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Polymer-derived SiOC reinforced
with core—shell nanophase
structure of ZrB,/ZrO, for excellent
and stable high-temperature

microwave absorption (up
to 900 °C)

Yujun Jia?, NiYang?, Shaofan Xu?, Alexander D. Snyder®, Jason F. Patrick®, Rajan Kumar?,
Dajie Zhang*“* & Chengying Xu**

Microwave absorbing materials for high-temperature harsh environments are highly desirable for
aerodynamically heated parts and engine combustion induced hot spots of aircrafts. This study
reports ceramic composites with excellent and stable high-temperature microwave absorption in

air, which are made of polymer-derived SiOC reinforced with core-shell nanophase structure of ZrB,/
ZrO,. The fabricated ceramic composites have a crystallized t-ZrO, interface between ZrB, and SiOC
domains. The ceramic composites exhibit stable dielectric properties, which are relatively insensitive
to temperature change from room temperature to 900 °C. The return loss exceeds - 10 dB, especially
between 28 and 40 GHz, at the elevated temperatures. The stable high-temperature electromagnetic
(EM) absorption properties are attributed to the stable dielectric and electrical properties induced

by the core-shell nanophase structure of ZrB,/ZrO,. Crystallized t-ZrO, serve as nanoscale dielectric
interfaces between ZrB, and SiOC, which are favorable for EM wave introduction for enhancing
polarization loss and absorption. Existence of t-ZrO, interface also changes the temperature-
dependent DC conductivity of ZrB,/SiOC ceramic composites when compared to that of ZrB, and SiOC
alone. Experimental results from thermomechanical, jet flow, thermal shock, and water vapor tests
demonstrate that the developed ceramic composites have high stability in harsh environments, and
can be used as high-temperature wide-band microwave absorbing structural materials.

High-temperature microwave absorbing materials are of great interest for aerodynamically heated parts of super-
sonic and hypersonic systems, such as head cone, engine inlet and exhaust nozzle, and aeroshells. These materials
are used for the dissipation of the electromagnetic (EM) wave to reduce radar signature' . The above applica-
tions not only require the materials to resist oxidation but also maintain good microwave absorption at high
temperatures. Because of their relatively low density and good high-temperature resistance, ceramic materials
are considered to be the most suitable materials for such applications. Currently, microwave absorbing ceramics
include oxide-based ceramics and non-oxide based ceramics (SiC, SiCN, and Si;N,) via polymer-derived routes.
For example, SiC/SiO, composites showed an effective absorption bandwidth (EAB, <— 10 dB) of 4.2 GHz at
a thickness of 2.8 mm at 500 °C in the X band*. C¢/SiCNFs/Si;N, composites had a return loss (RL) as low as
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—20.3 dB at 800 °C for a thickness of 2 mm®. The EAB of SiC¢/SiC composites is 2.8 GHz at a thickness of 2.5 mm
at 600 °C for the X band®.

Among these ceramics or ceramic composites, polymer-derived ceramics (PDCs) are considered to be prom-
ising high-temperature EM absorption ceramics due to their tunable electrical and dielectric properties as well
as relatively low processing temperature, excellent oxidation resistance at high temperature, and flexibility in
design and manufacturing’~'®. The average reflectivity of polymer-derived SiC is ~ — 9.9 dB due to the formation
of nanocrystalline SiC and the free carbon nanodomains. In order to further improve the microwave absorption
of the PDCs, electrically conductive phases were incorporated into the matrix to improve conduction loss. For
example, after the addition of MWCNT, the minimum RL of PDC-SiBCN reaches — 32 dB with an EAB of 3 GHz
in X-band, showing a better wave-absorbing ability than SiBCN treated at the same temperature!”. The minimal
RL of SiC/SiOC ceramics reached — 61 dB at 8.6 GHz and the widest EAB reached 3.5 GHz in the X-band'®.

For even higher temperature applications, electrically conductive ultra-high-temperature ceramics (UHTCs),
such as HfC and ZrB,, were introduced into the PDCs, because these ceramics have not only excellent electrical
conductivity, but also super high melting points, high-temperature mechanical property retention, excellent cor-
rosion resistance, and good oxidation resistance at high temperatures. For example, the EAB of polymer-derived
(SiC/HEC/C)/SiO, composites covers 72% of the X band at a thickness of 3.33 mm'“. The EAB of polymer-derived
SiOC-ZrB, composites covers the entire Ka band at a thickness of 3 mm at room temperature (RT)".

For PDCs, the more addition of the UHTCs, the higher the electrical conductivity of the composites can be
obtained. Unfortunately, high conductivity also results in significant interfacial impedance mismatching between
the UHTCs and PDCs. Consequently, reflection increases when the UHTC conduction network is formed in
the PDCs, especially at high temperatures, which deteriorated the absorption ability of the entire materials. To
address the above challenge and achieve high-efficiency EMW absorption at high temperatures, both strong
absorption ability and impedance matching are required. Therefore, it is necessary to design the microstructure
of the UHTCs to improve the interfacial impedance matching ability as well as maintain the efficient loss ability
at high temperatures. Herein, a dielectric oxide phase was constructed between the individual UHTC particles,
and between the UHTC phase and the PDCs matrix, to form a composite nanophase for improving the high-
temperature EMW absorption ability of the ceramic materials. The fabricated ceramic composites exhibited
excellent EMW absorption at temperatures up to 1000 °C, revealing extraordinarily stable absorption capability.
Such material systems demonstrate application feasibilities in a high-temperature harsh environment based on
the thermal structural stability tests. This work provides a novel approach for adjusting the high-temperature
electrical properties and achieving high-temperature microwave-absorption performance of pre-ceramic poly-
mer derived materials.

