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Abstract

Nano-structured metal-containing ceramic polymer precursors have a potential for progress in the field of polymer-derived
ceramics. In this paper the synthesis and characterization of nano-metallopolycarbosilanes (nMPCS) and their transformation into
ceramic materials are reported. The formation of metal nano-particles via fast thermolysis of metal- containing compounds in
polymer solution or melt previously developed by the authors was applied to preceramic polymers. Tetrabenzyltitanium, tetra-
benzylzirconium, bis(cyclopentadienil)dichloride-titanium and zirconium as well as tetrachlorides of these metals and tetra-
kis(diethylamino)zirconium were used for the introduction of metal nano-particles. The products were characterized by thermo-
gravimetric analysis (TGA), differential scanning calorimetry (DSC), differential-thermal analysis (DTA), gel-penetration (GP)-
chromatography, X-ray diffraction (XRD), scanning electron microscopy (SEM) and other special analyses. The results of these
studies may be useful for the fabrication of non-oxide ceramic fibers, interphase coatings and high temperature ceramic matrix
composite (HT-CMC) matrices. Cp,ZrCl, and Zr[N(C,Hs),]4 provided nano-particles with diameters of 24 nm and turned out to
be the most suitable compounds for the preparation of ceramic matrices. Besides, they open a new way of oxygen-free curing.
Coreless fibers were obtained from nZrPCS with up to 3 mass% of metal. Future investigations will be focused on optimization of
the oligocarbosilanes used as starting materials and the development of less reactive polycarbosilane (PCS)-metal-containing
compound (MCC) systems. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction residual oxygen and initiators of oxygenless curing pro-

cesses, improve sintering activity, and are responsible

Among different directions for further progress in the
field of polymer-derived ceramics is the application of
metal-containing precursors including nano-structured
metal containing polymers. These polymers are essen-
tially homogeneous (monophase) and form an ultra fine
ceramic structure stable at high temperatures. Besides
that, active metal nano-particles (MNPs), which are
formed during the synthesis step, work as acceptors of
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for special magnetic, electrical and thermophysical
properties at high temperatures.

The study on ceramic polymer precursors for compo-
nents of high temperature ceramic matrix composite
matrices (HT-CMC) reported here is based on the pre-
vious research of the authors on linear organic polymers
(polypropylene, for example). MNPs formed via fast
thermolysis of metal-containing compound (MCC) sys-
tems in polymer solution or melt at temperatures above
the corresponding temperature of decomposition.! This
method was applied to ceramic polymer precursors as
polymer matrices for MNPs.

0955-2219/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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In the past decade, many new valuable ceramic poly-
mer precursors were proposed and synthesized. 276
Nevertheless, the polycarbosilanes (PCSs) are still the
most important among non-oxide polymer precursors.
These polymers satisfy the crucial criteria for economic
feasibility and offer possibilities for further improve-
ment. We used in our research a modification of
Yajima’s method for synthesizing PCSs via poly-
dimethylsilane (PDMS) but without high pressure and
initiators.” The process of PDMS to PCS transforma-
tion is based on thermal decomposition, rearrangement
and polycondensation. During this transformation less
stable —Si—Si— units rearrange into more stable —Si—
CH,—Si— units with reactive Si—-H and Si—C side groups.
Previously the processes of the intermediate product
formation and its activation by Zr, Ti and Fe containing
MCCs were studied,®® and the products were pre-
liminary characterized.!® Very similar properties (struc-
ture, composition, and size distribution) of iron nano-
particles (up to 5 mass.%) were obtained by pyrolysis of
Fe(CO)s in linear organic polymers and in PCS. But a
significant influence of the polymer matrix, the MCC
metal and ligand type on the polycondensation process
was found. Besides, important changes of the polymer
structure were detected. Thus, new aspects were dis-
covered in the study of nano-metallopolymer pre-
Cursors.

In this paper we report recent results on syntheses,
transformation and characterization of nano-metallo-
polycarbosilanes (nMPCS),!! which are to be used for
non-oxide ceramic fibers, interphase coatings and
matrices of HT-CMCs.

