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Abstract

SICN(Fe) ceramics with excellent electromagnetic wave (EMW) absorption performance
were successfully prepared from a preceramic polymer doped with ferrocene. Additive
manufacturing (Digital Light Processing), providing enhanced structural design ability, was

employed to fabricate samples with complex architectures. During pyrolysis, ferrocene
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catalyzed the in-situ formation of a large amount of turbostratic carbon, graphite and SiC
nanosized phases, which formed carrier channels in the electromagnetic field and increased the
conductivity loss. Meanwhile, it also increased the dipole polarization, interface polarization
and the dielectric properties of the material, which finally enhanced the EMW absorption
capacity of SICN(Fe) ceramics. When containing 0.5 wt% ferrocene, the material showed good
performance with EAB 4.57 GHz at 1.30 mm, and RLmin -61.34 dB at 2.22 mm. The RLmin of

3D-SiCN-0.5 ceramics was -6 dB, and the RL of the X-band was lower than -4 dB at 2 mm.

Keywords: Polymer Derived Ceramics; EMW absorption; SiCN; additive manufacturing.

1. Introduction

With the development of the EMW field, higher structural requirements are required for
electromagnetic wave absorbing devices with specific functions. Therefore, 3D printing
technology (additive manufacturing) is an effective solution to obtain the integration of
structure and function, which will be the focus of the development of EMW absorbing materials
in the futurel*®l. Indeed, in recent years, additive manufacturing (AM) has been gradually
applied to the design and preparation of absorbing materials. The combination of 3D printing
technology and EMW absorbing materials provides a novel concept for the preparation of
components with excellent EMW absorbing properties and complex structures, and recently
several studies have started to exploit this innovative approach [4-161,

Generally, polymer derived ceramics (PDCs) are obtained from preceramic polymer

precursors by heat treatment in inert atmosphere. Based on this characteristic, researchers have



used different AM technologies to fabricate polymer-derived ceramic parts with complex
structures 1. In our previous study, polysiloxane (PSO) was used as main raw material to
prepare DLP-SiOC ceramic with log pile or helical icosahedron structure, which showed
excellent EMW absorption performance and structural stability 8. Among PDCs, SiCN
ceramics show good development potential in the field of EMW absorption properties due to
its good dielectric properties and impedance matching characteristics [1*2%, In addition, the
functionalization of the polysilazane (PSZ) precursor by a magnetic component can
significantly enhance the EMW absorption properties of PDCs-SiCN ceramics 21281, |n fact,
the in-situ generation of EMW absorbing nanoscale phases (C and SiC phases, Fe containing
particles) within the internal structure of the ceramic, during pyrolysis, significantly contribute
to the improvement of the EMW absorption performance of the material. Furthermore, the
formation of magnetic active nanoparticles effectively improves the impedance matching
characteristics of the material, which is also conducive to the improvement of the overall EMW
absorption performance 272,

Therefore, we manufactured SiCN ceramics with complex structures by digital light
processing using ferrocene as modifier, aiming at obtaining an EMW absorption component
integrating structure and function.

2. Experimental

Polysilazane (PSZ) powder was obtained by partial cross-linking of commercially available
oligosilazane (Durazane 1800 (Merck, Germany)). The oligosilazane was partially crosslinked
to a polysilazane (PSZ) following the procedure described by Flores et al [*" leading to a

meltable and soluble, in different aprotic solvents, solid. This procedure was carried out for



several reasons: 1) to reduce the chances of introducing some oxygen contamination via
reaction with ambient humidity when processing in ambient atmosphere (taking into account
the relatively long printing time); 2) to enable a better shape retention during pyrolysis.

