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EFFECT OF ANNEALING TEMPERATURE AND ATMOSPHERE
ON THE PROPERTIES POROUS SIO:-SIC CERAMICS
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Abstract. This study investigates the influence of annealing at 1000 °C for 1 h
in argon and air atmospheres on the microstructure and properties of porous SiO>—
SiC ceramics containing 0—35 wt% nano-SiC. The porosity increased slightly with the
addition of nano-SiC, from 75.2 % to 76.0 % for samples annealed in argon, and from
64.8 % to 67.5 % for those treated in air. The higher porosity in the air-annealed
specimens is attributed to partial oxidation of SiC, which produces gaseous by-
products that promote pore formation. Thermal conductivity decreased from 0.152 to
0.122 W m™ K™ in the argon series and from 0.058 to 0.045 W m™ K™ in the air
series, owing to enhanced phonon scattering by pores and oxidation-derived SiO:
layers. Compressive strength showed the opposite trend, declining from 24.8 to 14.1
MPa in argon and from 10.6 to 4.0 MPa in air as SiC content increased. These results
demonstrate that annealing atmosphere strongly affects pore evolution, oxidation
behavior, and interfacial bonding, thus controlling the balance between thermal
insulation and mechanical stability in porous SiO-—SiC ceramics.
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FbIJIbIMN MAKAJTA

KEYEKTI SI0-SIC KEPAMUKACBIHBIH KACUETTEPIHE
KYHWOIPY TEMIIEPATYPACHI MEH ATMOC®EPACBHIHBIH,
IJ9CEPI

HI.M. KyaraeBa™ ®

Xanpikapasiblk 0utiM 0epi koprioparusicel, 050048, Anmatsl, Kazakctan

Anparna. byn sepmmey 1000 °C memnepamypaoa 1 cazam 60tivl apeou dHcame
aya ammocghepanapvinoa emkisineen Kyudipyoiy 0—35 mac.% nano-SiC kammoiizan
keyekmi SiO—SiC KepamuKacblHbly MUKPOKYDBLILIMbL MEH Kacuemmepine acepiH
Kapacmuipaovl. Hano-SiC monwepi apmgan caiiblh KeyeKminiiKk cail ocmi. apeoHoa
Kyuodipineen yneinepoe — 15,2 %-oan 76,0 %-2a Oetiin, an ayada enoenzen yaciiepoe
— 64,8 %-0an 67,5 %-ea oOeuiin. Ayada Kyuolipineen yacinepOiy KeyekminiciHiy
arcozapvl - boayel  SiC-miy  Jcapmoliail. MOMBIEYbIMEH JHCIHE KeyeK MY3LLyiH
Kyuteimemin a3z mapizoi 6HiMOepOiy Ooninyimer mycindipinedi. Koinyomxizeiumix
apeon cepusiceinoa 0,152-0en 0,122 Bm/m-K-2e Oeiiin scane aya cepuscoinoa 0,058-
oen 0,045 Bm/m-K-2ce Oeuin memenoeoi, 6yn ononoapoviy keyex Oemmepinoe
wawvipayvl men SiO: momwizy Kabammapvinely my3inyimen oainanvicmsl. Kovicy
Oepixmiei kepiciHue memenoedi: apeonoa 24,8-oen 14,1 Mlla-za, ayada 10,6-0an
4,0 Mlla-2a oetiin. Homuowcenep Kyuoipy ammocghepacvinbiy KeyeK 380I0UYUACHIHA,
momwiey npoyecmepine JHcoHe ¢hazaapanvlx OAIAHbLICMAP2a aumapIblkmai acep
ememinin, ocvlraiuwa keyekmi SiO:—SiC KepamukacbiHbly JHCHLTYOKWAYIAY MeH
MEXAHUKANbIK —~ MYPAKMbLIbIK — aApAcblHOA&bl  mene-menoikmi  0acKapamvlHbIH
Kepcemeoi.

