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Abstract SiOC microcellular ceramic foams possessing
soft-ferromagnetic properties were produced from a pre-
ceramic polymer, poly-methyl-methacrylate microbeads
(PMMA) (used as sacrificial pore formers) and iron silicide
micro-powders (as functional filler). The interactions
between the matrix and the filler were studied as a function
of the amount of powders introduced and the pyrolysis
temperature. Magnetic and mechanical properties were also
investigated.

Introduction

Si-based pre-ceramic polymers (polysilane, polysiloxanes,
polycarbosilane, polysilazanes) have gained increasing
interest as precursors for ceramic materials possessing
improved and novel properties compared to conventional
ceramics. These include resistance to very harsh environ-
ments [1], absence of steady state creep, viscoelasticity at
very high temperature, [2—4] resistance to crystallization
and oxidation [5]. The advantages in using these polymers
as ceramic precursors concern both processing (easy
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shaping, low firing temperatures) and the final material
composition and properties. By varying the polymer
composition and architecture it is possible to obtain, after
crosslinking and pyrolysis (800-1,200 °C, Nitrogen or
Argon atmosphere), various ceramic compositions (SiC,
Si0C, SizNy, SiCN, SiEOC, SiECN, where E = Al B, Ti, ...)
possessing different structures at the nano- and microme-
ter-range. On the other hand, since such ceramics derive
from the pyrolysis of a polymer containing organic func-
tional groups (—CHjz, —CgHs, —CH = CH,, etc.), their
elimination during the polymer-to-ceramic conversion
leads to components containing pores and cracks, with a
volume shrinkage as high as 70%. Manufacturing of bulk
components from pre-ceramic polymers, however, is
facilitated when the polymer is loaded with a filler powder.
Inert filler powders such as Al,Os, SiC, B4C, SisNy, etc., as
well as reactive fillers like Ti, Cr, Mo, B, MoSi,, etc.,
which may react with the solid and gaseous decomposition
products of the polymer precursor (and with the heating
atmosphere) to form carbides, nitrides, oxides, etc., were
successfully used to reduce the polymer-to-ceramic
shrinkage and to improve the mechanical properties of non-
oxide as well as oxide based polymer-derived ceramics
[6-8]. Pyrolysis temperature and atmosphere affect the
composition of the resulting filler-loaded ceramics [9].
One further advantage of using fillers in conjunction
with pre-ceramic polymers is the possibility to tailor
functional properties of the final ceramic materials. For
instance, adding filler materials with a high electrical
conductivity such as metals or intermetallics offers the
possibility of creating polymer-derived ceramic composite
materials with low resistivity. Polysiloxanes loaded with
40-50 vol. % of MoSi, filler powder have been shown to
possess an electrical resistivity lower than 107%Q-m after
pyrolysis at temperatures above 1,000 °C [10, 11]. Saha
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et al. [12] prepared polymer-derived SiCN-Fe composites
by mixing a liquid ceramic precursor and Fe;O, particles
and then reducing iron oxide to o-iron during pyrolysis,
producing soft-ferromagnetic ceramics. One further route
to functionalize polymer-derived ceramics consists in the
embedding transition metals or other elements into silicon
oxycarbides [13, 14]. Kolar et al. [15], for instance,
recently prepared Si(Co)OC glasses by pyrolysis of a
mixture of commercially available poly[methyl(phenyl)]
siloxane and Co-phtalate. These shaped ceramics with
tunable magnetic properties may find use as protective
coatings, magnetic recording media and antistatic shielding
[16], thus opening new fields of technological applications
within information technology, automotive, electronic,
instrumentation, and space engineering.

Pre-ceramic polymers have also been extensively used
in the fabrication of ceramic foams. The replica of a highly
interconnected foam (i.e., polyurethane) [17], direct
foaming [18, 19], and the use of sacrificial fillers [20-22],
are the techniques currently used to produce macro and
microcellular, open and closed-cells, polymer-derived
ceramic foams of various compositions (SiC, SiOC,
3A1,05:25810, [23], and 2MgO-2Al1,05-55i0, [24], SiC—
TiC [25], SiC-Si3N4 [26]). The high versatility of pre-
ceramic polymers allows for the production of a wide range
of morphologies and compositions, possessing improved
mechanical properties compared to ceramic foams syn-
thesized with traditional sintering techniques, due to the
presence of dense ceramic struts [17, 18]. Moreover, new
techniques (i.e., the nucleation of pores by inducing a
thermodynamic instability, borrowing from the plastics
literature) [27] have been recently employed to produce
pre-ceramic polymer-derived ceramic foams.