In our experiments, the polysilazane powder was dissolved in isopropanol, and a
photosensitive polymer (Standard Blend 3D, Fun-to-do, The Netherlands, already containing
the photocatalyst) was added together with ferrocene which acted, at the 3D printing stage, as
a light absorber to obtain well defined structures in the z-axis direction. The materials were
stirred at 60 °C for 1 h, in polysilazane/solvent/photopolymer weight ratio of 3/3/0.08, while
ferrocene (Fluka, 98%, Germany) was added in the amount of 0.5, 1 and 1.5 wt% with respect
to the amount of polysilazane. Ferrocene was not added in higher amounts due to its absorption
in the wavelength region of the light source, which would have led to much increased exposure
time per layer during printing. The obtained solutions were homogenized overnight at room
temperature, wrapped in aluminum foil to avoid exposure to light.

The obtained solutions were printed using a DLP printer (3DLPrinter-HD 2.0+,
Robofactory, Italy) with a light engine operating with radiation in range of 400-500 nm, using
a layer thickness of 0.05 mm and exposure time of 6 s. The printed samples were washed in an
ultrasonic bath with isopropanol for 15 min to remove the residual unpolymerized acrylate and
then further cured in an ultraviolet furnace (365 nm radiation) for 15 min to complete the
formation of the acrylic network. A diamond and a triply periodic minimal surface (gyroid)
structure were selected as examples of complex architectures suitable for EMW absorbing
components, because of the regularity of the designs and the presence of several surfaces

contributing to the reflection and scattering of the impinging EM radiation. The diamond



structure had a size of 10x10x10 mm? and the gyroid structure had a size of 35x15x8 mm?.
The printed samples were pyrolyzed at 1200 °C for 2 h at heating rate of 1 °C/min in a
tubular furnace under N2 (99.99%) atmosphere, enabling the formation of different amounts of
carbon and B-SiC nanosized clusters catalyzed by the presence of iron compounds. Samples
containing 0.0, 0.5, 1.0 and 1.5 wt % ferrocene were labeled SCN-0, SCN-0.5, SCN-1, and
SCN-1.5, respectively. Fig. 1 reports the flow chart for the manufacturing of the SiCN(Fe)

ceramics.
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Fig. 1. Schematic representation of the preparation process of the SICN(Fe) ceramics.

The samples were analyzed by scanning electron microscopy (SEM, JSM-6610LV, Japan),
transmission electron microscopy (TEM, JEM-F200 CF-UHR, Japan), X-ray diffractometry
(XRD, EVO-18, Carl Zeiss SMT Ltd, Japan), X-Ray Photoelectron Spectroscopy (XPS,
PHI1600EXCA, Japan) and Raman (Lab Ram-1 B, France).

First, we tested the performance of the developed material itself, by crushing 3D printed
samples into fine powder and mixing it (30 wt%) with paraffin wax and pressing into concentric
annular specimens (inner diameter 3 mm, outer diameter mm) with a thickness of 2.50 mm.
Then, we proceeded to investigate the electromagnetic absorption performance of a 3D printed

SiCN ceramic with a gyroid structure, with or without ferrocene (samples labelled 3D-SiCN-0
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and 3D-SiCN-0.5 or 3D-SiCN-1, respectively); the samples 3D-SiCN-0.5 and 3D-SiCN-1
contained 0.5 and 1 wt% of ferrocene, respectively). The electromagnetic parameters were
measured by the waveguide short-circuit method (for the analysis, the samples were cut to a
22.76 x10.06 x2 mm?® size). The EMW absorption properties of both powder and 3D printed
samples were measured by a vector network analyzer (E5244A, Agilent, USA). The 3D printed
samples with a diamond structure were not tested directly, since their size was not adequate for

the analytical technique employed.

3. Results and discussion

First of all, we investigated whether the proposed approach (blending pre-crosslinked,
soluble silazane with fully organic, sacrificial photopolymer) was adequate for 3D printing
complex SiCN structures. Therefore, we proceeded to fabricate samples with a diamond
morphology which has a 3D architecture that poses several challenges for its manufacturing
(e.g. thin, strongly inclined struts). Considering the shrinkage of the sample during pyrolysis, a
diamond structure with 1.5 mm mesh spacing was designed.

