced into the Schlenk flask with stirring at room
temperature, and this solution was heated up to 140 °C for
6 h under an argon atmosphere. Finally, a viscous red
PFSZ precursor was obtained in the flask after the
dimethylbenzene was stripped off under vacuum at
100 °C. The weight ratios of Fe to PSZ were 1%, 3%
and 5%, and the obtained samples were abbreviated as
PFSZ-1, PFSZ-2 and PFSZ-3, correspondingly.

2.3. Curing and pyrolysis

Thermal curing of the PSZ and the PFSZs precursors
were carried out in an inert atmosphere, placed in a 180 °C
oil bath for 12 h. The liquid PSZ was transformed slowly
into a viscous and white colloid, while the PFSZs were
cured into red and stiff solids quickly.

The cured samples were put in an alumina boat and
thereafter pyrolyzed in a glass silica tube under an argon
flow. The pyrolysis temperature was raised up to 900 °C at
a rate of 5°C/min, and then kept at 900 °C for 2 h. To
study the crystallization behavior of the ceramics annealed
at higher temperatures, the sample (pyrolyzed at 900 °C)
was put in a graphite crucible and heated in a tube furnace
in an argon atmosphere. The 900 °C ceramic was heated
rapidly to 1100 °C, 1200 °C and 1300 °C, at a rate of
40 °Cmin~' and kept at this temperature for 2 h. After
that, the resulting ceramic was furnace-cooled to RT.

3. Results and discussion
3.1. Characterization of PFSZ precursors

The PFSZs were characterized by means of FT-IR
(Fig. 1). As previously reported, absorption peaks at 3385
and 1175cm™'(N-H), 3050cm~' (C=C-H), 2950 and
2900 cm ™~ '(C-H), 2100cm ™' (Si-H), 1250cm™" (Si-CHj)
and 1590 cm~! (C=C) are observed [30]. It is worth mention-
ing that the characteristic absorption peaks at 1521 cm ™'
(C=C stretching) and 1577 cm~' (C=0 stretching) derived
from Fe(acac); [31] are also observed in the spectra of PFSZs.
In comparison with the original PSZ, the Si-H stretch
(2100 cm ™ ") peak of PFSZs decreases. The results suggest
that there should be a reaction between Fe(acac); and PSZ.

In order to investigate the molecular weight of PFSZ,
the original PSZ and the typical PFSZ-1 were subjected to
GPC analysis (Fig. 2). It is apparent that the GPC trace of
PFSZ-1 exhibits some new high-molecular-weight peaks
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compared with that of the PSZ, indicating that chemical
reaction between the PSZ and Fe(acac); did occur. The
GPC results agree well with the FT-IR results.

As regarding the reaction mechanism between PSZ and
Fe(acac);, it should involve the condensation reaction of
the Si-H groups from PSZ and the Fe-O groups from
Fe(acac); (Scheme 1). As previously reported, the reaction
of polycarbosilane (PCS) with zirconium (IV) acetylaceto-
nate (Zr(acac),) proceeds by the condensation reaction of
the Si-H bonds in PCS and the ligands of Zr(acac)
accompanied by the evolution of acetylacetone, resulting
in a molecular weight increase based on the formation of
Si—Zr bond [32]. The molecular structure of Fe(acac)s is
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Fig. 1. FT-IR spectra of Fe(acac);, PSZ and PFSZs.

2.0 -

1.5 -
s
=]
= 190
s 1

PFSZ-1
<
\PSZ
0.0 4+ — . ; =
100 1000 10000

Molar Mass{(D)

very similar to that of Zr(acac)y, and the PSZ has
abundant Si—H groups. Therefore, the condensation reac-
tion of the Si—H bonds in PSZ and the ligands of Fe(acac)s
should take place, which is supported by the FT-IR and
the GPC results. However, it is difficult for all of the three
ligands of Fe(acac); to execute the condensation reaction
because of the steric hindrance, which is confirmed by the
finding that characteristic absorption peaks at 1521 cm ™!
(C=C stretching) and 1577 cm ™' (C=0O stretching) derived
from ligands of Fe(acac); remain in the spectra of PFSZs.
Even though the reaction between PSZ and Fe(acac); seems to
be incomplete, the unreacted Fe(acac); may further react with
PSZ during the followed processes of curing and pyrolysis.

3.2. Curing and ceramization of PFSZs

It is well accepted that ceramic yield of a polymeric
precursor could be significantly improved via a previous
cross-linking treatment before pyrolysis. In the present work,
the as-synthesized PFSZs were thus subjected to heat treat-
ment for cross-linking before high temperature pyrolysis. The
cross-linking reactions of the PFSZs and the PSZ were
investigated by FT-IR (Fig. 3). When heated at 180 °C for
12 h, the PSZ was slowly transformed into a viscous and
white colloid. In contrast, the PFSZs were rapidly cured at
180 °C within 5-10 min. It indictates that the cross-linking of
the PFSZ is significantly improved when compared with that
of the PSZ, which is supported by the finding that the
decrease in intensity of the peak at 2100 cm ' (Si-H) is
marked much more for the thermally cross-linked PFSZs
than for the PSZ (Fig. 3). The more Fe(acac); was introduced
into the PFSZs, the more Si-H peak intensity decreased. The
results suggest that the remaining Si—H groups of the PFSZs
did further react with the Fe—O groups for further cross-
linking, as indicated in Scheme 1.