Macro and microcellular ceramic foams can find applica-
tion as molten-metal filters, in fluid separation processes, in
aeration of liquids, as adsorbents, as hypervelocity impact
shields, as host for interpenetrating composites, in thermal
protection systems, etc. [28]. Moreover, through the addiction
of low resistivity fillers (in enough quantity to overcome the
percolation threshold) they can find application as induction
heating elements, radar active materials for stealth compo-
nents or electromagnetic filters. Colombo et al. [29] recently
reported on the electrical functionalization of SiOC macro-
cellular ceramic foams by addiction of MoSi,, «-SiC, graphite,
copper acetate, and Cu,O. Such lightweight refractory func-
tional materials, which possess specific electromagnetic
properties, could find use in several applications, such as
regenerable absorbers or regenerable diesel particulate traps.

Up to now, no reports in the literature can be found for
magnetic functionalization in ceramic foams produced
from pre-ceramic polymers. In the present work we report
on the production of magnetic microcellular SiOC foams
by the addition of iron silicide powders.
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Experimental

SiOC microcellular ceramic magnetic foams were prepared
using a commercially available polysiloxane (MK, Waker
Chemie, Burgausen, Germany) with a structure comprised
of Si—O bonds with —OH and —CHj3 substituting groups
(denominated as Pre-ceramic Polymer, PP, in the follow-
ing). The PP was dry mixed with iron silicide (IS) micro-
sized powders (Iron Silicide Type 1, Steward Advanced
Materials, Chattanooga, TN, average diameter 9 pm) and
Poly-methyl-methacrylate microbeads (PMMA) with
25 pum nominal size (Altuglas BS, Altuglas International,
Arkema Group, Rho (MI), Italy), by ball-milling for 1 h at
room temperature. The mixture was then warm-pressed at
130 °C, 15 MPa for 15 min and then rapidly cooled for
5 min. No cross-linking catalyst was used, as the warm-
pressing step fulfilled the double purpose of shaping the
powders into the final sample (through melting of the sil-
icone resin) and of thermally cross-linking the PP. After
warm-pressing the samples were heat treated in air at
300 °C for 2 h at a heating rate of 0.5 °C/min in order to
burnout the PMMA sacrificial template microbeads. By
this route, pre-ceramic microcellular foams were obtained
[30]. The polymer to ceramic conversion was realized by
heating under nitrogen flow up to 1,200 °C for 2 h at a rate
2 °C/min, producing porous ceramic disks of 32 mm
diameter and 5.5 mm thickness.

In Table I an overview of the prepared samples is
reported. The sample labeled S100 is constituted of the as
received IS powders. Samples S10010 and S10012 are
constituted by the as received IS powders heat treated
under nitrogen flow at 1,000 °C and 1,200 °C, respectively.
Sample labeled as S40300 was prepared by mixing
40 wt.% of IS and 60 wt.% of PP, powders were ball-
milled for 20 min and then heat treated in air at 300 °C
(heating rate 2 °C/mmin, 120 min). Concerning samples
S3012, S4010, S4012, S5012, and S6012, the weight ratio
between PMMA and PP + IS was kept constant at 80-20.
The IS weight percentage in the table refers to the PP and
IS total amount (i.e., sample labeled S3012 is 30 wt% IS,
70 wt% PP, pyrolyzed at 1,200 °C).