Results

Thermal structure stability analysis of the ceramic composites. Understanding the properties of
ZrB, nanoparticles is important in this work. TEM analysis of the as-received ZrB, nanoparticles is shown in
Fig. la—c, revealing that the ZrB, nanoparticles are coated by an amorphous surface layer, with the nanoparticle
size being between 18 and 50 nm. The formation of this pre-existing layer is due to the natural oxidation in air.
Under heat treatment at 1000 °C, the amorphous layer still exists while interface crystallization occurs between
the amorphous layer and the ZrB, nanoparticles (Fig. 1d), indicating the thermal stability of received ZrB, nano-
particles. Figure 1le,f show the TEM analysis of the as-prepared ceramic composites. The selected area electron
diffraction (SAED) reveals that the ceramic composites are mainly composed of ZrB, and t-ZrO,. High resolu-
tion TEM image (Fig. 1f) shows that the SiOC matrix is amorphous and is separated from the ZrB, phase by the
crystallized t-ZrO, interface. The electrically insulating t-ZrO, interface is expected to improve the impedance
matching between the ZrB, filler and SiOC matrix for enhancing the introduction of the EM wave. Figure 1g
shows the in-situ XRD patterns of the ceramic composites at 25-1150 °C in air with a ramp rate of 10 °C/min.
It can be seen that the ceramic composites show a stable phase composition of ZrB, and t-ZrO, with increasing
temperature. No evident phase change is observed.

The ceramic composites especially the ZrB, nanoparticles need to survive the high-temperature harsh envi-
ronment in order to maintain the capability for EM wave absorption. The surface microstructure of the ceramic
composites before and after the free space test is shown in Fig. 2. The ceramic composites have uneven surface
before the free space test (Fig. 2a,c,e). It is resulting from the pressing powder method during the fabrication.
Cracks (Fig. 2e) can be found resulting from the fabrication process of the ceramic composites. After the free
space test, the ceramic composite surface became smooth and dense (Fig. 2b,d,f). This dense oxide layer is formed
due to oxidation of the surface of the ceramic composites at high temperatures, and it can serve as a protection
coating impeding further oxidation. The cracks in the ceramic composites are fully sealed by the smooth layer
due to their good mobility (Fig. 2f), which suggests that the ceramic composites have excellent sealing capacity
and oxidation resistance at high temperatures.

Figure 3a-f shows the EDS analysis of the ceramic composites after the free space test at 1000 °C in air. It can
be seen that the B element distributes uniformly inside the nanoparticles, while O exists outside of the nano-
particles. The existence of B means that ZrB, survived after the high-temperature test in air, suggesting that the
ceramic composites have good composition stability in a high-temperature oxidation environment.

Thermal-mechanical properties of the NL40 sample were tested under the high-velocity (Mach=1.5) jet
flow at the stagnation temperature of 254 °C. The test sample, sample holder, and the jet flow test apparatus
are shown in Fig. 4a,b. Figure 4c,d is the backscattered electron image (BSE) images of the ceramic composites
before the jet flow test. Structures with some porosity and homogeneous distribution of the nanoparticles in the
SiOC can be observed in Fig. 5d. After the jet flow test, the pore size increased because of the blowing of the air
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Figure 1. TEM analysis of the ZrB, nanoparticles: (a) low magnification image, (b) SAED showing that

these particles are ZrB,, (c) high magnification image revealing the nanoparticle is coated by an amorphous
surface layer, (d) TEM image of the heat-treated ZrB, nanoparticles showing crystallization of the amorphous
surface. TEM analysis of the ceramic composites: (e¢) SAED showing the ceramic composites are composed of
ZrB,, t-ZrO, and amorphous SiOC, (f) TEM image of the ceramic composites revealing a crystallized t-ZrO,
interface between the ZrB, nanoparticles and SiOC matrix, (g) In-situ XRD characterizations from the ceramic
composites at 25-1150 °C in air gas, with the ramp rate of 10 °C/min.

flow (Fig. 4e). However, the nanoparticles can provide a pinning effect to prevent damage to the SiOC matrix,
as seen from the SEM images in Fig. 4f-h.

To further test the corrosion resistance in harsh environment, water vapor corrosion and thermal shock
test was conducted for the ceramic composites. The materials were exposed to Ar/water vapor mixture flow-
ing (Ar: H,0O molar ratio was of about 5:1) at 100 cm?/min at temperatures from RT to 500 °C. In such water
vapor-containing environment, the primary oxidant is water vapor. The mass loss of the ceramic composites in
high-temperature water vapor is 2.31 +0.04%, which is potentially caused by the following reactions:

ZrBy(s) + 8H,0(g) = ZrOa(s) + 2H3BOs(g) + 5Ha(g), (1)

C(s)+ Hy0(g) = CO(g) + Ha(g), ©)
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Figure 2. SEM images of the ceramic composites before (a,c,e) and after (b,d.f) the free space test at different
magnifications.

SiOC(s) + 2H,0(g) = SiOa(s) + CO(g) + 2H:(g). 3)

The comparison of the XRD analysis of the sample before and after the water vapor test reveals an increased
ZrO, content (Fig. 4i), which agrees with the proposed reaction (1).

The thermal shock behavior of the ceramic composites was evaluated as a function of quenching tempera-
ture and quenching cycles. The ceramic specimens were heated to 800 °C in air and held at this temperature for
10 min. Then, the heated specimens were dropped by free fall into a water bath at RT. The XRD analysis after
thermal shock (Fig. 4i) shows that the sample surface is mainly composed of ZrB, and ZrO,. All the samples
survived the water quenching thermal shock tests without cracking or breaking.