Fig. 2 (a) shows the printed polymeric precursor, possessing a regular cubic diamond
structure without obvious deformation and defects. Fig. 2 (b) shows the image of a SICN(Fe)
ceramic sample obtained after pyrolysis at 1200°C. As it can be seen, the diamond structure was
fully retained, with no sign of bloating or softening, indicating that the photopolymer present
within the structure of the printed sample helped maintaining the geometry of the part at least
until the thermal crosslinking of the silazane was achieved during pyrolysis. According to the

image of the internal structure (Fig. 2 (c)), the SiCN(Fe) ceramics maintained a well defined



geometric shape throughout the thickness of the sample, after pyrolysis. Considering that no
reaction occurs between the acrylate photopolymer and the silazane during 3D printing, the use
of partially-crosslinked silazane enables rapid completion of the cross-linking reactions during
the initial stages of the pyrolysis, leading to an infusible solid which then retains its shape
accurately upon heating. At the same time, no macroscopic pores or defects were visible (Fig.
2 (d)), indicating that the gases deriving from the decomposition of the organic photopolymer
and the pyrolysis of the preceramic polymer were able to find suitable pathways for diffusion
within the material. The approximate linear shrinkage of the samples after pyrolysis was about
30%. Therefore, we can state that the proposed fabrication method is suitable for fabricating

complex porous ceramic structures.

(a)

10 mm

Fig. 2. Optical and stereomicroscopy images of printed samples at different magnifications,
before and after pyrolysis. (a) Before pyrolysis; (b) after pyrolysis; (c) stereomicroscope

image of whole structure; (d) local enlarged stereomicroscope image.



The microstructural development of the SiCN material containing different amounts of
ferrocene during pyrolysis was investigated. Fig. 3 (a) shows the TGA curve of the different
photocurable systems developed, together with that of the individual constituents. The
photocurable resin (FTD) started to gradually decompose from the beginning of the pyrolysis
process, but the major weight loss occurred only above ~300°C, confirming that its presence
contributed providing stability to the entire printed structure supporting the un-crosslinked
silazane until the onset of thermal crosslinking (see the small weight loss occurring at ~200°C
for the pure PSZ), followed by its polymer-to-ceramic transformation in the ~400-800°C
temperature range. The thermogravimetric data of the PSZ/FTD mixtures was consistent with
the behavior of each individual component. Meanwhile, the introduction of ferrocene had little
effect on the final weight loss of the photocurable solutions. According to the XRD results (Fig.
3 (b)), the SiICN(Fe) ceramics pyrolyzed at 1200°C with different contents of ferrocene mainly
contained graphite, turbostratic carbon and B-SiC (micro-)crystalline phases. With increasing
amount of ferrocene, the crystallization degree of graphite gradually increased (as proven also
by the Raman data). In addition, the crystallization degree of B-SiC appeared to first increase

and then decrease with increasing content of ferrocene !,
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Fig. 3. (a) TGA curves of the different photocurable solutions and of the individual
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components; (b) XRD patterns of the SICN(Fe) ceramics with different ferrocene content.

Fig. 4 shows the TEM images of the samples prepared with different content of ferrocene.
The results show that the SICN(Fe) ceramics were mainly amorphous, accompanied by a small
amount of crystalline phases. As shown in Fig. 4 (a), SCN-0 was mainly amorphous with a
certain amount of turbostratic carbon *?l. With the introduction of ferrocene, nano-phases
including crystalline graphite and B-SiC clusters gradually precipitated in the sample. In
addition, the polycrystalline diffraction pattern of SiC can be clearly observed in Fig. 4 (b) and
(c). With increasing amount of ferrocene, the crystallinity degree of graphite and the separation
of the SiC phase increased significantly, with the SiC particles gradually nucleating and
growing. Moreover, the crystallization degree of SiC in the samples (Fig. 4 (d)) decreased with
the addition of ferrocene (1.5 wt %), which is due to the simultaneous precipitation of graphite
as SiC crystals were competing in the nucleation and growth process. Therefore, increasing the
content of ferrocene appeared to favor the growth of graphite crystals, accordingly affecting

also the nucleation and growth of SiC particles 32341,




Fig. 4. TEM images of the SiICN(Fe) ceramics with different content of ferrocene. (a) SCN-0;

(b) SCN-0.5; (c) SCN-1; (d) SCN-1.5.