TGA-DTA analysis (10 °C/min from room temperature
to 1,210 °C, nitrogen flow, STA 410 NETZSCH-Geritebau
GmbH, Selb, Germany) were performed on the as received
IS powders (S100) and on IS and PP polymer mixture
(S40300) to study the phase transformation occurring
during pyrolysis. TGA-DTA analysis of the polymer to
ceramic conversion of the MK polymer was previously
reported [14]. X-Ray Diffractometry (Philips PW 1710, Cu
Ko radiation) was performed in order to detect the phase
composition of the as received IS powders and their pos-
sible interactions with the SiOC matrix. The structure of
the as received IS powders and of the Fe—Si alloys formed
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Table 1 Overview of the prepared samples (IS indicates iron silicide
wt.%, and PP pre-ceramic polymer wt.%)

Sample IS wt. % PP wt.% Pyrolysis T (°C)
S100 100 0 RT

S$10010 100 0 1,000

S$10012 100 0 1,200

S40300 40 60 1,200

S3012 30 70 1,200

54010 40 60 1,000

S4012 40 60 1,200

S5012 50 50 1,200

S6012 60 40 1,200

within the SiOC ceramic matrix were also investigated by
Mossbauer Spectroscopy (carried out with a constant
acceleration spectrometer, at room temperature, using a
7Co:Rh source). The magnetic hysteresis parameters were
measured at room temperature using a vibrating sample
magnetometer (VSM—Model 9600-1, LDJ Electronics,
Inc., Mich., USA) up to an applied field H = 1.6 Tesla.
The operating principle requires testing of the oscillating
sample at uniform frequency and displacement while
exposing the sample to a magnetic drive field slowly pro-
gressing through a pre-programed cycle. The magnetometer
operated at room temperature at a frequency of 85 Hz
using nickel sphere reference. The samples were desiccated
before the analysis. Scanning Electron Microscopy (Ste-
reoscan 120, Cambridge Instruments, Cambridge, UK) was
performed to observe the morphology of the foams. Sample
shrinkage during processing was calculated by comparing
samples size before PMMA burnout and after pyrolysis.

The crushing strength of the foams was measured at
room temperature by compression testing, using UTM
(Model 1121, Instron Danvers, MA) with a cross-head
speed of 0.5 mm/min, on samples of nominal size of
10 x 5x3.5 mm. Each data point represents the average
value of five individuals tests.

Results and discussion

The main properties of the IS powders, as reported in the
manufacturer’s technical data sheet, are shown in Table 2.

DTA-TGA measurements performed on sample S100
(see Fig. 1a) revealed the presence of one exothermic peak
at 494 °C, and two endothermic peaks at 1,053 °C and
1,210 °C, respectively. The weight loss was negligible.

In Fig. 2 the XRD diffraction patterns of the as received
IS powders and of IS powder after heat treatment up to
1,000 °C and 1,200 °C under nitrogen flow (heating rate
10 °C/min, dwelling time 10 min) are shown. The as

Table 2 Technical data sheet for the iron silicide powders

SSA (m?/g) 0.45
M; (emu/g) 84

True density (g/cm’) 6.08
Moisture (%) 0.03

Average dimension (pim) 945
TG/% DTA/uV
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Fig. 1 TGA/DTA patterns for: (a) sample S100, and (b) sample
S40300

received IS powders were confirmed to be Fe;_,Si,
(0.25 < x < 0.50) alloys. Inside this compositional range,
three main phases were detected: FeSi, FesSi3, and Fe;Si.

The FeSi phase, Si 50 at.%, is a narrow-gap non-magnetic
semiconductor [31, 32]. The bulk stable iron-monosilicide
has a simple cubic Bravais lattice with four Fe atoms and four
Si atoms in unit cell with the lattice constant a = 0.4493 nm
[33]. The DO; cubic symmetry (typical for Fe;Si structure)
can be obtained for Si content up to Si 34% although traces of
FesSis can also be generally detected [34]. The Fe;Si cubic
structure can be decomposed in two elementary cubic sub-
networks made up of BCC and CsCl-type sub-cubes, where
the main cubic sites are entirely occupied by iron and the
other sub-cubic sites are occupied by both iron and silicon
acting as substitutional atoms [35]. The typical symmetry for
FesSij is hexagonal. As it can be observed in Fig. 2, after
heating the pure IS powder at 1,000 °C the metastable FeSi
phase was converted to the FesSi; and Fe;Si phases. The
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the SiOC matrix with the IS powders during pyrolysis,
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5 . sample S40300 (see Fig. 1b), revealed an endothermic
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S100 X . ) . . sponding to the phase transformation detected in the pure
x o ° . ° IS powders. The limited shift of phase transformation
temperatures to lower values can be attributed to the
3530 as a0 s influence of the PP and its decomposition products deriving

d(A) from pyrolysis.