Figure 5 shows the DMA test results for the ceramic composites. The storage modulus (Fig. 5a) and stiffness
(Fig. 5b) of the ceramic composites show values of (0.9-1.35) x 10* MPa and (3-5) x 10° N/m, respectively.
The loss modulus (Fig. 5¢) and tand (Fig. 5d) of the ceramic composites have the values of 150-600 MPa and
0.01-0.06, respectively, suggesting a low energy loss under the periodic external force environment. Therefore,
the ceramic composites have good thermal environmental stability. Besides, a loss modulus/loss tangent peak
appears at high temperature (300-250 °C) when the sample was applied an high frequency alternating load,
revealing some damping characteristic of the ceramic composites.

Dielectric and EM absorption properties of the ceramic composites at high temperature in
air. The microwave absorption property of the ceramic composites is correlated to the complex relative per-
mittivity. Thus, the dielectric properties of both the pure SiOC and the ceramic composites were analyzed, with
EM absorption properties compared. The microwave absorption property of the ceramics is evaluated by the

Scientific Reports |

(2023) 13:267 | https://doi.org/10.1038/s41598-023-27541-3 nature portfolio



www.nature.com/scientificreports/

Figure 3. EDS analysis of the ceramic composites after the free space test. (a) TEM image of the analysis area.
(b—f) distribution of the elements O, Zr, B, Si, and C, respectively.

return loss (RL) calculated by Egs. (4, 5) °-2? using the complex relative permittivity based on the generalized
transmission line theory and metal back plane model:

Zin — 1

Zin+1

RL = 2010g' , (4)

2
Zin = 4 /% tanh I:jT«/MrErfd]> (5)
r

where RL is return loss, c is light velocity in vacuum, fis frequency, Z;, is normalized input impedance, ¢, and y,
are relative permittivity and permeability, respectively.

The complex permittivity of the SiOC ceramic at different temperatures is shown in Fig. 6a—c. The loss tangent
values (Fig. 6¢) fall into the range of about 0.015-0.075 within the Ka-band at temperatures up to 1000 °C, and
the RL values (Fig. 6d) are between 0.60 and 3.5 dB.
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Figure 4. Optical images of the sample holder for the jet flow test (a) and supersonic (Mach 1.5) nozzle (b).

BSE images of the ceramic composites before jet flow test (c,d). SEM images of the ceramic composites after jet
flow test (e;h). XRD comparative analysis of the ceramic composites after different corrosion tests (i).

Figure 7a—f shows the effect of thickness on the EM absorption capability of SiOC at different temperatures.
It is difficult to achieve RL values exceeding — 10 dB for the SiOC from RT to 1000 °C. Therefore, SiOC is not
a strong EM absorbing material, and relying on SiOC alone can not achieve feasible high-temperature EM
absorption coatings.

Figure 8a-c shows the dielectric properties of the PDC SiOC/ZrB,/ZrO, ceramic composites. The complex
permittivity shows frequency dependence, but is relatively insensitive to temperature change from RT to 900 °C,
especially between 28 and 40 GHz. This indicates that SiOC/ZrB,/ZrO, composites have stable dielectric prop-
erties within a broad temperature range until 900 °C. More specific, at RT, the average real permittivity (e'),
imaginary permittivity (¢”) and loss tangent (tan §) of the ceramic composites are 5.39, 1.40, and 0.25 in Ka-band,
respectively. When the temperature increases to 400 °C, the values are 5.43, 1.33, and 0.24, respectively. At 900 °C,
the corresponding values are 5.47, 1.62, and 0.28, respectively. Figure 8d shows the calculated modulus of Z; -1
(1Z;,-11) for the ceramic composites at different temperatures. The value of I1Z, - 11 approaching zero represents
a better impedance matching with the free space. From the figure, the I1Z; -1I values of the ceramic composites
are similar to each other at different temperatures up to 900 °C, which indicates low reflection at the material
surface. The RL values (Fig. 8e) of the ceramic composites with a thickness of 2.9 mm at different temperatures
are calculated based on formulas (4) and (5). At such thickness, the RL of the ceramic composites can exceed
— 10 dB at RT and 200 °C, covering the entire Ka-band. The absorption bandwidths of the ceramic composites
at 400 °C, 600 °C, 800 °C and 900 °C are 12.42 GHz, 11.88 GHz, 11.61 GHz, 11.88 GHz, respectively, while that
with a thickness of 2.7 mm at 1000 °C is 9.99 GHz (Fig. 8f).

When the EM wave arrives at the surface of the ceramic composites, one part of the incident EM wave can
be absorbed, and the rest will be reflected on the front and back surfaces. When the thickness of material (d)
is a quarter of the propagation wavelength (1) multiplied by an odd number, it is described by Eq. (6) in Ref.*

d =nl/4 = nc/(Afm/Itllel) (n=1,3,5,...), (6)

where c is light speed in vacuum, f;, is the matching frequency; ¢ is the permittivity, and y is the permeability of
materials. At such thicknesses, the EM wave reflected by the front surface has a phase opposite to the EM wave
reflected from the back surface, leading to destructive interference and attenuation of EM wave.
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Figure 5. Dynamic mechanical analysis (DMA): (a) Storage modulus, (b) loss modulus, (c) Tan §, and (d)
flexural stiffness of the ceramic composites as a function of temperature and strain rate (0.1, 1.0, 10, 100 Hz).
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Figure 6. The complex permittivity (a,b), loss tangent (c), RL (d) of SiOC at the thickness of 4.45 mm at
different temperature.
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Figure 7. Effect of thickness on the EM absorption performance of SiOC at different temperature. (a) RT, (b)
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200 °C, (c) 400 °C, (d) 600 °C, (e) 800 °C, (f) 1000 °C.