Tyiiin ce3nep: xeyexkmi kepamuka, SiO—SiC komnozummepi, Kyuoipy
ammocghepacwl; HCbLIYOMKIZIUMIK, CbI2bLLY Oepikmizi.
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VK 666.3-16
MPHTH 67.09.05
HAVYHAS CTATbHS

BJINSIHUE TEMIIEPATYPBI U ATMOC®EPBI OT)KUT'A HA
CBOMCTBA IIOPUCTOM KEPAMHUKMH SIO.-SIC

HI.M. KyaraeBa* ®

Mexnynapoanas oopa3zoBatenbHas kopnopanus, 050048, Anmatsl, Kazakcran

AHHOTaNUsA. B dannoii pabome ucciedosarno enrusnue omaicuea npu 1000 °C 6
meuenue 1 u ¢ ammocghepe apeona u 6030yxa Ha MUKPOCMPYKMYPY U CEOUCMEA
nopucmou kepamuxu Ha ocroge SiO:—SiC, codepacaweti 0-35 mac.% nano-SiC. C
yeeauuenuem cooepaicanus Hano-SiC nopucmocms HecKoabko ospacmana: ¢ 75,2 %
00 76,0 % 0ns obpazyos, omodxicocénnvix 6 apeoue, u ¢ 64,8 % 0o 67,5 % ons
obpazyos, oopabomannvix 6 8030yxe. bonee evicokas nopucmocms npu omoicuce 8
8030yxe cesa3ana ¢ yacmuyHvim okucienuem SiC, cCOnpooxcoarouuMcs gbloeneHuem
2a3000pa3HbIX npOOYKmMoa, cnocobcmeyrouwux 0bpazosanuro nop.
Tennonposoonocms ymenvutanacs ¢ 0,152 0o 0,122 Bm/m K 6 cepuu, omorcoicénnou
6 apeone, u ¢ 0,058 oo 0,045 Bm/m'K 6 cepuu, obpabomanuou 8 8030yxe, umo
00BACHAEMCA  YCUTIeHHbIM — paccesiHueM (QOHOHO8 Ha Nnopax u o00pa3zo8aHuem
oxcuonwix cnoés SiO:. I[Ipounocmv npu cocamuu, Hanpomus, cHudxcaracs ¢ 24,8 oo
14,1 Mlla 6 apeone u c 10,6 0o 4,0 MIla 6 so30yxe npu yseauuenuu cooepicanus SiC.
Ilonyuennvle pe3yromamsl NOKA3b18AI0OM, YMO AMMOCHeEPa OM#CU2a CyujecCmeeHHo
gnUsem Ha 280I0UUI0 NOP, NPOYECCbl OKUCTIeHUs U MedcazHoe e3aumooelicmaue,
onpedensii COOMHOUIEHUE MeHCOy MEeNIOUSOIAYUOHHBIMU U  MEeXAHUYECKUMU
ceoticmeéamu nopucmou kepamuxu SiO>—SiC.

KuroueBble ciioBa: nopucmas kepamuxa, komnosumsl SiO—SiC; ammocghepa
omoicuea, menionpo8oOOHOCMyb, NPOYHOCHb NPU CHCAMUU
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1 INTRODUCTION

Porous ceramics have become an essential class of advanced materials due to their unique
combination of low density, high thermal stability, and chemical inertness, which make them suitable
for use in extreme environments. These materials are widely employed in high-temperature thermal
insulation, catalyst supports, filtration membranes, refractory linings, and energy-efficient
construction systems (She et al., 2003). Their microstructure, consisting of interconnected pores
within a rigid ceramic matrix, provides a balance between mechanical integrity and desired functional
properties such as low thermal conductivity and high permeability (Dey et al., 2011). The key
advantage of porous ceramics lies in their ability to maintain dimensional and chemical stability at
temperatures exceeding 1000 °C while exhibiting adjustable porosity levels and lightweight
characteristics.

Among various porous ceramic systems, silicon carbide (SiC) and silicon dioxide (Si0-) based
composites stand out for their synergistic combination of thermal and mechanical properties. SiC
possesses outstanding characteristics such as high hardness, strong covalent bonding, superior
thermal conductivity (~120 W m™* K™ for dense SiC), and excellent oxidation resistance at elevated
temperatures (Yuan et al., 2016). Conversely, SiO- offers low intrinsic thermal conductivity (~1.4
W m™* K), a relatively low sintering temperature, and good processability, making it a valuable
component for forming porous structures (Yuan et al.,, 2016a). When combined, the SiO.-SiC
composite system integrates the thermal insulation capability of silica with the thermal stability and
mechanical robustness of SiC, yielding a promising material for next-generation thermal barrier and
insulating applications (Kim et al., 2005).