Fig. 2 XRD patterns for pure IS powders as function of heat
treatment temperature. S100 (as received IS powders), S10010 (IS
heat treated to 1,060 °C under N, flow), S10012 (IS powders heat
treated to 1,210 °C under N, flow)

peak at 494 °C present in the DTA pattern can be attributed
to the first phase transformation. After heating to 1,200 °C,
the only phase detected was the cubic FesSi structure. The
endothermic peak at 1,053 °C in the DTA pattern can thus be
attributed to the transformation of the FesSi; phase into the
Fe;Si cubic structure. The high-intensity endothermic peak
from DTA at 1,200 °C is due to the melting of the Fe;Si
phase [36].

Table 3 reports the measured magnetic parameters of
the as received powders and after heating at the above-
mentioned temperatures.

As can be observed from Table 3, no definite relation-
ship between annealing temperature and H. values can be
extrapolated. The decrease of H, with increase of temper-
ature might be due to the reduction of the anisotropy
constant K and B with annealing temperature. The minor
changes in the magnetic properties of IS powder can be
attributed the modification of the average size of the
micro(nano)-crystallites with the annealing temperature.
The phase transformation occurring in the IS powders upon
heating was responsible for the increase of By values. The
paramagnetic phase (Si 50 at.%) was converted to the
ferromagnetic Fe3Si and FesSi; after 1,000 °C, and a

Table 3 Measured magnetic properties of the IS powders. By, B,, H.
are the maximum magnetic saturation, remanence, and coercivity,
respectively

Sample Bs (emu/g) Br (emu/g) Hc (Oersted)
S100 10.9 0.05 14.5
S10010 11 0.04 6.5
S10012 11 0.04 8.2
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The XRD patterns (Fig. 3) of samples S3012, S4010,
54012, S5012, S6012 show that the only Fe-Si phase
detected for samples pyrolyzed at 1,200 °C was the Fe;Si
cubic structure. In samples S5012 and S6012, the shoulder in
the main peak can be attributed to the presence of a-Fe in the
structure. In order to detect the presence of interfaces
between the matrix and the filler, TEM investigations should
be performed. However, the experimental results collected in
this work lead us to suppose that at least at a macroscopic
level, no reaction occurred between matrix and filler.

Mossbauer Spectroscopy performed on samples S3012,
S4010, S5012 confirmed these results (see Fig. 4). Sample
S3012 contained only disordered Fe;Si, in which Fe
exhibited five different local enviroments, corresponding to
0, 1, 2, 3, 4 Si nearest neighbor atoms for the central Fe
with respectivly hyperfine magnetic fields of about 33T,
31T, 29T, 25T, and 20T. Sample S4010 contained 89 wt%
disordered Fe;Si and 11 wt% FesSis, as calculated from the
relative Mdossbauer spectral area (RA). Sample S5012
contained majoritary disordered FesSi (65.1% of RA),
Fe-Si—O phases where Fe valence is +2 (31.2% of RA),
and some minor Fe-Si—O phase where Fe valence is +3

* Fe,Si, pdf n.38-0438 :_
+ Fe,Si pdf n.35-0519
.g‘
= Fe, pdf n. 87-0722 .
: w A
8 S6012
< W 5 S5012
MM/ 384012
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d(A)

Fig. 3 XRD patterns for SiOC + IS microcellular foams
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Fig. 4 Comparison of Mdossbauer spectra for samples S3012 (IS
30 wt%, 1,200 °C Ny), S4010 (IS 40 wt%, 1,000 °C N,), and S5012
(IS 50 wt%, 1,200 °C N,)

(3.5% of RA). In all the samples there were five inequiv-
alent positions, such as those for a disordered Fe—Si solid
solution (see Table 4). The higher occupancy of Fe site
with OSi nn in sample S5012 agrees with the XRD indi-
cation of the presence of o-Fe in samples with increasing IS
content.

Table 5 reports the value for various magnetic param-
eters of samples S0012, S3012, S4012, S4010, S5012, and
S6012, at a moment range equal to 1 emu.

It is well known that the magnetic properties of materials,
and in particular of ferrites, are influenced by numerous
factors such as cationic composition, microstructure, purity,
homogeneity, non-stoichiometry, and particle size [37-39].