Therefore, to optimize the absorption property, RL as a function of thickness and frequency is plotted in
Fig. 9a-g. It can be seen that at the thickness range of 2-10 mm, the ceramic composites have a stable high-
temperature EM wave absorption capability. The maximum absorption bandwidths of the ceramic at RT, 200 °C,
and 400 °C cover the entire Ka-band. The optimized bandwidths at temperatures higher than 600 °C cover almost
the entire Ka-band and stay stable with the temperature increase, as seen in Fig. 9h. At 1000 °C, the microwave
absorption bandwidth of the ceramic composites is 9.99 GHz, which still covers most of the Ka-band. These fea-
tures could prove that ceramic composites are suitable for high-temperature microwave absorption applications.

Discussion

The high-temperature EM absorption property of the ceramic composites is closely related to their dielectric
and electrical properties. From Fig. 6, the real permittivity of SiOC varies from 2.4 to 2.92 as the temperature
increases to 1000 °C, showing a stable dielectric property. For the ceramic composites, the stable dielectric
property is ascribed to the ZrB,/ZrO, nanophases due to its dominant dielectric properties in ceramic compos-
ites. Therefore, the ZrB,/ZrO, nanophases provide stable high-temperature dielectric property of the ceramic

composites from RT to high temperatures.

The variation of the dielectric constant influences the impedance matching of the ceramic composites with the
free space. The SiOC has low permittivity and loss tangent, which can be viewed as a wave-transparent ceramic.
Thanks to the t-ZrO, interface between the ZrB, and SiOC, the impedance shows a transitional change and the
impedance mismatching is eliminated. This allows more EM wave to be incident and facilitates the absorption
by the ZrB,. Therefore, the ceramic composites show similar impedance values at high temperatures (Fig. 8d).

28 30 32 34 36 38 40

Frequency(GHz)

The imaginary permittivity of the ceramic composites can be described by the following Eq. (7):**
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The first part is the polarization loss of the ceramic composites, and the second part is the conductive loss of
the ceramic composites. For dielectric ceramics, the conduction loss contributes to a larger portio of the total
loss, and the imaginary part can be expressed by Eq. (8)

o

8// ~ .
2w eof ®)

Therefore, the high-temperature stability of the electrical property is important for the stabilization of the
EM absorption of the ceramic composites at high temperature. In order to know the electron transport behavior
of the ceramic composites, the high-temperature electrical conductivity was investigated at temperature up to
1000 °C. Theoretical models were used to analyze the experimental conductivity. The temperature-dependent
conductivity for an amorphous semiconductor is usually described as*

A
o=<mexp(— ; ) (©)
T +d

where 0, T, and d are the conductivity, temperature, and dimensionality, respectively. o, and A are constants.
The plot reveals the Arrhenius equation, tunneling conduction, and three-dimensional hopping behavior when
dis 0, 1, and 3, respectively. Figure 10 shows the high-temperature DC conductivity of the ceramic composites
and nano ZrB,. From Fig. 10a, the conductivity of the three kinds of materials increased with the increase of
temperature, revealing a semiconductor behavior. However, the nano ZrB, reveals a higher DC conductivity
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Figure 9. Effect of thickness on the EM absorption property of the ceramic composites at different

temperatures. (a) RT, (b) 200 °C, (c) 400 °C, (d) 600 °C, (e) 800 °C, (f) 900 °C. (h) The EAB of the ceramic

composites as a function of temperature.

than the ceramic composites as a function of temperature and the relationship between DC conductivity and
temperature of these materials shows different variation trends. The slope of the temperature-dependent conduc-
tivity of the ceramic composites is the lowest among these materials, revealing the slow increase of the electrical
conductivity. Figure 10b-d show the fitting of the conductivity for nano ZrB, and the ceramic composites. The
relationship can be fitted linearly using Eq. (9) when d is 3, which suggests that the conduction is predominantly
controlled by the three-dimensional hopping mechanism. The DC conductivity of the ceramic composites in
Fig. 10b reveals a two-stage change with temperature. For the ceramic composites, as the temperature increases,
the conductivity shows a near flat variation up to high temperature (Fig. 10b). The stable temperature-dependent
conductivity leads to the stable imaginary permittivity of the ceramic composites, which results in stable EM

absorption at high temperatures.
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Figure 10. High-temperature DC conductivity and the corresponding fittings of different materials. (a) Ln
o~T, (b) Ln o~ TA™4 (c) the fitting for the ceramic composites, (d) the fitting for nano ZrB,.

Figure 11a-d shows the plots of the real and imaginary permittivity of the ceramic composites at different
temperatures. These plots seem to contain semicircles (Cole-Cole semicircle) and each semicircle is related to
one Debye relaxation process. The semicircles for the ceramic composites are normally attributed to the polariza-
tions of different phases and the interfaces between them. In this work, the prescence of ZrB,/ZrO, nanophases
induces an extensive network of nano-interfaces within the composites. These nano-interfaces lead to strong
polarization loss that contributes greatly to the attenuation of EM wave.

Good oxidation resistance is important for the ceramic composites to work at high temperature harsh envi-
ronment. Figure 12a shows the SEM images of the ceramic composites processed at 1000 °C in air. This sample
shows an oxidation protection layer, which is consistent with the observation in Fig. 2. In the enlarged view shown
in Fig. 12b, percolated nanoparticles can be clearly observed within the SiOC matrix. These nanoparticles are the
ZrB,/ZrO, composite nanophases which serve as the EM absorbers for the ceramic composites. The percolated
structures of these nanoparticles provide extensive conduction paths which enables the current to be induced
through these paths and the electromagnetic energy can be dissipated by ohmic heating. Figure 12c illustrates
the EM wave absorption mechanism in high-temperature oxidation environment with more details. The thin
surface oxidation layer will provide oxidation protection for the bulk ceramic composites at high temperatures
and allow the incidence of EM wave into the materials. The strong and stable electrical conduction loss provided
by the ZrB,/ZrO, composite nanophases induces the EM wave absorption for the ceramic composites in harsh
environment.