2. Experimental procedure

Tetrabenzyltitanium, tetrabenzylzirconium
[M(CH,CeHs); = MBzy], bis(cyclopentadienyl)di-chlo-
ride-titanium and  zirconium [(CsHs),MCl, =
Cp,MCl,], the tetrachlorides of these metals (MCly) and
tetrakis-(diethylamino)zirconium  {Zr[N(C,Hs),]ly =
Zr[NEt,]4} were used as MCCs for the introduction of
metal nano-particles. TiBz; and ZrBz, were synthesized
according to Zucchini et al.,'> Zr[NEt,], by analogy
with Bradley and Thomas,'? the commodity compounds
Cp-,TiCl, and Cp,ZrCl, (>98 mass%) and the chlorides
were used. TiCl, and ZrCl,; were double distilled and
sublimated, respectively.

The specimens of nMPCS were synthesized by intro-
ducing the MCC solutions in low boiling point solvents
(hexane, tetrahydrofuran) into the PCS-oligomer melt
or solution. This oligomer starting material {[-
Si(CH3),][-Si(CH3)H-CH>-],},,, with x, y =1-8, n=2-
6, M, =300-600 was obtained by partial rearrangement
of a PDMS [Si(CH3),], with n>30. For the nMPCS
synthesis a standard laboratory reactor equipped with

an extra fast-acting mixer was used. The MCCs were
introduced dropwise at temperatures from RT to 380 °C
under an inert atmosphere. Subsequently, the finished
reaction mixture was filtered and the volatile fractions
were distilled off. All these operations were carried out
in a glove box filled with inert gas. The thermo-
mechanical properties of the polymer samples were
evaluated with respect to the temperatures of softening
(Tsort), good spinning behavior (Typin) and melting
(Tmer)- The chemical composition of the finished pro-
duct was determined.

The products were characterized by X-ray photo-
electron spectroscopy (XPS) (metal contents), thermo-
gravmetric analysis, differential scanning calorimetry,
differential-thermal analysis (TGA, DSC, DTA) (pyr-
olysis data), infrared (IR)- and nuclear magnetic reso-
nance (NMR)-spectroscopy (chemical structure), gel
penetration (GP)-chromatography (molecular mass
data), small angle X-ray scattering (SAXS), X-ray dif-
fraction (XRD), X-ray radial electronic density dis-
tribution technique (X-ray RED), extended X-ray
absorption fine structure (EXAFS), wave dispersive X-
ray analysis (WDXA), SEM and transmission electron
microscopy (TEM) (structural investigations of nMPCS
and ceramic products). Details of these analyses were
published elsewhere.!?

3. Results and discussion
3.1. MCC thermolysis

The literature data for the thermal stability of the
MCCs used in this study are not complete, systematic
and methodically clear.'*'> The temperatures of
decomposition onset have been estimated, but are not
supported by specific experimental data for each MCC.
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Fig. 1. TGA data for the organometallic compounds used in this
study.
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Therefore, TGA experiments were carried out under
inert atmosphere in order to investigate the pyrolysis
behavior of the MCCs. This is a useful technique
although it differs from the real pyrolysis conditions in
the PCS melt or solution. The data in Fig. 1 show sig-
nificant differences between the theoretical decomposi-
tion according to the scheme ML,—M+nl and the
experimental results with respect to the amount of solid
residues. These data (theoretical/experimental ratio,
mass %) are accordingly: ZrCl;—39.1/28.0; Cp,TiCl,—
19.3/54.0; Cp,ZrCl,—31.2/<5.0; TiBzys—11.7/50.0;
ZrBz,—20.0/34.0. The lower yields for Cp,ZrCl, and
ZrCly can be explained by partial evaporation, while in
other cases the products of ligand decomposition
increased the amount of residual solids. TiBz, and
ZrBz, decomposed at 200—-600 °C and show very small
ratio. At the same time the literature data'!' indicate that
in solution M—C-bond dissociation takes place to form
the metal atoms and benzyl radicals, which react to
generate dibenzyl and toluene:

xM(CH,C¢Hs), — 4x-CH,CeHs + M-,
i (C6H5CH2CH2C6H5)

+ 2CH;C¢Hss (1

There are data on ZrBz, decomposition photolytically
even at room temperature. A complete separation of the
ligands was also found in some of our experiments.
Toluene and dibenzil were detected in the reaction pro-
duct in a ratio of 1:2.'° These results indicate that the
conditions of MCC introduction should avoid the eva-
poration of the metal complexes and provide sufficient
time and temperature for efficient decomposition and
nano-particle formation.

