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Abstract: A new polymer named polyferrocarbosilane(PFCS) was prepared from polydimethylsilane and ferrocene. The spinnability
of this polymer can be tailored by controlling the content of ferrocene in the polymer. The prepared polymer was spun into a
continuous polymer fiber that was subsequently cured in air and heat-treated finally in N, up to 1 350 C for conversion into
Si-Fe-C-O fibers. The resulted Si-Fe-C-O fibers display low specific resistance and magnetic property due to the existence of Fe,
which also reduces the specific resistance significantly to 1072 Q-cm at room temperature when the amount of ferrocene in feed is as
low as 3.0% (mass fraction). The resulted Si-Fe-C-O fibers, with C/Si molar ratio of about 1.3 and the maximum Fe content of about
2.0% (mole fraction), are composed of 5-SiC and small amount of Fe;Si-like crystalline and have an average tensile strength of about

2.0 GPa.
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1 Introduction

It is well known that silicon carbide fiber prepared
by precursor conversion method is one of the most
promising fibers for many high-technology composites
because of the high tensile strength, high elastic module
and good oxidation resistance at high temperature. It is
interesting to study the electromagnetic properties of the
fiber when it is applied as functional materials. Since SiC
fiber derived from polycarbosilane(PCS) generally has
rather high specific resistance and no magnetic properties
[1], the modification of the electromagnetic properties of
SiC fiber with hetero atoms in PCS has been very
important in many applications and attracts much
attention of many researchers.

Polytitanacarbosilane(PTCS) with 1.5%—4% of Ti
was synthesized from polydimethylsilane and titanium
tetraalkoxide by YAMAMURA et al[2], and low specific
resistance (10" Q-cm) Si-Ti-C-O fibers (Tyranno Lox[3]
(trade name) by Ube Industries, Japan) were produced
from PTCS through melt-spinning, curing and pyrolysis.
With a similar procedure, Si-Zr-C-O fibers[4—5] (with
about 2% Zr) were prepared with polyzirconocarbosilane
(PZCS) and Si-Al-C-O fibers[5—7] (with about 1% Al)

from polyaluminacarbosilane(PACS) were manufactured
by Ube with trade names Tyranno-ZE and Tyranno-SA
respectively. The hetero atoms in both Si-Zr-C-O and
Si-Al-C-O fibers mentioned above play an important role
in inhibition of crystalline grain of f-SiC at very high
temperature and thus improve the high temperature
resistance. It was reported that materials made from
silicon carbide fibers containing Ti or Zr exhibited a
reflection attenuation of 40 dB at 10 GHz and may be
applied as electromagnetic wave absorbing materials[3].

In addition, SiC single fibers with small amount of
iron, cobalt and nickel were prepared by physical mixing
of the nano-metal particles with PCS solution by
ultra-sonic processing followed by melt-spinning, curing
and pyrolysis. These fibers show electromagnetic wave
absorbing properties because of the existence of
magnetic particles[8].

In this study, Fe contained pre-ceramic polymer,
polyferrocarbosilane(PFCS), is synthesized by chemical
method, which exhibits a good spinnability, and is
converted to magnetic Si-Fe-C-O continuous fibers
successfully by high temperature pyrolysis in inert
atmosphere. The structural materials that show excellent
radar-wave absorbing properties are prepared with this
fibers and resin[9].
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2 Experimental

Polydimethylsilane(PDMS) was synthesized by
dechlorination of dimethaldichlorosilane with sodium in
xylene as previous report[10—11]. The synthesized
PDMS was rearranged at 420 °‘C under atmosphere of
N to produce viscous liquid with some Si—C backbond
and some Si—Si groups. Then the viscous liquid was
mixed with ferrocene and reacted at 400 C for 10 h.
PFCS was obtained through dissolving in xylene,
filtration and distillation. Continuous Si-Fe-C-O fibers
(Fig.1) were prepared by melt-spinning, curing in air and
pyrolysis at 1 350 C in N.,.

(a)

o

o ._J.:."l:"n"-ﬁ A

Ve Ty F

j v

9382 ©8/AFR/B4

Zeky Zrm 9302 88/AFPR/84

Fig.1 Appearance of continuous Si-Fe-C-O fibers (a), SEM
micrographs of Si-Fe-C-O fibers (b), (c)

The relative molecular mass and distribution of
PFCS were characterized with Waters-1515 liquid
chromatogram  machine by  Gel  Permeation
Chromatography(GPC) and tetrahydrofuran(THF) eluent
at a flow rate of 1 mL/min at room temperature using

polystyrene as standard.