Table 1 summarizes the microwave absorption bandwidth of typical ceramic-based composites as a func-
tion of temperature at different thicknesses reported in recent literature>*'“*>32 It can be seen that our ceramic
composites show a stable and the widest bandwidth higher than 10 GHz from RT to 900 °C compared to other
ceramic-based composites, such as oxide-based, PDC-based and other traditional ceramic based composites. This
feature, combined with good thermomechanical properties, high-temperature stability and oxidation resistance,
makes our ceramic composites ideal broadband EM absorbing materials for harsh environment applications.

Methods

Fabrication of the ceramic composites. Polycarbosiloxane (MS-154, Extreme Environment Materials
Solutions, LLC) was used as the polymeric precursor for the matrix. The pyrolysis of the precursor resulted in
the production of silicon oxycarbide (SiOC). ZrB, nanopowders with a diameter ~43 nm (US Research Nano-
materials, Inc) were used as electrically conductive fillers and reinforcements for the PDCs. The ZrB, nanopo-
wders were subjected to heat treatment at 1000 °C for 3 h in Ar to alter the surface microstructure before being
introduced into the PDC. Porior to the ceramic composite fabrication, 0.5 wt.% catalyzer (CLC-PB058, EEMS,
USA) was added to the liquid-like polycarbosiloxane by electromagnetic stirring at RT until a homogeneous
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Figure 11. The plots of the real and imaginary permittivity of the ceramic composites at different temperatures.
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Temperature Thickness Temperature Thickness
Material (°C) (mm) EAB (GHz) | Material (°C) (mm) EAB (GHz)
80 420 25 2.70
120 420 100 2.90
C'03C3)64@rG0/ 1.94
Si0, 160 4.20 200 3.10
200 4.18 | 300 3.40
SiC,/SiC-ALO,* 3.00
200 3.37 400 4.10
SiCdmullite- 400 2.50 1.42 500 3.40
Sio,’
600 0.00 600 2.20
25 225 700 0.70
C¢/SiCnfs/SisN,® | 400 2.40 2.42 25 4.20
800 1.74 100 4.10
25 1.89 200 4.14
100 1.91 Si;N,-SiC/Si0,* | 300 3.30 4.16
200 2.06 400 4.18
Ti;SiC,/codierite 300 1.50 2.02 500 4.16
coating™ 400 2.16 600 1.01
500 2.46 100 3.34
600 2.75 200 3.50
700 2.00 Graphene@ 300 - 3.50
25 0.94 Fe;O0,/SIBCN" [ 409 ’ 350
100 0.59 500 3.41
; ; 200 1.86 600 3.27
Fg dgped SiC/ 3.00
Si0, 300 3.28 50 4.20
400 3.82 100 4.20
500 4.20 : 200 4.20
RGO/Si;N,* 4.30
25 2.08 300 4.20
100 2.35 400 420
TiCnw/SiO,* 2.50
200 2.75 500 4.20
300 2.99 25 2.18
25 0.30 100 2.44
200 2.86 200 2.78
400 3.84 Fe-SiBCN* 300 2.85 3.15
SiC/SiC-SiCnw® 2.50
400 3.59
600 2.90 500 3.89
600 4.20
27 0.69 50 1.36
100 1.04 100 242
. 150 1.38 150 242
BiFeO,” 1.80 Ni chains/SiO,? 1.80
200 1.60 200 221
300 2.29 250 1.65
400 2.41 300 0.00
25 13.50
200 12.69
400 12.69
- This work 600 3.00 12.15
800 11.88
900 12.15
1000 10.85

Table 1. Microwave effective absorption bandwidth (EAB) of ceramic composite in this work and ceramic-

based composites reported in literature.

solution was obtained. Thereafter, 40 wt.% of the thermally processed ZrB, nanopowders were added to 60 wt.%
of the polycarbosiloxane/CLC-PB058 liquid and bleneded into a homogeneous mixture by mechanical stirring
for about 30 min. The mixture was then cured in an oven at 120 °C overnight. A hard thermosetting product was
obtained and it was high-energy ball milled into a uniform powder with size of ~ 1 um. The powder was pressed
into green body pellets of desired dimensions using different die sets. For pyrolysis, each pellet was placed in
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Figure 13. Illustration of the fabrication process of the ceramic composites.

an alumina porcelain boat inside a tube furnace (GSL-1100X-LD, MTI Corporation, USA.). The samples were
heated up to 1000 °C with a rate of 2 °C/min and held for 2 h in Ar and then cooled down to RT with a cooling
rate of 2 °C/min. The detailed preparation process of the nanocomposites is illustrated in Fig. 13. An external
standard and Rietveld methods were used to quantify the phase fractions in the ceramic composites using the
XRD curve of the un-oxidized sample shown in Fig. 4i **. The results are shown in Table 2. The pure SiOC
ceramic was also prepared using the same route for comparison.

Characterization. Field emission scanning electron microscope coupled with Energy Dispersive X-Ray
Spectroscopy (SEM, FEI Verios 460L, USA) and transmission electron microscopy (TEM) were used to charac-
terize the micro- and nanostructures of the materials. TEM investigation was performed using a Talos F200X G2
(USA) microscope operated at 200 keV. The phase compositions were investigated by X-ray Diffraction analysis
(Rigaku SmartLab, Tokyo, Japan) at RT. High-temperature in-situ XRD characterizations of the nanocomposites
were conducted at 25-1150 °C in air, with a heating rate of 10 °C/min.