In porous SiO>—SiC ceramics, microstructural evolution during fabrication and subsequent heat
treatment plays a decisive role in determining final performance. The microstructure is governed by
factors such as sintering temperature, time, particle size, and most critically, the annealing atmosphere
(Jana et al., 2017). During thermal treatment, SiC particles can undergo partial oxidation. This
reaction leads to the formation of a thin SiO: layer on SiC surfaces and the generation of gaseous
carbon oxides that contribute to increased porosity (Wan & Wang, 2018). Therefore, oxidation
processes under air or oxygen-rich environments can substantially modify pore morphology,
interparticle bonding, and phase composition. In contrast, in inert atmospheres such as argon,
oxidation is suppressed, and the resulting microstructure depends more on viscous flow and particle
rearrangement. These mechanisms yield distinct structural features that directly influence both
thermal conductivity and mechanical strength (Chen &Miyamoto, 2014).

The relationship between porosity and thermal transport in ceramics is well-documented. The
introduction of pores disrupts the phonon transport path, reducing the effective thermal conductivity
due to enhanced phonon scattering at solid-pore interfaces (Chun et al., 2005). However, excessive
porosity can severely weaken mechanical strength, as the load-bearing cross-section is reduced and
stress concentration arises around pores (Kim et al., 2020, Wan & Wang, 2018). Thus, an optimal
microstructure must balance porosity for insulation and sufficient strength for mechanical stability.
The addition of nano-SiC particles is particularly interesting because nano-sized SiC can alter
sintering behavior, influence pore evolution, and improve interfacial bonding at moderate
temperatures (Su et al., 2018). At the same time, nanoscale SiC may also promote heterogeneous
oxidation and interfacial phonon scattering, leading to additional reductions in thermal conductivity
(Streitwieser et al., 2005). Annealing, or controlled post-sintering heat treatment, is a powerful
technique to modify ceramic microstructure without significant changes in composition. The
annealing atmosphere is especially critical: an inert gas such as argon limits oxidation and helps
preserve SiC integrity, while an oxidizing atmosphere (air) induces surface oxidation, forming SiO--
rich layers that can seal pores or, alternatively, generate new ones depending on the oxidation kinetics.
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Studies have demonstrated that annealing at intermediate temperatures (900-1200 °C) under air
results in the gradual oxidation of SiC, generating amorphous SiO: films that may enhance the overall
insulating capability but reduce strength due to interfacial debonding (Malik et al., 2020). In contrast,
annealing under argon tends to stabilize the as-formed microstructure and preserve mechanical
properties. Although individual effects of oxidation and porosity on SiC and SiO: ceramics have been
widely reported, comparative studies analyzing the interplay of annealing atmosphere and nano-SiC
content in SiO>—SiC composites remain limited. Recent reports on hierarchical porous ceramics have
suggested that the combined use of nano-sized reinforcements and tailored annealing conditions can
yield materials with both ultralow thermal conductivity (< 0.06 W m™ K™') and acceptable
compressive strength (> 10 MPa) (Jana et al., 2017). However, achieving this balance requires a
clear understanding of how pore morphology, oxidation reactions, and interfacial phenomena evolve
under different atmospheres. Furthermore, the growing demand for lightweight insulation materials
in aerospace, energy, and environmental technologies underscores the need for ceramics that combine
low thermal conductivity with sufficient mechanical robustness. For instance, in gas turbines and
combustion systems, thermal barriers must resist temperatures beyond 1000 °C while maintaining
dimensional stability. In energy storage and conversion systems, such as solid oxide fuel cells,
materials with tailored porosity are needed to minimize thermal losses while ensuring structural
integrity. The SiO—SiC system provides an adaptable platform for these applications, but systematic
studies under well-controlled annealing conditions are required to optimize its potential.

Therefore, the present study investigates the effect of annealing at 1000 °C for 1 h in argon and
air atmospheres on the porous SiO.—SiC ceramics with varying nano-SiC contents (0-35 wt%). The
focus is on elucidating the interrelation between porosity, microstructure, thermal conductivity, and
compressive strength. By comparing inert and oxidizing annealing environments, this work aims to
reveal the mechanisms that govern microstructural evolution and property variations in SiO»-SiC
composites. The findings will contribute to the rational design of low-thermal-conductivity porous
ceramics with optimized performance for high-temperature insulation and energy applications.

2. LITERATURE REVIEW

Porous SiC and SiC-based composite ceramics have been studied extensively. Malik et al.,
(2020) observed that both thermal conductivity and mechanical strength tend to decrease as porosity
increases, though particle size and intergranular bonding can modulate this trend. Kang et al. (2021)
reported extremely low thermal conductivities in porous nano-SiC via multiple thermal resistance
engineering.