The SEM images of the fracture surface of the SICN(Fe) samples prepared with different
content of ferrocene are shown in Fig. 5. No significant features could be observed, due to the
mainly amorphous nature of the material, with no obvious pores or cracks at the micro scale
indicating that the removal of photosensitive resin phase did not produce defects. The
microstructure at this dimensional scale appeared more uniform than that of PDCs prepared by

351" possibly due to the presence of the

directly converting the polymer into a ceramic
decomposing organic photopolymer generating interconnected pathways for the release of

pyrolysis gases during heating.

10



Fig. 5. SEM images of the fracture surface of the SICN(Fe) ceramics.

(a) SCN-0; (b) SCN-0.5; (¢) SCN-1; (d) SCN-1.5

Fig. 6 shows the XPS spectra and fitting curves of SiCN(Fe) samples with different
contents of ferrocene. According to Fig. 6 (a), the ceramics were mainly composed of Si, C, N
and O elements, as expected. The presence of Fe was observable only for the sample containing
the largest amount of ferrocene (SCN-1.5). In order to analyze the chemical bonds present in
the samples, peak separation fitting was carried out for Si 2P, C 1s, N 1s and O 1s spectra. As
shown in Fig. 6 (b), the Si 2P spectrum was mainly composed of Si-N, Si-O and Si-C bonds,
and the content of Si-C bonds gradually increased with increasing content of ferrocene. The
results demonstrated that the introduction of ferrocene promoted the precipitation of graphitic
carbon and the formation of B-SiC, which had a significant effect on the EMW absorption

performance of the SiCN(Fe) ceramics. As shown in Fig. 6 (c)-(e), the O Is spectrum was
1



mainly composed of O-C, O-N and O-Si bonds, the C 1s spectrum of C-O, C-C and Si-C bonds,
and the N1s spectrum of N-Si and N-O bonds [*638). According to the above results, the SICN(Fe)
ceramics comprised of the following phases: SiOxCyNz, graphite, turbostratic carbon, SiC and

a small amount of Fe3Si [3%:40],
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Fig. 6. XPS spectra of SiCN(Fe) samples.

(a) full spectrum; (b) Si 2p; (c) O 1s; (d) C 1s; (e) N 1s; (f) Fe 2p.

The XRF analysis (shown in Table 1) confirmed that the samples had a composition similar
to the one reported by Flores et al. for the same precursor !, with some oxygen contamination
present in the bulk of the material due to the relatively long time required for printing
consecutive thin layers in environmental conditions. Iron content was not reported due to the

low sensitivity of the analytical technique employed.
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Tab. 1. Element content obtained by XRF analysis