The high-temperature relative complex permittivity of the ceramics was measured through the free space
method. The measurement setup consisted of a vector network analyzer (Keysight, N5225A PNA, 10 MHz to
50 GHz), transmit and receive antennas (spot-focusing lens antennas), and a furnace (Fig. 14). The sample size
for the free space test was 40 mm by 40 mm by 2.5 mm. A TRL (through, reflect, line) calibration method was
used to calibrate the measurement. For the through calibration, the distance between the two antennas was set to
be equal to twice the focal distance. The reflect standards are achieved by placing a metal plate at the focal planes
of the two antenna. For the line calibration, the focal planes of the two antennas were separated by a distance
equal to a quarter of the wavelength at the center of the frequency band. The samples were heated and kept at the
desiginated temperatures (200, 400, 600, 800, 900, and 1000 °C) for 1 h during the measurements. Their micro-
wave scattering parameters at these temperatures were directly measured by the PNA in the frequency range of
26.5-40 GHz (Ka-band). Permittivity values of the samples were calculated according to the Nicolson-Ross—-Weir
(NRW) algorithm. The sample surface was polished before measurement.

High-temperature direct current (DC) conductivity was measured by the I-V curve on Keithley 2000 mul-
timeter (Tektronix, Inc. Beaverton, USA). Carbon paint (SPI, West Chester, Pennsylvania, USA) was applied on
the sample surface as electrodes. Platinum wires with a diameter of 0.25 mm were used as conducting wires and
connected to the samples. The platinum wires were loaded in a two-bore Al,O; tube to prevent short circuit dur-
ing the measurement. Samples were heated at a rate of 5 °C/min in the hot zone of a furnace in Ar. The resistance
was recorded at temperatures up to 1000 °C with an interval of 100 °C. Samples were kept for 5-10 min at each
temperature point before measurement to avoid temperature fluctuation. The resistance of the platinum wire

Phase | Weight percentage (%)
ZrB, | 364
ZrO, 3.6
SiOC 60.0

Table 2. Phase fractions in the ceramic composites.
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was also measured at each temperature point. The ultimate sample resistance was the value excluding that of the
platinum wire. The conductivity (o) was calculated according to the following equation.

1

=—, 10
o= ps (10)

where [, R, S are the thickness, resistance, and sectional area of the samples. The reported conductivity was the
average value from three samples of each type.

For the DMA test (TA Instruments Discovery DMA 850 Dynamic Mechanical Analyzer with GCA tank),
the temperature sweep starts from RT to 350 °C at 1 °C/min to avoid thermal shock in the sample and allows
the sample to cool completely to RT before performing another test at a different frequency. For these tests, 1 N
preload, 14 um oscillation amplitude (~0.015% strain), and 175% force track (ratio between dynamic and static
forces) were used. The temperature sweeps were performed at 0.1 Hz, 1 Hz, 10 Hz, and 100 Hz loading frequen-
cies to help assess if the storage modulus changed with the dynamic loading rate.

The ceramic composites were exposed to a mixture of Ar and water vapor (Ar: H,O molar ratio was of about
5:1) flowing at 100 cm?®/min from RT to 500 °C for the water vapor oxidation test. Before the test, the samples
were dehumidified in an oven at 120 °C for 2 h. In such a water-vapor-containing environment, the primary
oxidant is water vapor. The sample mass before and after the water vapor oxidation test was measured to calculate
the mass change of the ceramic composites.

Thermal shock test of the ceramic composites was conducted by water quenching at RT. The samples were
completely dried in an oven at 100 °C overnight before the experiment. The thermal shock behavior of the
ceramic composites was evaluated as a function of quenching temperature and quenching cycles. The samples
were heated at a rate of 5 °C/min to a preset temperature (800 °C) in a tube furnace (Carbolite gero 30-3000C
HTRH 18/100/600, Sheflield, United Kingdom) in air and held for 10 min. Then, the heated samples were
dropped by free fall into the water bath at RT. Each sample was tested 5 times.

The ceramic composites were also subjected to the jet flow environment to test the structural stability under
thermal impact. The jet facility at Florida Agricultural and Mechanical University—Florida State University
(FAMU-FSU) college of engineering utilizes high-pressure (3500 kPa) compressed air to generate high Mach
number jets. The compressed air was heated using an electric heater at a stagnation temperature of 254 °C. The
sample size for the test is 7.112 mm x 3.556 mm x 3.018 mm.

Conclusions

This paper reports a type of ceramic composite with stable microwave absorption from RT to 900 °C, which is
made of polymer-derived SiOC as the matrix and core-shell nanophase structures of ZrB,/ZrO, as the microwave
absorbers. Crystallized ZrO, acts as the interface layer between the SiOC and ZrB,. Electrical, dielectric, and
microwave absorption properties of the ceramic composites were systemically investigated at different tempera-
tures. The ceramic composites show a significantly wide microwave absorption bandwidth especially between
28 and 40 GHz from RT to 900 °C. The stable EM absorption properties of the ceramic composites at high tem-
peratures are attributed to the core—shell nanophase structure of ZrB,/ZrO,, which induces the stable dielectric
and electrical properties of the ceramic composites. Crystallized t-ZrO, also increases the nano-interfaces in
the composites, enhancing the polarization loss of electromagnetic waves. The DC conductivity of the ceramic
composites shows a stable temperature-dependent trend because of the existence of the t-ZrO, interface. Results
of the thermomechanical analysis, jet flow, thermal shock, and water vapor tests show that the ceramic composites
have good harsh environmental stability. The excellent microwave absorption properties make the presented
ceramic composites an ideal microwave absorbing material for high-temperature harsh environment applications.

