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ABSTRACT: In the context of the global implementation of the dual carbon strategy, enhancing the
thermal insulation performance of kiln insulation layers to reduce energy consumption is a highly effective
route to achieving energy conservation and emission reduction. In this work, mullite foamed ceramics were
fabricated via a direct-foaming method using industrial alumina and white clay as raw materials, and the
thermal conductivity was decreased by introducing a secondary phase and increasing the interfacial thermal
resistance. The influence of the TiO2 addition on the phase composition, pore characteristics, and properties
was systematically investigated by means of XRD, SEM, and EDS. The results indicate that the foamed
ceramics are mainly composed of mullite, with minor phases including corundum and aluminum titanate.
It has been demonstrated that increasing the TiO2 addition decreased the ceramic’s thermal conductivity,
due to the formation of low-thermal-conductivity AL2TiOs phases and the elevation of the interfacial thermal
resistance. The specimen exhibiting the optimal properties is characterized by a porosity of 77.8%, a
strength of 1.86 MPa, and a thermal conductivity of 0.216 W/(m-K) (1000 °C), achieved with a TiO2
addition of 6 wt%.

Keywords: Mullite foamed ceramics; Al2TiOs phase; Low thermal conductivity; Thermal insulation

1. Introduction

Mullite based foamed ceramics have been widely used in thermal insulation systems, furnace linings,
electronic packaging, and energy-efficient building materials, due to their outstanding high-temperature
strength, excellent thermal shock resistance, and chemical stability [1-3]. When ceramics are used in
thermal insulation systems and furnace linings, low thermal conductivity is a pivotal factor in achieving
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effective insulation and energy savings [4]. The thermal conductivity of ceramics is primarily governed by
solid-phase conduction and thermal radiation. Introducing a high volume of porosity can effectively lower
the thermal conductivity by reducing the solid-phase heat transfer. However, it inevitably compromises the
mechanical properties, owing to the reduction in the effective load-bearing cross-section and the
susceptibility to stress concentrations around the pores [5-8]. Consequently, the development of technical
strategies to effectively reduce the thermal conductivity of mullite-based foamed ceramics while retaining
mechanical properties has become a significant research focus in the field of insulation materials.

Recent studies have demonstrated that the introduction of a second phase with low solid thermal
conductivity can suppress heat conduction by reducing the solid thermal conductivity [9]. Furthermore, the
interfaces formed between the second phase and the matrix act as additional sites for phonon scattering,
further impeding thermal transport. Notably, aluminum titanate (Al2TiOs) exhibits a significantly lower
thermal conductivity than mullite [10-12], due to its pronounced lattice anisotropy that enhances phonon
scattering [13]. Incorporating TiO2 into a mullite matrix to form ALTiOs during the sintering process can
lower the thermal conductivity by in-situ formation of a low-thermal-conductivity Al2TiOs phase and an
increase in mullite-Al2TiOs interfaces. Furthermore, titanium dioxide, as a common additive, could promote
transient liquid phase formation and accelerate sintering densification, which improves the mechanical
strength of ceramics [14]. Therefore, incorporating TiO2 into a mullite matrix provides a theoretical
pathway for developing mullite ceramic materials with a lower thermal conductivity [14].

However, AlTiOs is thermally unstable at high temperatures, and its stability and quantity depend
strongly on both sintering temperature and composition. Moreover, excessive TiO2 may result in excessive
liquid formation, leading to abnormal grain growth and a reduction in the compressive strength of ceramics
[15]. Consequently, the relationship between TiO2 addition, phase evolution, microstructure, and thermal
conductivity should be systematically clarified to determine the optimal TiO2 addition.

Therefore, the primary objective of this work is to systematically reveal the relationship of composition,
structure, and property of the foamed ceramics tailored for industrial kiln insulation. Based on this, the
present study established two strategies for achieving low thermal conductivity with a minimal loss of
mechanical properties in mullite-corundum-AlTiOs composite foamed ceramics: (I) the introduction of
TiO2 for the in-situ formation of a low-thermal-conductivity Al>TiOs phase, (II) the increase of mullite-
AlTiOs interfaces. The effects of TiO2 addition on their sintering behavior, phase evolution, and thermal
conductivity were elucidated. Thermodynamic calculations using the FactSage software were employed to
simulate the equilibrium phase compositions of ceramics with different TiO2 additions to analyze the liquid-
phase formation, Al>TiOs generation, sintering mechanism, and heat transfer mechanism.