In the specific SiO>—SiC system, oxidation of SiC to SiO: can act as a sintering aid, modifying
microstructural connectivity and pore geometry (Gomez-Gomez et al., 2019). The interfacial thermal
boundary resistance between SiO: and SiC phases can further suppress phonon transport (Manoji
Kumar et al., 2011). Recent work on hierarchical porous ceramics combining SiC and oxide phases
has shown promising insulation properties.

However, there is a lack of studies focusing specifically on how annealing atmosphere (Ar vs.
air) at moderate temperatures (e.g. 1000 °C) influences the tradeoff between thermal insulation and
mechanical strength in SiO.—SiC composites. This gap motivates the present work.

3. MATERIALS AND METHODS

Porous SiO2-SiC based ceramics were prepared using commercially available nano-sized SiO-
(~25 nm, Aerosil 300, Degussa AG, Hanau-Wolfgang, Germany), nano-sized B-SiC (~50 nm, 97.5%,
N&A Materials, Inc., USA), and nano-sized carbon black (~75 nm, N774, OCI Company, Ltd.,
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Korea) as a sintering materials. Nano-sized SiO2 powder (Slurry 1), B-SiC powder (Slurry 2), and
carbon black (Slurry 3) were each dispersed in distilled (DI) water using SiC balls. Slurry 1 was
prepared by conventional ball milling for 24 h, while Slurries 2 and 3 were processed by planetary
ball milling for 2 h. Subsequently, all three slurries were combined and mixed using conventional
ball milling for an additional 2 h. The resulting mixture was dried and then milled again with organic
binders in ethanol for 2 hours, using SiC balls and a polypropylene jar. Four different batches were
prepared by varying the g-SiC content from 0 to 35 wt%: SO, S10, S20, and S35, where the number
indicates the wt% of 3-SiC. The carbon content was kept constant at 40 wt%. Afterwards, the mixtures
were dried overnight in an oven at 70 °C. The dried powders were then ground and granulated by
passing through a 120-mesh sieve. The resulting powders were uniaxially pressed under 15 MPa into
green compacts of two sizes: 7 x 7 x 14 mm3 for compressive strength tests, and 10 x 10 x 2.5 mm?3
for thermal conductivity measurements. Green compacts were sintered in air at 800 °C for 2 h, then
subsequently annealed at 1000 °C for 1 h in air and argon atmosphere.

The sintered specimens were designated as follows: for example, SA-10 and SAr-10, where the
number after the dash (10) indicates the sintering temperature of 1000 °C, A and Ar means air and
argon atmosphere, respectively.

The theoretical density of the porous SiO.-SiC ceramics was calculated using the rule of
mixtures according to the following formula:

Pth = Psio, Vsio, + PsicVsic (1)

where, psio, and pg;¢ are the theoretical densities of silica 2.196 (gem™) and SiC (3.216 gcm”
%), respectively. Vsio, and Vg;c denotes the volume fraction of silica and SiC which calculated from

change of the weight after sintering in air, respectively. The SiO2 content calculated from the weight
change after sintering by the following reaction:

SiC + 02 — SiO2 + CO2 (2)
C + 0;— CO; (3)

The bulk density of the sintered samples was calculated from the weight to volume ratio. The
porosity of the samples obtained by following equation:

P=1-— £2x100 (4)

Pth

where, P and p, are the porosity (%) and bulk density of the porous SiO.-SiC ceramics,
respectively.

Compressive strength was evaluated using an Instron 3344 testing machine (Instron Inc.,
Norwood, MA, USA) at a constant crosshead speed of 0.5 mm/min. The compressive strength of
porous SiO>—SiC ceramics was tested six times for each sample type to ensure reproducibility.
Thermal diffusivity and heat capacity were determined using the laser flash method (LFA 467,
NETSCH GmbH, Selb, Germany), with a thin graphite coating applied to the sample surfaces prior
to measurement. Each sample was tested three times in an argon atmosphere. Thermal conductivity
was calculated using the following equation [100]:

k=0pCp ®)
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where p, a, and Cp denotes the sintered density, thermal diffusivity, and heat capacity,
respectively.

4 RESULTS AND DISCUSSION
4.1 Porosity and Microstructure

Figure 1 shows the porosity of the porous SiO2-SiC based ceramics as a function of initial
nano-SiC content. With increasing SiC content, porosity of argon-annealed samples increased from
75.2 % to 76.0 %, while for air-annealed samples it increased from 64.8 % to 67.5 %. The porosity
of argon-annealed porous SiO.-SiC based ceramics were 75.2% for SAr0-10, 75.7% for SAr10-10,
75.8% for SAr20-10, and 76.0% for SAr35-10.