In the literature there is no report concerning the prep-
aration and characterization of SiOC ceramics possessing
magnetic properties, but Saha et al. recently investigated
polymer-derived SiCN materials containing o-Fe [12]. The
B, values indicate that Fe;Si and FesSi; are the predomi-
nant magnetic phases at higher temperature. However their
values are found to be lower than would have been
expected for pure Fe—Si powder. The reason may be due to
the mechanical constraint imposed on the Fe-Si particles
by the SiOC matrix that restricts domain rotation or to the

Table 4 Magnetic parameters from Mossbauer measurements: nn,
nearest neighbors; HF, hyperfine magnetic field

Sample Si nn for Fe HF (T) Occupancy
S3012 0 Si 32.85 0.08
S4010 0.13
S5012 0.32
S3012 1Si 31.35 0.28
54010 0.25
S5012 0.18
S3012 2Si 28.70 0.05
54010 0.12
S5012 0.13
S3012 3Si 25.01 0.15
S4010 0.16
S5012 0.11
S3012 4 Si 20.04 0.44
54010 0.34
S5012 0.26

interfaces between the particles and the matrix that pin the
magnetization and therefore resist the rotation and motion
of the magnetic domain, as suggested for a very similar
system by Saha et al. [12]. Residual stress measurements
would need to be performed in order to prove conclusively
this speculation. Generally, a pore in a magnetic material
affects the permeability via the decrease in magnetization
per unit volume and moreover via the increase in the
demagnetizing field. The two above factors may act toge-
ther to lower the magnetization of the ceramic composite.
However more detailed investigations are necessary in
order to understand in details the dependence between
microstructure, the magnetization processes and the
percentage of porosity.

The variation in the coercive force can be attributed to
the variation of the multidomain (MD) structure of the iron
silicides, where the B,/B; increased to 0.0126 for the heat-
treated S50 sample at 1,200 °C. When the IS wt.%
increases in the samples, the saturation magnetization
decreases, probably due to imperfections in the solid. The
presence of pores, interfacial and surface defects, structural
defects such as particles of a non-magnetic phase in the
magnetic material may restrict the motion of domain walls.

Saturation magnetization (B;) is a measure of the total
amount of magnetic material in the sample, while the coer-
civity, H, is a measure of its magnetic stability. The ratio
B,/B; is commonly used as indicators of domain states and,
indirectly, grain size. High values of B,/Bg (>0.5) indicate
small (<0.1 pm or so) single-domain (SD) grains, and low
values (<0.1) are characteristic of large (>15-20 pm) MD
grains [40—42]. Magnetic properties depend on the micro-
scopic and macroscopic structure (crystal grain structure,
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Table 5 Magnetization parameters measured by VSM

Sample IS wt% after pyrolysis B, (emu/g) B/S (emu/g) B, (emu/g) H, (Oersted) B,/ By
S0012 - 0.03 - 0.004 10.6 0.166
S3012 33.5 12.1 36.2 0.05 4.0 0.004
S4012 43.9 11.6 26.5 0.05 16.2 0.004
S4010 439 10.5 23.9 0.05 7.9 0.005
S5012 54.05 9.5 17.5 0.12 11.4 0.013
S6012 63.8 17.0 26.7 0.06 8.8 0.004

B, is the magnetic induction of the measured sample, B is the recalculated value (as a function of the IS wt% after pyrolysis), B, is the

remaining induction magnetization, H, the coercive force, and B,/B the remanence ratio

grain boundaries). The microstructure of the solid controls
the wanted or unwanted movement of magnetic domain
boundaries and therefore affects the possibility of magnetic
(re-) ordering processes and the degree of magnetization.
Since the measurement of the magnetization depends on the
investigated amount of material, one has to relate the mag-
netization to the mass or the volume of the sample.

In order to reveal the nature of the domain states
existing in our system, we can summarize as follows the
data related to compositional and thermal variation of the
hysteresis parameters (see Fig. 5): (1) the hysteresis loops
of all the compositions investigated are very narrow; (2)
the shape of the loop does not change appreciably with
temperature 1,000 and 1,200 °C; (3) the remanence ratio
B./B; of all the compositions is less than 0.01 and does not
vary with temperature, and 4) the coercivity is small and
almost temperature independent but depends on the IS
content. All of the above observations support the presence
of M-D grains, and hence we conclude that all the com-
positions investigated by us contain M-D grains in
predominance. The fact that the IS filler does not react with
the pre-ceramic polymer matrix during pyrolysis is positive
as it allows the functional powder to maintain and manifest
its properties in the final porous ceramic component.