3.2. The role of MCCs and their decomposition products
in the PDMS to nM PCS transformation

The transformation of PDMS to PCS was carried out
at 300400 °C during 25-30 h.® Linear PDMS, [~
Si(CHj3),—], transforms gradually by dissociation,
Kumada-rearrangement and polycondensation reac-
tions into highly branched PCS with =Si—-CH,-Si= as
well as (=Si);C-H units and reactive =Si—H groups.
The latter are necessary for further polymer curing.
Depending on the time of MCC introduction the
decomposition products may react with any of the
intermediate pyrolysis products and influence structure
and properties of the PCS matrix and the metal nano-
particles.

In order to get a better understanding of these pro-
cesses analyses of gaseous, liquid and solid products

were carried out. The obtained data are shown in
Table 1.

An environment of alkyl groups, as it is present in the
PDMS polymer, obviously lowers the temperature of
decomposition for such stable MCCs as the chlorides
are. The formation of HCI, a diminishing number of Si—
H groups in nMPCS in comparison with PCS (from 0.65
to 0.2-0.4 mass.% for MCly), and the presence of M—Si
bonds in nMPCS (see the data of structural analyses
below) suggest that the following reactions take place:

=M-Cl+H-Si=— M-Si=-+HCI 2)
=Si—CH; +Cl-M = - =Si—CH,M = +HCl (3)
=Si—CH,Si = +Cl-M = —

Si=
| 4)
= Si—CH
|
M=

Another important point is the chlorine content in
nMPCS. According to TGA, DTA and IR-spectroscopy
data the thermolysis of solid Cp,ZrCl, in the closed
vessel with an inert gas gives gaseous, liquid and solid
products. The latter is a complex polymeric material,
containing the metal as well as carbon and chlorine. Of
the Cl 67-85 mass.% are evolved as HCI during the
synthesis of nMPCS with MCl,. A simple reaction
scheme is shown in Eq. (5)

—Si=— [ZiCl] + = Si—Si =

l
[ZrCl],(cluster) ®)
+ 3HCI

Many cluster subhalogenides of zirconium with the
Zr:Cl-ratio <1:2 are known.'® Our structural analyses
confirmed the presence of Zr containing nano-particles
with a similar Zr:Cl-ratio. An idealized structure is
shown in Fig. 2.

The most suitable of the studied MCC turned out to
be Cp,ZrCl,. It forms at 300-380 °C a well dissolving
polymer, which melts at 200-240 °C, contain many Si—
H groups and about 3 mass % of metal. Nevertheless,
the content of Cl atoms is directly and of Si—H groups is
inversely proportional to the quantity of introduced
metal. Low temperature synthesis required longer reac-
tion times but provided an increased metal content.

The spectral study showed that possibly the transfor-
mation of cyclopentadienil ligands plays an important
role in the processes of nano-particle formation. It is
known that the metal-cyclopentadienil bond is more
reactive than the other bonds in the MCCs. Therefore
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Table 1
The conditions of nMPCS syntheses and some characteristics of the final products
Synthesis MCC Introduced initially (mass%o) Experimental conditions Content in nMPCS (mass%) Yield (PCS)
number (mass%)

MCC Metal T,°C t,h HatSi Metal Cl CI/M

(at.%)

1 Abs. (base PCS) 350-400 30.0 0.65 Abs. - 65
2 TiBz, 10.0 1.16 330-380 2.5 0.90 1.4 - 75
3 TiBz, 26.0 3.01 330-350 3.0 0.75 3.5 - 78
4 ZrBz, 10.0 2.00 340-380 12.0 0.70 1.4 — 64
5 ZrBz, 12.5 2.50 340-380 8.0 0.65 2.4 - 62
6 TiCl, 1.5 0.38 310-320 2.5 0.36 no anal. 5.8 62
7 TiCly 3.8 0.95 330-350 1.0 0.28 no anal. 5.6 51
8 ZrCly 1.5 0.59 300 0.8 0.19 no anal. 6.3 91
9 ZrCly 2.6 1.01 300 1.0 0.27 no anal.. 6.2 61
10 Cp,ZrCl, 1.8 0.56 300-380 6.0 0.94 097 na. 56
11 Cp,ZrCl, 6.7 2.09 270-335 10.5 0.75 4.08 1.7 1.09 55
12 Cp,ZrCl, 8.7 2.27 270-350 15.0 0.80 470 2.7 1.25 83
13 Cp,ZrCl, 10.0 3.12 300-350 8.0 0.76 377 1.7 1.15 68
14 Cp,ZrCl, 10.0 3.12 275 22.0 0.62 590 2.7 1.18 57
15 Cp,TiCl, 4.0 0.8 265 13.5 0.74 095 1.8 2.4 55

Fig. 2. Principal structure model of chlorine containing zirconium
cluster (nano-particle).

this bond cleaves first. Moreover, its cleavage is facili-
tated by interaction with the polymer matrix. This is
supported by our data: just after the end of MCC
introduction the signals in IR- and proton NMR-spec-
tra for Cp-rings were absent (Fig. 3). The results of our
structural studies also show that after the separation of
Cp-groups metal and chlorine containing fragments
[ZrCl 5], transform to clusters in an analogues way as
in the case of ZrCl and form the same type of cluster
structure (Fig. 2).