The XRD patterns were recorded on a D8 advance
X-ray diffractometer (Cu K, radiation, 1=0.154 18 nm).
XPS semi-quantitative analysis of the surface of
Si-Fe-C-O fibers was performed with an X-ray
photoelectron  spectroscopy  apparatus  (PHI-5702,
American physics electron, Al K,) under ultrahigh
vacuum (4.53 X 10 "Pa). The tensile strength of the fibers
was measured using YGO001 monofilament strength
electron machine (25 mm in gauge length at room
temperature). The specific resistance of Si-Fe-C-O fiber
was measured with 4329 high-resistance apparatus at
ambient temperature. The magnetic properties were
characterized by TM-VSM 2050HGC at
temperature.

room

3 Results and discussion

3.1 Relative molecular mass of PFCS

The relative molecular mass of PFCS is listed in
Table 1, compared with PCS (ferrocene in feed is 0). The
relative molecular mass, especially "M, of PFCS
increases greatly with the adding of ferrocene in feed
under the same reaction conditions. When the amount of
ferrocene is up to 10%(mass fraction) or more, the
reaction system becomes an insoluble solid. This is
evidential that ferrocene is actually a cross-linker
connecting the polymer chains.

Table 1 Effect of ferrocene in feed on relative molecular mass
of PFCS

w(Ferrocene)/% M, M, M, /M,
0 320 940 3.0
1.0 480 7240 15.1
2.0 560 10 600 19.0
3.0 620 46 990 75.8

3.2 Composition and structure of PFCS

The IR spectra of PFCS with different amount of
ferrocene in feed are shown in Fig.2, where PFCS-n and
PCS stand for n% and 0% ferrocene respectively. All the
samples show a similar structure of PCS with absorption
bands of C—H stretching (2 950 and 2 900 cm ™), Si—H
stretching (2 100 c¢m™'), CH; deformation in Si—CH;
(1 400 cm "), CH, deformation in Si—CH,—Si (1 350
cm '), CH, wagging in Si—CH,—Si (1 020 cm '), and
Si—CH; rocking/Si—C stretching (820 c¢m )[10,12].
However, the Si—H bond becomes lower with the
increasing of ferrocene. In the case of high ferrocene
specimen, such as PFCS-10, some small characteristic
absorbing bands of ;15—Cp in ferrocene emerge at 3 088,
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Fig.2 FT-IR spectra of PCS and PFCS

1 106 and 490 cm '[13]. Thus, PFCS can be assumed to
take the following general structure with @ much smaller
than b.
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The results of the chemical analysis of PFCS are
shown in Table 2, where the content of Fe gradually
increases with the amount of ferrocene added, which is
quantitatively in accordance with the above structure. It
is interesting to find that the ratio of C/Si of PFCS is
generally 2.0 or a little higher, while in the case of PCS,
the ratio is significantly less than 2.0, as mentioned in
Refs.[10, 12, 14]. This can be explained that in the
rearrangement reaction from PDMS (C/Si=2) to PCS
without ferrocene, the degradation of methyl group and
hydrogen free radicals occurs simultaneously to form
volatile small molecules and the evaporation of large
amount of CH, leads to a lower C/Si ratio. In the
presence of ferrocene, however, the degradation reaction
seems less important and the resulted PFCS has a higher
C/Si ratio. In practice, one can find that ferrocene also
acts as a catalyst of the rearrangement reaction because it
makes the reaction time much shorter even at lower
temperature.

3.3 XPS analysis

The XPS depth elementary profiles of continuous
Si-Fe-C-O-3 fibers (Fig.3) show that a carbon-enriched
layer of about 100 nm in depth is formed on the surface,

Table 2 Elemental composition of PFCS (mass fraction, %)

Sample  Cp,Fe Fe Si C C/Si ratio
PCS 0 0 50.2 40.4 1.88
PFCS-1 1.00 0.25 48.7 423 2.03
PFCS-2  2.00 0.57 48.2 423 2.05
PFCS-3  3.00 0.82 48.0 423 2.06
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Fig.3 Distribution of elements in diametric direction of

continuous Si-Fe-C-O fiber by XPS depth analysis (Etching

rate 15 nm/min, etching degree 45°)

the C/Si mole ratio is about 1.3 in the fiber core, and O
and Fe molar fractions are about 15% and 2%
respectively, and there are some Fe;Si phases in the
fibers. The fluctuation of the elementary composition
may be due to the heterogenious distribution of small
amount of Fe atoms.