Element content (wt%) Si O C N
SCN-0 49 34 15 2
SCN-0.5 51 31 15 3

SCN-1 50 32 16 2
SCN-1.5 48 32 16 4

Fig. 7 reports the Raman spectra of the SICN (Fe) samples prepared with different contents
of ferrocene, showing that all the samples possessed obvious D and G peaks. The D peak was
located near 1350 cm’!, corresponding to disordered carbon with defects. The G peak, located
near 1580 cm’!, was related to the plane vibration of the sp? orbital of the carbon atom in the
graphite (ordered) lattice, indicating the existence of both defective amorphous carbon (such as
turbostratic carbon and defective graphite) and ordered crystalline graphite “2. With the
introduction of ferrocene, the (partial) overlapping of the D and G peaks decreased significantly
and the half-peak width decreased gradually, indicating that the introduction of ferrocene
increased the crystallization degree of free carbon in the materials. The Gauss-Lorentz fitting
curves and Raman fitting parameters are shown in Fig. 7 (b)-(e) and reported in Table 2,
respectively; the value of the Ip/Ig ratio reflects the degree of carbon crystallization into
graphite. The results showed that the In/IG ratio decreased at first and then increased after the
introduction of ferrocene, indicating that the crystallization degree of the free carbon phase in
the sample structure was constantly changing [**!. In agreement with TEM image analysis, we
can state that the introduction of ferrocene significantly improved the degree of graphite

crystallization in the samples, and also promoted the precipitation of turbostratic carbon in the

13



[44

Si-C-N network structure 4. The Ip/lg values indicate that the amount of precipitated

turbostratic carbon was much greater than the amount of formed crystalline graphite, leading
to the gradual increase of the Ip/Ig ratio after adding more ferrocene. Therefore, the addition of

ferrocene influences the pyrolysis and the associated crystallization behavior of the polymer

precursor, leading to graphite possessing a high degree of crystallization 22,
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Fig. 7. Raman spectra of the SICN(Fe) samples: (a) full spectrum; (b) SCN-O0 fitting spectrum;

(c) SCN-0.5 fitting spectrum; (d) SCN -1 fitting spectrum; (e) SCN-1.5 fitting spectrum.

Tab. 2. Raman fitting data of the SiCN (Fe) ceramics

Sample Wp (cm™) Fp(cm™) W (cm™) Fg(cm™) In/Ig
SCN-0 1342.64 79.69 1593.08 67.57 1.23
SCN-0.5 1329.61 88.31 1577.05 82.34 0.99
SCN-1 1338.63 71.37 1583.06 68.26 1.41
SCN-1.5 1337.63 70.05 1582.07 67.95 1.52

Fig. 8 reports the complex permittivity (er = €' -j€") of the SICN(Fe) ceramic powders. As

shown in Fig. 8(a) and (b), the real and imaginary permittivity values of the SCN-0 sample were
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relatively stable in the measurement frequency band range (2-18 GHz), and the dispersion
characteristics became evident with the increase of frequency. With the addition of ferrocene,
the real and imaginary permittivity values of the SICN(Fe) ceramics were greatly increased,
and the initial real permittivity went from 13 (SCN-0) to 20-23. In addition, the samples
containing ferrocene displayed an obvious relaxation phenomenon at high frequency (above 12
GHz), and the loss tangent of permittivity increased significantly in the 10-18 GHz frequency
range (Fig. 8(c)), indicating that this additive effectively improved the dielectric loss of the
SiCN(Fe) ceramics. The carbothermal reduction reaction between ferrocene and the polymer
precursor at high temperature catalyzed the decomposition of hydrocarbons to C and Hz, leading
to the formation of more ordered carbon phases and SiC. Therefore, the large amount of
precipitated phases can produce significant interfacial and dipole polarization, thus enhancing
the dielectric loss 3. Fig. 8(d) shows the Cole-Cole curves of the samples. The results showed
that the SICN(Fe) ceramics possessed multiple semicircles with different sizes, as a function of
the composition, indicating that multiple polarization processes active in the samples 4],
Compared with SCN-0, the Debye circle of the samples containing ferrocene was closer to a
perfect semi-circularity, especially for SCN-1. This might be caused by the introduction of
ferrocene in the polymer precursor, which catalyzed the high crystallization degree of graphite

and SiC nano-sized particles, resulting in an obvious dipole polarization effect.
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Fig. 9 (a), (b) and (c) show that the magnetic natural resonance of the SiCN(Fe) ceramic
powders obtained by introducing magnetic fillers (ferrocene) was significantly enhanced.
However, due to the small amount of filler, the complex permeability parameters of the samples
led to its weak contribution to the magnetic loss. In addition, the value of p" in a specific
frequency band was negative, and the tangent angle of magnetic loss was also negative. This is
due to the formation of a large number of conductive nanosized phases, catalyzed by ferrocene,
such as turbostratic carbon, graphite and SiC. Furthermore, the phases formed conductive
channels and generated induced magnetic field under the action of alternating electromagnetic
field, releasing a part of the magnetic energy [*”). However, the weak magnetic loss introduced