Scientific Reports | (2023) 13:267 | https://doi.org/10.1038/s41598-023-27541-3 nature portfolio



www.nature.com/scientificreports/

Da

ta availability

The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Rec
Pub

eived: 30 September 2022; Accepted: 4 January 2023
lished online: 06 January 2023

References

1.

2.

10.

11.
12.

13.

14.

15.

16.

17.

24.

25.

26.

27.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Shahzad, F. et al. Electromagnetic interference shielding with 2D transition metal carbides (MXenes). Science 6304, 1137-1140
(2016).

Zhang, Y. et al. Broadband and tunable high-performance microwave absorption of an ultralight and highly compressible graphene
foam. Adv. Mater. 27, 2049-2053 (2015).

. Ye, E. et al. Direct growth of edge-rich graphene with tunable dielectric properties in porous Si;N, ceramic for broadband high-

performance microwave absorption. Adv. Funct. Mater. 28, 1707205 (2018).

. Yuan, X. Y, Cheng, L. E, Guo, S. W. & Zhang, L. T. High-temperature microwave absorbing properties of ordered mesoporous

inter-filled SiC/SiO, composites. Ceram. Int. 43, 282-288 (2017).

. Zhou, W,, Li, Y., Long, L., Luo, H. & Wang, Y. C. High-temperature electromagnetic wave absorption properties of C¢/SiCNFs/

Si;N, composites. J. Am. Ceram. Soc. 103, 6822-6832 (2020).

. Han, T,, Luo, R. Y,, Cui, G. Y. & Wang, L. Y. Effect of SiC nanowires on the high-temperature microwave absorption properties of

SiC¢/SiC composites. J. Eur. Ceram. Soc. 39, 1743-1756 (2019).

. Jia, Y. J. et al. Multifunctional ceramic composite system for simultaneous thermal protection and electromagnetic interference

shielding for carbon fiber-reinforced polymer composites. ACS Appl. Mater. Interfaces 12, 58005-580017 (2020).

. Jia, Y. J., Ajayi, T. D., Roberts, M. A. Jr., Chung, C. C. & Xu, C. Y. Ultra-high temperature ceramic-polymer derived SiOC ceramic

composites for high-performance electromagnetic interference shielding. ACS Appl. Mater. Interfaces 12, 46254-46266 (2020).

. Jia, Y. . et al. A skin layer made of cured polysilazane and yttria stabilized zirconia for enhanced thermal protection of carbon

fiber reinforced polymers (CFRPs). Surf. Coat. Tech. 404, 126481 (2020).

Wen, Q. B, Yu, Z. ]. & Riedel, R. The fate and role of in situ formed carbon in polymer-derived ceramics. Prog. Mater. Sci. 109,
100623 (2020).

Viard, A. et al. Polymer derived Si-B-C-N ceramics: 30 years of research. Adv. Eng. Mater. 20, 1800360 (2018).

Packirisamy, S., Sreejith, K. J., Devapal, D. & Swaminathan, B. Polymer-derived ceramics and their space applications. In Handbook
of Advanced Ceramics and Composites (eds. Mahajan, Y. R., Johnson, R) (Springer Nature Switzerland AG, 2020).

Luo, C.J., Jiao, T., Gu, J. W,, Tang, Y. S. & Kong, J. Graphene shield by SiBCN ceramic: A promising high-temperature electromag-
netic wave-absorbing material with oxidation resistance. ACS Appl. Mater. Interfaces 10, 39307-39318 (2018).

Pang, L. et al. Electromagnetic wave absorbing performance of multiphase (SiC/HfC/C)/SiO, nanocomposites with an unique
microstructure. J. Eur. Ceram. Soc. 41, 2425-2434 (2021).

Jia, Y. J., Chowdhury, M. A. R. & Xu, C. Y. Complex impedance spectra of polymer derived SiC annealed at ultrahigh temperature.
J. Am. Ceram. Soc. 103, 6860-6868 (2020).

Jia, Y. J., Chowdhury, M. A. R. & Xu, C. Y. Electromagnetic property of polymer derived SiC-C solid solution formed at ultra-high
temperature. Carbon 162, 74-85 (2020).

Zhang, Y., Yin, X. W,, Ye, E & Kong, L. Effects of multi-walled carbon nanotubes on the crystallization behavior of PDCs SiBCN
and their improved dielectric and EM absorbing properties. J. Eur. Ceram. Soc. 34, 1053-1061 (2014).

. Duan, W. et al. Synthesis and EMW absorbing properties of nano SiC modified PDC-SiOC. J. Mater. Chem. C 4, 5962-5969 (2016).
. Jia, Y. ]., Chowdhury, M. A. R, Zhang, D. J. & Xu, C. Y. Wide-band tunable microwave-absorbing ceramic composites made of

polymer-derived SiOC ceramic and in situ partially surface-oxidized ultra-high-temperature ceramics. ACS Appl. Mater. Interfaces
11(45862), 45874 (2019).

. Yin, X. W. et al. Electromagnetic properties of Si-C-N based ceramics and composites. Int. Mater. Rev. 59, 326-355 (2014).
. Jia, Z. R. et al. Progress in low-frequency microwave absorbing materials. J. Mater. Sci.-Mater. El. 29, 17122-17136 (2018).
. Quan, B. et al. Defect engineering in two common types of dielectric materials for electromagnetic absorption applications. Adv.

Funct. Mater. 29(28), 1901236 (2019).

. Yang, W. Y. et al. Tunable magnetic and microwave absorption properties of Sm, ;Y sFe,,_.Si, and their composites. Acta Mater.

145, 331-336 (2018).