The cleavage of Cp-rings with the formation of—~C-C—
C- chains in the PCS structure was detected by IR
spectroscopy using high concentrations of the Zr com-
plex. These changes became evident in the area of Cp-
ring C-H valence (ve_,=2920 cm~!) and deformation
(Ve_e= 1460 and 1320 cm~!) vibrations, which were not
found in the metal-free PCSs.

Cp,TiCl, was too reactive to be really used for effec-
tive nMPCS synthesis. The introduction of less than 1

mass.% of Ti into the PCS oligomer mixture required a
decrease of the maximal temperature to 265 °C to avoid
a fast formation of insoluble and non-fusible polymers.

These results correlate well with the literature data for
the energy of bond dissociation'”-!® (Table 2). The Cp—
M bonds dissociate first, M-Cl bonds react later and not
completely under the synthesis conditions.

TiBz, and ZrBz, form nMPCSs as well, but in the
case of ZrBz, several percent of insoluble solids were
formed. TGA data showed a mass loss of 50-60% and
the termination of decomposition at temperatures as
high as 500-600 °C. Thus, the yield with respect to the
metals in MBzs-derived nMPCS is about 50%. These
results made it difficult to investigate the reaction beha-
vior of the chlorine-free MCCs with TiBz4 and ZrBz,. It
can be supposed that the metal nano-particles in this
case contain less non-metal elements and are more active
than in the case of chlorine containing MCCs, which
increases the tendency to form insoluble products.

3.3. Structural analyses

3.3.1. PCS containing metal nano-particles (nMPCS)

Some of our results of structural analyses were dis-
cussed previously.!%!? As to the structure and composi-
tion of nZrPCS, the available results allow drawing the
following conclusions:

1. The XPS experiments have shown that the
content of Zr on the surface of the nano-compo-
site is much lower than in the volume. The sur-
face layer contains oxygen. Ion etching of a
surface up to the depth of 50 A indicated an
increase of the Zr content in the bulk of the
samples.
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Fig. 3. Spectra of nZrPCS—reaction mass just after introduction of Cp,ZrCl,. (a) IR; (b) NMR. The Cp-ligand signals are absent in the marked
zones.

Table 2

Energies of bond dissociation, which are relevant for MCCs used in our investigations

Bonds Cp-Ti Cp-Zr Ti—Cl Zr—Cl [Et,N]-Zr Et-N
Energy of dissociation, kJ/mol 269.0 358.6 430.5 488.7 360.6 295.5

2. It has been found that X-ray RED, EXAFS and 3.3.2. Ceramics obtained from nMPCS

SAXS, which give information about the bulk Ceramic materials were fabricated by pyrolysis of the
volume, demonstrate the presence of metallic nano-particle containing polymers by heat treatment in
zirconium clusters. These clusters have diameters an inert atmosphere (Ar, N,) up to 1200-1500 °C and
of ~20 A and are connected to the matrix structurally investigated.

mainly with Zr-Si-bonds. The results for specimens with a Zr content up to 3

3. Zr-Zr (3.18-3.23 A) and Zr—ClI (2.6-2.8 A) dis- mass% and heated at 1100-1200 °C showed that ZrSi,
tances measured by X-ray RED and EXAFS was formed. The RED peak with r=1.87 A can be
correlate well with the corresponding bond-dis- assigned to Si—C containing phases. The Zr—-O phase
tances in the Zr chloride clusters. was not found. In contrast nTiPCS showed a sub-

stantially different phase composition: after heat treat-
ment Ti—C and Ti—O bonds were detected.