by ferrocene was not enough to offset the magnetic energy radiation that generated inside,
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which led to the negative value of n". The magnetic loss was mainly caused by eddy current
loss and ferromagnetic resonance in the range of 2-18 GHz “8%]. When the magnetic loss is
only caused by the eddy current loss, the value of Co= n"(u') f"! does not change with the
frequency. As shown in Fig. 6-9 (d), the Co of the samples with different ferrocene contents
varied with the frequency band. With increasing the amount of ferrocene, the frequency band
of the ferromagnetic resonance phenomenon increased, mainly concentrated in part of the S
band (2-4 GHz) and of the X band (8-12 GHz), while it was mainly unchanged at the other
frequencies, indicating that the magnetic loss of the samples was primarily due to eddy current

loss, and accompanied by magnetic resonance loss in the middle and low frequencies %3],
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(d) magnetic loss curve for the SICN(Fe) ceramics.
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Fig. 10 shows the reflection loss of the SiCN(Fe) ceramic powders. Sample SCN-0
possessed good EMW absorption performance with a broad EAB band of 4.82 GHz (13.18-18
GHz) at the thickness of 1.81 mm, and the RLmin was -31.25 dB at 4.67 mm. With the addition
of ferrocene, the abundant formation of nanosized phases catalyzed by ferrocene during the
pyrolysis process (turbostratic carbon, graphite, SiC), providing large amounts of dipole
polarization, significantly improved the EMW absorption performance of the samples.
Meanwhile, the large number of heterogeneous interfaces formed when ferrocene was
introduced led to the significant interfacial polarization ?®). The EAB band of SCN-0.5 was
4.57 GHz with a thin thickness of 1.30 mm, and the RLmin reached -61.34 dB at 2.22 mm. For
SCN-1, the EAB band was 4.28 GHz at the thickness of 1.23 mm, and the RLmin was -50.91 dB
at 2.34 mm. With the further increase of ferrocene, the RLmin and EAB band of SCN-1.5
decreased to -44.58 dB (4.92 mm) and 4.41 GHz (1.32 mm). Generally, a change in the
reflection loss is related to a change of the internal composition of a sample. According to the
previous analysis, a competition for growth between graphite and SiC crystals existed in the
samples. With the increase in ferrocene, the catalytic effect changed from promoting the
formation of graphite and SiC to preferentially promoting the crystallization of graphite after
SiC nucleation and growth. In addition, an appropriate amount of ferrocene (0.5 wt%, for SCN-
0.5) can promote the uniform precipitation of graphite, SiC and turbostratic carbon phases at

the same time, maximizing the catalytic effect [,
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() SCN-0; (b) SCN-0.5; (¢) SCN-1; (d) SCN-1.5.

The thickness corresponding to the absorption peak calculated by the transmission line
theory was compared with the equally matched thickness curve calculated by the quarter-

wavelength theory. The results show that the equal-matching thickness curves of the SICN(Fe)
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ceramics intersected with the A/4 and 3A/4 curves (Fig 11), indicating the presence of two
absorption bands in the range of 2-18 GHz, which is consistent with the absorption band in Fig
10. Meanwhile, it was also shown that the thickness corresponding to the reflection loss peak
of the samples was similar to the thickness calculated by the wavelength of 1/4 and 3/4.
Therefore, the SICN(Fe) ceramics possessed phase offset under the size effect in the EMW
absorption process, which indicated that interference loss and absorption loss play a synergistic
role in the materials, proving also their applicability in the field of EMW absorption. Therefore,

these data enable to select the thickness of SiCN(Fe) components in practical application 331,
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Fig. 11. Reflection loss curves and equally matched thickness curves of the SICN(Fe)

ceramics. (a) SCN-0; (b) SCN-0.5; (c) SCN-1; (d) SCN-1.5.