To study the structural evolution during the polymer-to-
ceramic conversion, the PFSZ-3 samples heat-treated at
different temperatures were characterized by FT-IR. As
indicated in Fig. 4, active groups such as N-H, Si—H and
C=C still remain in the PFSZs. It is found that the peaks
of N-H, Si-H and C=C reduced gradually when the
pyrolysis temperature increased from 180 °C to 500 °C,
which is due to dehydrogenation coupling and transami-
nation [30]. From 500 °C to 700 °C, the peaks of Si—~CHj;
reduced because of the decomposition of organic side
groups. It is worth mentioning that the peak at

Fig. 2. GPC traces of PSZ and PFSZ-1. 1577 cm ™! attributed to C=0 groups in the ligands of
H
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Scheme 1. Synthesis of PFSZ via reaction between PSZ and Fe(acac);.
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Fig. 3. FT-IR spectra of cured PFSZs and PSZ heated at 180 °C for 12 h.
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Fig. 4. FT-IR spectra of PFSZ-3 heat-treated at different temperatures.

Fe(acac); vanished at temperatures over 700 °C, indicating
the decomposition of the ligands. Only the SiC absorption
peak retained at 900 °C; therefore, it is believed that the
polymer-to-ceramic conversion is completed at 900 °C.
From 1100 °C to 1300 °C, the peaks of Si—C and Si-N
become sharper with the increasing temperature, indicating
crystallization of SiC and SizNy.

The thermal properties of PFSZs and PSZ were mea-
sured by TGA and the results are shown in Fig. 5. For PSZ
by 300 °C, the TGA curve shows a mass loss of 30%, much
higher than that of PFSZs (5-10%). In the 300-900 °C
region, the mass loss of the PFSZs closely matched that of
PSZ (about 18%). In the 900-1300 °C region, no obvious
weight loss is observed for either the PSZ or the PFSZs,
indicating the completion of polymer-to-ceramic conver-
sion. Generally, the 900 °C ceramic yields of the PFSZs
range from 75% to 78%, which are about 25% higher than
those of the PSZ. The significantly lower mass loss of the
PFSZs than that of the PSZ below 300 °C is attributed to
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Fig. 5. TGA curves of the cured PFSZs and PSZ.
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Fig.6. Dependence of Fe contents in 1200 °C ceramics on Fe contents
in PFSZs.

the more evaporation of oligomers contained in the PSZ,
which is also responsible for the higher final ceramic yield
of the PFSZs. The results suggested that the evaporation
of the low-molecular-weight oligomers was markedly
reduced to improve the final ceramic yield because of the
cross-linking reaction. Moreover, slight mass loss occurred
from 1300 to 1400 °C for the PFSZ, which might be due to
the introduction of oxygen from Fe(acac)s.

The iron contents of the ceramics were calculated from their
EDS spectra and the results are shown in Fig. 6. It reveals that
the Fe content in the final ceramic increases linearly with the
increase in the weight ratio of Fe to PSZ in the feed, indicating
that the Fe content in the ceramic could be easily regulated by
the amount of Fe(acac); in the precursor.

3.3. Microstructure of PFSZ-derived ceramics

To investigate the crystallization behavior of the PFSZ-
derived ceramics, XRD patterns of the samples were
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measured and the results are shown in Fig. 7. Below
700 °C, the ceramic is amorphous and highly disordered.
At 900 °C, a weak peak appears at about 45°, indicating the
formation of the o-Fe. With the temperature increasing the
peak of the a-Fe becomes sharper, suggesting the increased
degree of crystallization. The characteristic peaks of -SiC
appear until 1200 °C with the three major peaks at 20=36°,
60°and 72°, accompanied by the peaks of «-Si;N4 which are
located at 20=20°, 23°, 26°, 31°, 34°, and 35°. At 1300 °C,
all these peaks become sharper and higher.

In addition, the effect of the iron content in the 1300 °C
ceramics on the crystallization behavior was also investi-
gated. The ceramics derived from PSZ, PFSZ-1, PFSZ-2,
and PFSZ-3 are presented as Si—C—-N, Si—C-N-Fe-1, Si—
C-N-Fe-2 and Si—-C-N-Fe-3, respectively. Fig. 8 shows
that the PSZ-derived Si-C—N ceramic is almost amorphous
and disordered. In contrast, the PFSZ-derived Si—-C-N-Fe
ceramics are partially crystallized. It is also observed that
the crystallization of f-SiC and «-Siz;Ny4 are improved by
the introduction of iron into the Si—C—N-Fe ceramics.
According to the literature, crystallization behavior of PSZ
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Fig. 7. XRD patterns of PFSZ-3 heat-treated at different temperatures.
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Fig. 8. XRD patterns of 1300 °C ceramic samples with different iron
contents.

derived ceramics was influenced by chemical composition,
molecular structure and chemical homogeneity of amor-
phous Si—C—N network [33]. The introduction of Fe(acac)s
destroyed the chemical homogeneity and reduced the
content of N in the precursors, leading to the lower
crystallization temperature of PFSZ-derived ceramics than
that of the PSZ-derived ceramics [34]. In addition, the
intensity of the a-Fe peak gradually increases with the
increasing iron content of the ceramic.