These results support the suggested model of Zr nano- For specimens with 5-11 mass% of Zr annealed at
particles in a PCS matrix (Fig. 2). Zr—O-bonds were also 1500 °C qualitative phase analysis and an estimation of
detected, indicating a slight contamination with oxygen. the size of coherent scattering area have been carried
The quantity of metal atoms in one particle, the fulfill- out. In all samples SiO, was discovered in small
ment extent of internal ““voids”, the kind of atoms in amounts (~1 mass%). Coarsely crystalline phases of
these voids (H, C, Si), the kind of ligands (Cl, O), and zirconium oxide and solid solutions of carbides of sili-
the type of ligand-matrix bonding may of course vary con and zirconium have been observed in these samples

from cluster to cluster. with high zirconium content. The results suggest that
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Table 3

Change of molecular mass, melting behavior and number of Si—H bonds during nZrPCS synthesis with Zr[N(C,Hjs),]4

Specimen T, °C (0.25 kPa) M /MM,

My /M, High molecular fractions Thermo-mechanical characteristics, °C

H at Si (H-Si),

number (mass %) (mass %)
Tsofl. Tspin. Tmcll

5 280 760/1700/3700 2.24 1.3 105 120 185 0.65

6 290 810/1750/3900 2.16 1.3 130 150 230 0.75

7 330 1070/2240/4900 2.09 5.6 195 215 260 0.62

8 330 1240/2650/5900 2.14 6.4 210 230 265 0.63

9 350 1400/3900/10600 2.79 10.0 235 250 290 0.57

Table 4

Oxygen-free chemical curing of PCS with MCC

MCC After 135°C After 280 °C Comment
Shape of fiber Tnelt Shape of fiber Trnelt

Cp,ZrCl, Retained No melting Retained No melting Cured

Cp,Zr(CHj3), Retained No melting Retained No melting Cured

Mo(CO)¢ Retained No melting Slight. distorted No melting Incompl. cured

No MCC Not retained 190-200 °C Melted 190-200 °C Not cured

only a fraction of the zirconium inside the PCS-matrix is
in a highly dispersed state. The remaining fraction of
zirconium crystallizes in the form of larger particles
covered with an oxide film.

The X-ray diffraction phase analyses were confirmed
by X-ray RED curves. From the data it can be con-
cluded that highly dispersed solutions of the two car-
bides ZrC and SiC are the result of interactions of the
nano-particles with the PCS matrix during the heat
treatment.

At a concentration of about 1.0-1.5 mass % of
the metal and less than 1 mass % of oxygen a slight
stabilization of SiC phase was found by X-ray diffrac-
tion and TEM. Our future investigations will be focused
on a more detailed analysis of the structure and proper-
ties of the ceramic materials obtained by pyrolysis of
nMPCS.

3.4. Technological aspects of nMPCSs fabrication

It was noted previously ?° that nZrPCS with a resi-
dual concentration of Zr below 3% has some advan-
tages over metal-free PCS. A more regular polymer
structure, an increased Si—H group content, a narrow
molecular mass distribution (MMD), about 10% higher
ceramic yield and shorter reaction times are the main
positive characteristics. Nevertheless, considering the
fabrication of ceramic coreless fibers, important tech-
nological difficulties were encountered.

For the preparation and investigation of ceramic fibers
the polymerization was carried out with the above men-
tioned MCCs and additionally with Zr[NEt;];. The TGA

data of the last compound are comparable to ZrBz, and
TiBz,, but the decomposition begins at lower temperature
(Table 2, Fig. 1). It has a lower vapor pressure in the
liquid state (0.007 kPa at bp=120 °C) and contains no
chlorine. The amount of MCCs was calculated for a Zr
concentration of 3 mass % in the finished nMPCS poly-
mer. Several samples were taken during the synthesis at
different times and temperatures and analyzed with GPC,
NMR- and IR-spectroscopy. The thermo-mechanical
properties of the samples were also evaluated.

The most important results for the work with
Zr[NEt,]4 are summarized in Figs. 4 and 5 and Table 3.
The MMD changes with increasing reaction tempera-
ture. Gradually, a “tail” of high molecular mass is
formed, which consists of a fraction of up to 10% at the
end of the synthesis. This concentration is not tolerable
to guarantee a stable spinning of fibers. However,
Table 3 shows that M,,, Tsop, Tspin, Tmere are only just
suitable for spinning and curing.