Liu, H. Q. et al. Additive manufacturing of nanocellulose/polyborosilazane derived CNFs-SiBCN ceramic metamaterials for ultra-
broadband electromagnetic absorption. Chem. Eng. J. 433, 133743 (2022).

Zeng, X. J., Cheng, X. Y., Yu, R. H. & Stucky, G. D. Electromagnetic microwave absorption theory and recent achievements in
microwave absorbers. Carbon 168, 606-623 (2020).

Peng, H. S. Aligned carbon nanotube/polymer composite films with robust flexibility, high transparency, and excellent conductivity.
J. Am. Chem. Soc. 130, 42-43 (2008).

Li, Y., Fang, X. & Cao, M. Thermal frequency shift and tunable microwave absorption in BiFeO, family. Sci. Rep. 6, 24837 (2016).

. Luo, C. ], Jiao, T., Tang, Y. S. & Kong, J. Excellent electromagnetic wave absorption of iron-containing SiBCN ceramics at 1158K

high-temperature. Adv. Eng. Mater. 20, 1701168 (2018).

Liu, J. et al. Electromagnetic property and tunable microwave absorption of 3D nets from nickel chains at elevated temperature.
ACS Appl. Mater. Interfaces 8, 22615-22622 (2016).

Ma, J. R. et al. A green fabrication and variable temperature electromagnetic properties for thermal stable microwave absorption
towards flower-like Co;0,@rGO/SiO, composites. Compos. B. Eng. 166, 187-195 (2019).

Gao, H., Luo, E, Wen, Q. L., Hu, Y. & Qing, Y. C. Temperature-dependent dielectric and microwave absorption properties of silicon
carbide fiber-reinforced oxide matrices composite. J. Mater. Sci. 53, 15465-15473 (2018).

Su, J. B. et al. High-temperature dielectric and microwave absorption property of plasma sprayed Ti;SiC,/cordierite coatings. J.
Mater. Sci. Mater. Electron. 27, 2460-2466 (2016).

Yuan, X. Y, Cheng, L. E, Zhang, Y. ]., Guo, S. W. & Zhang, L. T. Fe-doped SiC/SiO, cmposites with ordered inter-filled structure
for effective high-temperature microwave attenuation. Mater. Des. 92, 563-570 (2016).

Yuan, X. Y., Cheng, L. E. & Zhang, L. T. Influence of temperature on dielectric properties and microwave absorbing performances
of TiC nanowires/SiO, composites. Ceram. Int. 40, 15391-15397 (2014).

Mu, Y. et al. Temperature-dependent dielectric and microwave absorption properties of SiC/SiC-Al,O; composites modified by
thermal cross-Linking procedure. J. Eur. Ceram. Soc. 35,2991-3003 (2015).

Li, M. et al. High-temperature dielectric and microwave absorption properties of Si;N,-SiC/SiO, composite Ceramics. J. Mater.
Sci. 50, 1478-1487 (2015).

Hou, Z. X. et al. Reduced graphene oxide/silicon nitride composite for cooperative electromagnetic absorption in wide temperature
spectrum with excellent thermal Stability. ACS Appl. Mater. Interfaces 11, 5364-5372 (2019).

Scientific Reports |

(2023) 13:267 |

https://doi.org/10.1038/s41598-023-27541-3 nature portfolio



www.nature.com/scientificreports/

38. Galvanetto, E., Galliano, F. P,, Borgioli, E, Bardi, U. & Lavacchi, A. XRD and XPS study on reactive plasma sprayed titanium-
titanium nitride coatings. Thin Solid Films 384, 223-229 (2001).

39. Lutterotti, B. L. & Scard, P. Simultaneous structure and size-strain refinement by the Rietveld method. J. Appl. Cryst. 23, 246-252
(1990).

40. Varadan, V. V,, Hollinger, R. D., Ghodgaonkar, D. K. & Varadan, V. K. Free-space, broadband measurements of high-temperature,
complex dielectric properties at microwave frequencies. IEEE Trans. Instrum. Meas. 40, 842-846 (1991).

41. Yang, N., Kenion, T., Xu, S. & Xu, C. Dielectric property characterization at high temperature (RT to 1000 ‘C) of BN-based elec-
tromagnetic transparent materials for hypersonic applications. Ceram. Int. https://doi.org/10.1016/j.ceramint.2022.11.3 (2023).

Acknowledgements

This work was supported by the Air Force Office of Scientific Research (Award No. FA9550-21-1-0057) and 2022
NC State Chancellor’s Innovation Fund. The characterization was performed in part at the Analytical Instru-
mentation Facility (AIF) at North Carolina State University, which is supported by the State of North Carolina
and the National Science Foundation (award number ECCS-1542015). This work made use of instrumentation
at AIF acquired with support from the National Science Foundation (DMR-1726294). The AIF is a member of
the North Carolina Research Triangle Nanotechnology Network (RTNN), a site in the National Nanotechnology
Coordinated Infrastructure (NNCI).

Author contributions

Y.J. performed the experiments, analyzed the data, developed the method and wrote the manuscript. N.Y. and
S.X. made the characterization. A.S., J.P., R.K. and D.Z. reviewed and revised the manuscript. C.X. supervised
the research. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.X.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:267 | https://doi.org/10.1038/s41598-023-27541-3 nature portfolio


https://doi.org/10.1016/j.ceramint.2022.11.3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Polymer-derived SiOC reinforced with core–shell nanophase structure of ZrB2ZrO2 for excellent and stable high-temperature microwave absorption (up to 900 °C)
	Results
	Thermal structure stability analysis of the ceramic composites. 
	Dielectric and EM absorption properties of the ceramic composites at high temperature in air. 

	Discussion
	Methods
	Fabrication of the ceramic composites. 
	Characterization. 

	Conclusions
	References
	Acknowledgements