In argon atmosphere, the increase is modest; presence of SiC particles impedes viscous flow of
SiO. and densification, thus stabilizing the pore network. In air, oxidation of SiC leads to the
formation of additional SiO. and gaseous CO/CO-, which expands the pore volume and introduces
new pore channels, thus boosting porosity more noticeably.

90
80 |
— 75.2 75.7 75.8 76.0
2 o« ¢ > ®
2
g0 67.5
o ’
66.2
o 64.8 65.7 Co———®
o o——— &
60 |
——SAr-10
—@— SA-10
50 1 l 1 L
0 10 20 35

Initial nano-SiC content (wt%)

Figure 1 — Porosity of the porous SiO--SiC based ceramics as a function of initial nano-SiC content.

4.2 Thermal conductivity

The thermal Conductivity of the porous SiO»-SiC based ceramics as a function of initial nano-
SiC content has shown in Figure 2. Porous SiO»-SiC based ceramics annealed in argon atmosphere
showed the decrease in thermal conductivity from 0.152 — 0.122 W m™* K™! when initial nano-SiC
content increased from 0 to 35 wt%. The thermal conductivity of air-annealed porous SiC ceramics
decreased from 0.058 — 0.045 W m* K™ as initial nano-SiC content increases from 0 to 35 wt%.
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The marked decrease of thermal conductivity correlates with increased porosity and disruption
in continuous conduction paths. The air-annealed samples show much lower conductivity, reflecting
both the higher porosity and enhanced phonon scattering at interfaces, including possible amorphous
SiO: layers formed via oxidation. The role of thermal boundary resistance between SiO. and SiC
phases becomes more significant in these mixed-phase porous systems.

Compared to literature, the conductivity range is competitive with other low-k porous systems
(e.g., Kang et al. 2021, 0.14 W m! K™!) or the composite SiC—Si02—Al-0s—TiO: system achieving
~0.059 W m™ K at ~74% porosity.

0.20
—@— SAr-10
_ —@—SA-10
< I
' 0.152
§ 0.15 |- G\ogrf 0.144
:; | Nz
>
S o0}
©
c
S [ 0.058
= ' 0.052 .
£ 0.05} 0.039 )
2
- i
0.00 | | | |
0 10 20 35

Initial nano-SiC content (wt%)
Figure 2 — Thermal Conductivity of the porous SiO,-SiC based ceramics as a function of initial nano-SiC content.
4.3 Compressive strength

Compressive strengths decrease as initial nano-SiC content increases (Figure 3). Porous SiO-
SiC based ceramics annealed in argon atmosphere showed the decrease in compressive strength from
24.8 — 14.1 MPa when initial nano-SiC content increased from 0 to 35 wt%. The compressive strength
of air annealed porous SiC ceramics decreased from 10.6 — 4.0 MPa as initial nano-SiC content
increases from 0 to 35 wt%.

The decline in strength is directly linked to increased porosity, reduced cross-sectional load-
bearing area, and more defects or pore stress concentrators. In air-annealed samples, the oxidation-
driven creation of weak SiO: phases and larger pores exacerbates mechanical degradation. The argon-
annealed samples maintain relatively higher strength because of limited oxidation and more coherent
phase interfaces.

In a log—porosity plot, one might expect a linear or near-linear relation consistent with empirical
strength—porosity models. The stronger performance under argon following the same porosity range
suggests that microstructural control (e.g. pore geometry, neck thickness) is better preserved in inert
atmosphere.
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Figure 3 — Compressive strength of the porous SiO»-SiC based ceramics as a function of initial nano-SiC content.

5 CONCLUSIONS

The effects of annealing atmosphere (argon vs. air) at 1000 °C for 1 h on porous SiO.—SiC
ceramics with varying nano-SiC contents were systematically studied. Key findings:

(1) Porosity increases with SiC content in both atmospheres; the increase is more substantial
in air due to oxidation-induced pore formation.

(2) Thermal conductivity decreases correspondingly, with the lowest value 0f 0.045 W m™ K
achieved in the air series.

(3) Compressive strength diminishes with SiC addition, with argon-annealed samples retaining
higher strength compared to air-annealed ones.

These results illustrate that annealing atmosphere is a crucial parameter in balancing thermal
insulation performance and mechanical reliability in porous SiO--SiC ceramics. Annealing in air
yields extremely low thermal conductivity but at the cost of mechanical strength, while argon
annealing provides a more favorable balance for structural applications.
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