In order to study the formation of «-Fe, the pure
Fe(acac); was pyrolyzed at 900 °C under an argon atmo-
sphere. Fig. 9 depicts the XRD patterns of Fe(acac)s-
derived product and the Si—~C-N-Fe-3 ceramic. It is
observed that the Fe(acac);-derived product consists of
o-Fe and Fe;04. However, the a-Fe is the only crystal-
lization phase and no Fe;0,4 phase is detected in the Si—-C—
N-Fe system, which might be due to the carbothermal
reduction reaction of Fe;O, in the ceramic matrix. The
reaction is as follows.

Fe;04+4C (free carbon)— 3Fe+4CO

To further investigate the iron morphology in the Si—-C—
N-Fe ceramic, the TEM measurements of the 1200 °C Si—
C-N-Fe-3 ceramic were performed and the results are
shown in Fig. 10. Fig. 10(a) demonstrates that the PFSZ-3-
derived ceramic annealed at 1200 °C consists of SiC and Fe
crystallites, with grain sizes in the range 10-30 nm.
Fig. 10(b) shows that the Fe particles of 10-20 nm are
uniformly dispersed in the amorphous Si—-C-N(O) matrix.
Fig. 10(c) and (d) reveals that the interplanar spacing of
0.25 nm and 0.20 nm corresponds to the (11 1) plane of
the p-SiC and (1 1 0) plane of the a-Fe, respectively [14].

The SizNy crystallites in the 1200 °C Si—~C-N-Fe-3
ceramic are too small to be found in Fig. 10, so the
TEM measurements of the 1300 °C Si—-C-N-Fe-3 ceramic
were performed and the images are shown in Fig. 11.
Fig. 11(a) demonstrates the bright field lattice image of the
1300 °C ceramic. The crystallites in the 1300 °C ceramic
grew up dramatically in comparison with those in the

A A o—Fe

* Fe,O,

20 ()

Fig. 9. XRD patterns of (a) Fe(acac)s-derived product and (b) Si—-C—N-
Fe-3 prepared at 900 °C.
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Fig. 10. (a) Bright field lattice image, (b) low- and (c, d) high-resolution transmission electron microscopy images of 1200 °C Si—-C—N-Fe-3 ceramic.

Fig. 11. (a) Bright field lattice image and (b) high-resolution transmission electron microscopy images of 1300 °C Si-C-N-Fe-3 ceramic.

1200 °C ceramic. In the 1300 °C ceramic matrix, the -SiC,
a-Fe and a-SizNy grains are observed. Fig. 11(b) reveals
that the interplanar spacing of 0.29 nm corresponds to the
(20 1) plane of the a-SizN4 [30], indicating the existence of
the a-SizN, grains. The TEM results are consistent with the
XRD measurements.

3.4. Magnetic properties of PFSZ-derived ceramics

Based on the XRD and TEM measurements, the «-Fe is
the only magnetic crystalline embedded in the amorphous Si—
C-N(O) matrix, which might endow the Si-C—N-Fe system
with special magnetic properties. The magnetization behavior
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Fig. 12. Magnetization versus applied magnetic field for 1200 °C Si—-C-N
and Si—-C—N-Fe ceramics.

of the Si-C-N-Fe ceramic was thus investigated by the
vibration sample magnetometer system. Fig. 12 shows the
magnetization curves of the 1200 °C ceramics. All the Si—-C-
N-Fe ceramics are magnetizable, while the Si—-C—N is not.
Their magnetization increases rapidly with the increase of the
Fe content in the ceramic. The Si-C-N-Fe samples exhibit
hysteresis loops. However, their remanent magnetization M,
(<0.1 emu/g) and coercivity H. (~150 Oe) are very low,
suggesting that the ceramics are basically soft magnetic
materials. Moreover, the magnetic properties of the Si—-C-
N-Fe ceramic could be easily controlled by the amount of Fe
content in the ceramic.

4. Conclusions

In this work, a series of PFSZ precursors were prepared
via a condensation reaction between PSZ and Fe(acac)s.
The as-synthesized PFSZs were cured and then pyrolyzed
to prepare Si—-C—N—Fe ceramics. The ceramic yield of the
PFSZ was significantly improved by the introduction of
Fe(acac);. In the Si-C—N-Fe system, the a-Fe crystallites
were detected in the 900 °C ceramic. Further heating at
1200 °C induced partial crystallization to give mixed XRD
patterns for SiC, SizNy4, and «-Fe. Moreover, the o-Fe
nanoparticles are uniformly dispersed in the amorphous
Si—~C—N(O) matrix, which might be responsible for the soft
magnetization of the resultant Si-C-N-Fe ceramics. The
iron content and the magnetic properties of the final
ceramic could be easily controlled by adjusting the amount
of Fe(acac); in the precursor.
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