In Fig. 6, Scanning Electron Microscope images of IS as
received powders and of SiOC foam samples are shown.
For comparison, an image of a pure SiOC foam without IS
fillers has been shown as well (Fig. 6b). All the foams in
the figure were pyrolyzed at 1,200 °C in nitrogen, and
contained different amounts of iron silicide powders (0
(Fig. 6b), 40 (Fig. 6¢), and 60 (Fig. 6d) wt%). IS particles
can be seen to be present in the cell walls and inside the
struts of the foams (see especially fig 6¢; the particles were
identified as containing Fe by EDX). As it can be observed
in Fig. 6a and c, IS particles possess a smaller size in
comparison to the as received powders (the average
dimension changed from about nine microns—which cor-
respond roughly to the cell size of the ceramic foam—to
less than a micron after processing at 1,200 °C). This size
reduction can be related to the fact that, during pyrolysis at
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Fig. 5 Typical magnetization curves of the prepared samples (up to
16,000 Oe)

1,200 °C, the IS particles melt (see DTA data), thus
resulting in new Fe;Si particles uniformly dispersed inside
the matrix. The foam morphology was affected by the
presence of magnetic particles, resulting in samples with a
much less regular porosity with increasing amount of iron
silicide filler. This effect is related to the change due to the
presence of a high amount of filler particles in the rheo-
logical behavior of the pre-ceramic polymer, which had an
increased viscosity in the warm-pressing forming stage.
However, well defined cellwalls and struts could still be
observed in the S6012 sample, in spite of the high IS
powder content (see Fig. 6d).

As expected, the relative density value increased with
increasing amount of iron silicide, while the shrinkage
decreased due to the presence of the inert filler. Com-
pression strength values, see Table 6, decreased with
increasing IS wt%, certainly due to the disruption of the
porous macrostructure with an associate increase of defects
within the ceramic struts. The strength values, however,
were quite high considering the fact that the samples have a
porosity > 70 vol%.
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Fig. 6 SEM pictures of: (a) as
received IS powders; (b) S0012
(pure SiOC foam, 0 wt% IS,
1,200 °C, N,); (¢) S4012

(40 wt% IS, 1,200 °C, N»); (d)
S6012 (60 wt% IS, 1,200 °C,
N»)

Table 6 Density (p), volumetric shrinkage upon pyrolysis, and
compression strength (g) of the various samples

Sample p (g/cm3) AV % (shrinkage) o (MPa)

S0012 0.26 £+ 0.01 64.4 9+03
S3012 0.37 £ 0.01 422 22 +03
S4012 0.39 + 0.01 41.5 3.1 4+£03
S5012 0.42 + 0.01 41.0 1.8 +£ 02
S6012 0.45 £ 0.01 39.5 1.3+02

S0012 refers to a SiOC microcellular foam (containing no fillers,
produced using PMMA 25 um as sacrificial template and pyrolyzed at
1,200 °C)

Conclusions

Ceramic foams possessing magnetic functionalization were
produced from a pre-ceramic polymer and iron silicide filler.
Iron silicide powders were subjected to phase transformation
and melting during pyrolysis, leading to a final iron silicide
phase consisting of fine cubic Fe;Si particles embedded in
the SiOC ceramic matrix. Microstructural characterization
by means of Mdssbauer Spectrometry and X-Ray Diffrac-
tometer indicated that no significant reaction occurred
between the SiOC matrix and the iron silicide filler. With
increasing iron silicide content, the magnetic response was
proportionally increased. The magnetic parameters such as

H. and B,/B, revealed the presence of a multi domain grain
structure, thus affecting the magnetic response of the com-
posite material. The foam morphology became more
inhomogeneous and the compression strength decreased
with increasing the iron silicide amount in the starting mix-
ture. The proposed processing procedure allowed to prepare
soft-ferromagnetic SiOC microcellular foams, possessing a
reasonable compression strength (1.3-3.1 MPa) and a satu-
ration magnetization in the range 9.5-17 emu/g, depending
on the amount of fillers introduced.
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