In order to further explore the EMW absorption mechanism of the SiCN(Fe) ceramic

powders, the impedance matching diagram and attenuation constant curve were drawn to
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describe the characteristics of the materials. In general, a strong electromagnetic attenuation
ability and good impedance matching characteristics can promote the penetration of EMW
inside a material, to obtain sufficient attenuation in its interior . According to transmission
line theory, when the EMW from free space impinges onto the material surface, |Zin/Zo| value
closer to 1 indicate that its easier for the EMW to enter the absorbing material. Meanwhile, the
larger the region where Z value is close to 1, the higher impedance matching performance of
the sample. As shown in Fig. 12 (a)-(d), the range of optimal impedance matching (Z=0.8-1.2)
of the samples was consistent with the trend of effective reflection loss frequency band, and
also highly consistent with the A/4 curve of interference loss [*3. The optimal impedance
matching range of SCN-0 was wide, indicating that the SiICN(Fe) ceramics possessed good
impedance matching performance. With the increase content of ferrocene, the optimal
impedance matching region of the samples gradually decreased. Due the catalytic effect of
ferrocene, the preceramic polymer precursor produced at high temperature a large number of
phases providing dielectric losses, which greatly improved the dipole polarization and
interfacial polarization of the material, leading to a significant improvement in its dielectric

properties 5]

. However, the magnetic characteristics provided by the small amounts of
magnetic material present were not enough to modify the dielectric properties. As a result, the
EAB of the SiCN(Fe) ceramics was slightly reduced, while the RLmin was significantly
increased. In addition, another important factor that determined the EMW absorption capacity
of the samples was the electromagnetic attenuation capacity. Fig 12 (e) reports the attenuation

constant () curves of the samples, which represented the EMW loss capacity inside the material.

The results show that the EMW attenuation of the ceramics containing ferrocene was
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significantly enhanced, which was consistent with the measured dielectric loss results.
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Fig. 12. Plots of |Zin/Zo| of the SICN(Fe) ceramics.

(a) SiICN-0; (b) SiCN-0.5; (c) SiCN-1; (d) SCN-1.5; (e) a.

Fig 13 shows the physical model of the EMW absorption mechanism for the SiCN(Fe)
ceramics. The microstructure of the samples comprises a Si-C-N network structure embedding
different nanosized phases, such as turbostratic carbon, graphite, B-SiC and a very small amount

of FesSi. The EMW absorption of the SiCN(Fe) ceramics was caused by the following
22



mechanisms: 1) the large defects in graphite, -SiC and turbostratic carbon, which lead to dipole
polarization loss; 2) the large number of heterogeneous interfaces present between the
nanophases and the matrix, which induce charge accumulation, and increase the polarization
loss at the interface; 3) the presence of nanosized electrically conductive graphite and B-SiC
could promote the formation of charge conductive channels and increase the conductivity loss;
4) the magnetic resonance loss and eddy current loss within the material, caused by the
introduction of ferrocene; 5) the diamond architecture provides several interfaces which can
reflect the electromagnetic waves, and therefore is of interest for EMW absorbing components
with complex structures. Therefore, under the interaction of the above loss mechanisms, the
SiCN(Fe) ceramics obtained in this study appear to be promising novel structural components
with good EMW absorption performance. Furthermore, it should be noticed that the phase
assemblage within the ceramic can be modified by changing the heat treatment schedule,

therefore providing additional freedom for obtaining enhanced characteristics.
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Fig. 13. Schematic diagram of possible microwave radiation absorption mechanisms in the

SiCN(Fe) ceramics.