The NMR analyses showed that the interaction
between the MCC and oligocarbosilanes (OCS) begins
at 180 °C and finishes at about 300 °C. 'H NMR spec-
tra of the first specimen show in addition to the char-
acteristic signals of Zr[NEt,]s (CH; at 1.16 ppm and
CH, at 3.39 ppm) signals of CH3-groups at 1.08 ppm
and for CH,-groups at 2.59 ppm. This indicates the
beginning of thermal decomposition of the MCC and
diethylamine formation. Increasing the temperature up
to 330 °C at 0.15 kPa is accompanied by the evolution
of volatile oligomers and causes the MCC ligand signals
to vanish, while Si-CH; and Si—H are still detected
(Fig. 5).
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Fig. 4. Change of the MMD during the polymerization of nZrPCS.
Curves 1-9 correspond to samples taken in the interval between 200
and 350 °C at 0.5 kPa.

One of the goals of our research is to find suitable
conditions for oxygen-free curing of the polymer (green)
fibers after spinning by the addition of MCCs. The
experiments included heat-treatments of metal-free PCS
fibers in the vapors of several MCC without any oxygen
and moisture at about 40 °C for 24 h. Subsequently, the
process of curing was carried out by heating under dry
oxygen free nitrogen to 135 °C and then to 280 °C with
a heating rate of about 6 °C/h. The criterion for suffi-
cient curing was a constant shape of the fibers without
signs of melting. Chromium and zirconium acet-
ylacetonates, tetrabenzylzirconium, tetrabenzyltitanium,
dicyclopentadienyldichloride- zirconium and titanium,
bis(cyclopentadienyl)dimethylzirconium as well as the
carbonyls of iron, chromium and molybdenum were
used.

The results showed that several compounds are able
to initiate the curing of PCS (Table 4), but their effi-
ciency differs significantly from each other. According
to this preliminary study only three of them gave rather
satisfactory results: Cp,ZrCl,, Cp,Zr(CH3), and
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Fig. 5. Proton ('"H) NMR spectra of Zr[N(C,Hs),]4 and products of
nMPCS synthesis. (a) Zr[N(C,Hs),l4 ; (b) OCS + Zr[N(C,Hs),]4—first
probe; (c) OCS + Zr[N(C,Hj5),],—final probe.

Mo(CO)g. These results provide a novel potential for an
oxygen free chemical curing in the fabrication of cera-
mic fibers.

In order to improve the spinability of nMPCSs a ser-
ies of syntheses with different heating rates and with
different holding times at intermediate temperatures
were carried out.

However, no sufficient improvement of the products
was achieved, we succeeded to use the synthesized spe-
cimens of nZrPCSs for preliminary fiber spinning
experiments (Fig. 6). The fibers were cured in N, con-
taining a small amount of oxygen and heat treated up to
1000 °C.

Fig. 6. SEM images of nZrPCS polymer fibers.
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Fig. 7. Molecular mass distribution of the initial OCS and its fractions
distilled up to 400 °C; 0.2 kPa. 1—OCS (M,/M/M,=450/10000/
280000); 2—1 st fraction distilled up to 200 °C (18 mass%, 200/400/
780); 3—2nd fraction distilled between 200 and 300 °C (25%, 320/420/
580) and 4—3-d fraction distilled between 300 and 400 °C (25%, 480/
640/890); 5—residue (32%, 1400/28 000/470 000).

The examination of OCSs in respect of the ‘“‘tail”-
problem showed that different fractions had very differ-
ent MMD (Fig. 7), which depends in turn on the com-
position of the PDMS. This factor might show the way
for controlling and improving the polymer properties in
future studies. The main question to be answered is
whether OCS has specific fractions, which are prone to
interact with nano-particles forming large molecules, or
a certain part of the nano-particles causes around itself
the formation of the high molecular weight fractions. In
the first variant a new way of the initial OCS fabrication
would be needed. In the second variant, other less active
MCCs and less active matrices should be used.

4. Conclusion

The results of this study revealed new data of the
nMPCs fabrication process. These nMPCs contain
nano-particles or metal clusters with diameters of 24
nm. A detailed investigation of the thermolysis of
MCC:s turned out to be very important. Cp,ZrCl, and
Zr[N(C,Hs),]4 are the most suitable additives in
nMPCSs for the ceramic matrices of CMCs. Coreless
fibers are obtained from nZrPCS with up to 3 mass.%
of metal. At higher MCC concentrations the MMD of
the polymer products are characterized by the presence
of high molecular mass fractions. These “tails” form
during the polymer synthesis and harm spinning pro-
cess. On the basis of the received results optimized
initial oligocarbosilanes and less active polycarbosilanes
and MCCs should be used. But this problem requires
further investigations.
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