3.4 XRD analysis

From the XRD patterns of Si-Fe-C-O fibers (Fig.4),
it is obvious that higher amount of ferrocene in PFCS or
the content of Fe in the fibers leads to the sharper diffrac-
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Fig.4 XRD patterns of Si-C-O, Si-Fe-C-O fibers and powder:
(a) Si-Fe-C-O-10 (powder); (b) Si-Fe-C-0-3; (c) Si-Fe-C-0O-2;
(d) Si-Fe-C-0O-1; (e) Si-C-O
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tion peaks. The crystalline grain sizes are estimated,
using Scherrer equation from the (111) peak of -SiC at
20=35.6",to be 1.8, 3.1, 3.3, 4.2 and 93.4 nm for Si-C-O,
Si-Fe-C-O-1, Si-Fe-C-0O-2, Si-Fe-C-O-3 and Si-Fe-C-O-
10(powder) respectively. Therefore, Fe contained in the
Si-Fe-C-O fibers seems to accelerate the growth of S-SiC
crystalline grain in pyrolysis process. In addition, for the
high Fe content sample (Fig.4(a)), some new diffraction
peaks at 26=45.34°, 66.05° and 83.75° emerge, which
may possibly be assigned to Fe;Si as (220), (400) and
(422) respectively.

3.5 Electromagnetic properties of fibers

The specific resistances of Si-Fe-C-O fibers at
ambient temperature, listed in Table 3, are much lower
than those of the PCS derived SiC fiber (without
ferrocene) and Nicalon NL202 (10°Q-cm[15]). Even very
small amount of Fe (0.25% in PFCS for 1% ferrocene)
plays an important role because of the introduced Si-Fe
structure. The more the ferrocene is involved in PFCS,
the lower the specific resistances of Si-Fe-C-O fibers are.
Fig.5 shows the relationship between the specific
resistance of Si-Fe-C-O fibers and the pyrolysis
temperature. The trend and magnitude of the curve are
similar to those of the PCS derived SiC fibers,
demonstrating that the pyrolysis temperature does not
change the structure and effect of Si-Fe fundamentally.

Table 3 Properties of continuous Si-Fe-C-O fibers

Ferrocene in  Average Tensile Specific
feed/%  diameter/um strength/GPa resistance/(Q-cm)
0 14.0 2.2 3.7X10°
1.0 13.7 2.0 2.2X10°
2.0 12.9 1.9 L1x10™"
3.0 13.1 1.9 6.2X107"
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Fig.5 Specific
Si-Fe-C-O-2 fiber

resistance vs pyrolysis temperature of

Fig.6(a) shows the magnetic hysteresis loop of
Si-Fe-C-0O-3 fibers whose direction is vertical to that of
magnetic field. When the fibers are in parallel direction,
a similar loop is produced, but the specific saturation
magnetizations are 0.109 and 0.096 A-m*kg ', and the
coercivities are 1.2x10* and 1.8x10* A/m, for the vertical
and parallel direction, respectively. Obviously,
Si-Fe-C-O fibers show some magnetic properties and
magnetic anisotropy. For higher Fe content of
Si-Fe-C-0O-10 powder, higher magnetic properties can be
expected, as shown in Fig.6(b).
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Fig.6 Magnetic hysteresis loops of Si-Fe-C-O-3 fibers (a) and
Si-Fe-C-O-10 powder (b)
4 Conclusions

1) Polyferrocarbosilane(PFCS) was synthesized
from polydimethylsilane and ferrocene. From PFCS,
Si-Fe-C-O  fibers prepared by
melt-spinning, curing in air and pyrolysis above 1000°C
in Ns.

2) The Si-Fe-C-O fibers show good mechanical
properties and low specific resistance.

continuous were

3) The element Fe in the system is considered to
play important roles in cross-linking the PFCS chains,
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accelerating the growth of f-SiC crystalline grain in
pyrolysis, reducing the specific resistance and producing
magnetic properties of the Si-Fe-C-O fibers.
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