The EMW absorption performance of 3D printed ceramic blocks (with or without
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ferrocene) was tested on samples obtained from the gyroid structure shown in Fig. 14. The good
shape accuracy and retention after pyrolysis can be observed in both the as-printed and heat-

treated sample.

(a) (b)

Fig. 14. 3D-SiCN-0.5 gyroid sample: (a) as printed; (b) after pyrolysis at 1200°C.

The EMW absorption performance of the 3D-printed SiICN(Fe) gyroid ceramics in the X-
band, tested by waveguide method, is reported in Fig. 15. The results indicated that when the
thickness of the sample was 2 mm, the reflection loss of the 3D-SiCN-0 sample was lower than
-3.5 dB in the X-band (Fig. 14(a)). With the introduction of ferrocene, the EMW absorption
performance was improved. The RLmin of the 3D-SiCN-0.5 sample was -6 dB, and the reflection
loss of X-band was lower than -4 dB at 2 mm (Fig. 14(b)), which meant that more than 60.2 %
of the EMW was effectively absorbed. With further increase content of ferrocene, the EMW
absorption performance of the 3D-SiCN-1 sample of the same thickness decreased (Fig. 14(c)).
According to the impedance matching curve, the Zmax value of sample SiCN-1 reached the
optimal value of 0.45, indicating that the addition of ferrocene effectively improved the
impedance matching characteristics of the material, increasing the EMW absorption

performance of 3D-SiCN(Fe) ceramics.
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(a) 3D-SiCN-0; (b) 3D-SiCN-0.5; (c) 3D-SiCN-1

The test results for the SICN(Fe) samples were different from those for the 3D-SiCN(Fe)
samples. The former test was actually a mixture of SICN(Fe) ceramic powder and paraffin. In
the practical application, it needs to be mixed with the polymer coating with wave penetration
performance, and then the mixture is coated on the surface of the material by spraying. These
insulation and wave permeability of polymer coatings could effectively separate the absorbing

agent, thus enhancing their impedance matching properties. During the test, the powder is
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evenly dispersed in paraffin wax, which is equivalent to its practical application. Nevertheless,
the 3D-SiCN(Fe) ceramics with a gyroid structure prepared in this study possessed EMW
absorption properties. In further studies, the EMW absorption performance of 3D-SiCN(Fe)
based structure-functional integrated ceramics will be enhanced by optimizing the structure and

composition design.

4. Conclusions

The blending of silazane precursor with a commercially available, organic photocurable
polymer was a suitable method for the fabrication of samples with complex architectures by
DLP. SIiCN(Fe) ceramics were demonstrated to possess excellent EMW absorption
performance. The introduction of ferrocene led to the in-situ formation of turbostratic carbon,
graphite, FesSi and B-SiC nanosized phases, which formed carrier channels in the
electromagnetic field and increased the conductivity loss. Meanwhile, they increased the dipole
polarization, interface polarization and the dielectric properties of the material, and ultimately
enhanced the EMW absorption capacity of the SICN(Fe) ceramics. Sample SCN-0 possessed
good EMW absorption performance with a wide EAB of 4.82 GHz (13.18-18 GHz) at the
thickness of 1.51 mm, and RLmin was -31.25 dB at the thickness of 4.67 mm. The addition of
ferrocene significantly improved the EMW absorption properties of the SiCN(Fe) ceramics.
The EAB of SCN-0.5 was 4.57 GHz at a thin thickness of 1.30 mm, and the RLmin was -61.34
dB at the thickness of 2.22 mm. For sample SCN-1, the EAB was 4.28 GHz at the thickness of
1.23 mm, and the RLmin Was -50.91 dB at the thickness of 2.34 mm, while for sample SCN-1.5,

the RLmin and EAB band decreased to -44.58 dB (4.92 mm) and 4.41 GHz (1.32 mm). The
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RLmin of 3D-SiCN-0.5 ceramics was -6 dB, and the reflection loss of X-band was lower than -

4 dB at 2mm.
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