2. Materials and Methods
2.1. Experimental Materials

The raw materials consisted of white clay (Dso = 1.73 um; Guangming Gaoke Co., Luoyang, China),
industrial alumina (Dso = 52.28 um; Guangming Gaoke Co., Luoyang, China), and TiO2 powder (98.5 wt%
purity, Dso = 20.43 pm). Their chemical compositions are listed in Table 1. Sodium alpha-olefin sulfonate
(AOS, Ci5H30S03Na) and modified polyethoxylated silicone (MPS) were employed as the foaming agent
and the foam stabilizer, respectively. Additionally, ammonium citrate (AC, (NH4)3CsHs07) and calcium
aluminate cement (CAC; Zhengzhou Yuankai New Material Co., Ltd., Zhengzhou, China) served as the
dispersant and binder, respectively. AOS, AC, and MPS were purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China.
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Table 1. Chemical compositions of raw materials (wt%).

SiO2  ALO3 Fex0O3; CaO MgO KO NaxO TiOs IL

White clay 49.71 31.92 1.45 0.14 0.15 0.17 0.21 2.10 13.73
Industrial alumina 98.26 - - - - 0.32 - 1.36
Calcium aluminate cement 0.51 76.07 0.32 19.96 0.04 0.25 0.10 0.02 1.70

2.2. Specimens Preparation

The experimental procedure is illustrated in Figure 1. First, the raw material powders, including industrial
alumina, white clay, calcium aluminate cement, and TiOz, were dry-mixed according to the formulations in
Table 2. Subsequently, an initial slurry was prepared by homogeneously stirring deionized water with the
dispersant (AC) for 3 min. Next, the foaming agent (AOS) and foam stabilizer (MPS) were added to this
slurry and stirred rapidly for 5 min to generate the foamed slurry. The foamed slurry was then poured into
molds to produce rectangular (150 mm x 40 mm x 40 mm) and disc-shaped (@180 mm x H20 mm) specimens
for characterizing apparent porosity, bulk density, compressive strength, and thermal conductivity. After a
24-h curing period at room temperature, all specimens were dried at 110 °C for 24 h and finally sintered in
an electric furnace at 1500 °C for 3 h, followed by furnace cooling to room temperature.

Table 2. Compositions of the initial slurries (wt%).

Industrial Alumina White Clay TiO2 Powder Deionized Water CAC AC AOS MPS
T2 36.66 26.55 1.29 35.5 +4.0 +0.7 +0.5 +0.2
T4 3591 26.01 2.58 35.5 +4.0 +0.7 +0.5 +0.2
T6 35.17 25.46 3.87 35.5 +4.0 +0.7 +0.5 +0.2
T8 34.42 24.92 5.16 35.5 +4.0 +0.7 +0.5 +0.2
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Figure 1. Schematic illustration of the experimental procedure.

2.3. Performance Characterization

The chemical compositions of the raw materials were measured by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) in accordance with the standard GB/T 6900-2006, while the median
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particle size (D50) was determined using a laser size analyzer (Mastersizer 2000, Malvern Instruments Ltd.,
Malvern, UK).

The phase composition analysis was conducted via X-ray diffraction (XRD, X’pert Pro, Philips,
Amsterdam, The Netherlands) with Cu Ka radiation (A = 1.54187 A). The data were collected in the 20
range of 10° to 90°, at a scanning rate of 2° min"'. The crystalline phases, including mullite, corundum, and
aluminum titanate, were identified using the respective JCPDS cards: 01-083-1881, 00-042-1468, and 01-
070-1434. The phase compositions of the specimens at 1500 °C were calculated from the Al2O3—SiO2—
TiO2-Ca0O-MgO-Fe203-K20-Na2O system, using the Equilibrium Mode of the software FactSage®
(version 8.2), based on the chemical compositions in Table 1. The microstructures and elemental
compositions of the samples were examined using a scanning electron microscope (SEM, JSM-6610, JEOL,
Tokyo, Japan) equipped with an energy-dispersive spectrometer (EDS, QUANTAX200-30, BRUKER,
Berlin, Germany). Pore size distribution was statistically evaluated from the SEM images via image
analysis [16—18].

The bulk density and apparent porosity of the sintered specimens were determined by the Archimedes
method, using deionized water as the immersion medium. The compressive strength of the samples was
measured using a universal testing machine (ETM, Wance, Shenzhen, China) in a series of experiments.
The testing was conducted at a constant loading rate of 0.05 MPa/s, ensuring a consistent and controlled
testing environment. In addition, the thermal conductivity of the disc-shaped specimens was measured
using a water-cooled calorimeter (PBD-30, Sinosteel Luoyang Institute of Refractories Research Co., Ltd.,
Luoyang, China) in compliance with the Chinese standard YB/T 4130-2005. The Cp of the samples was
obtained by a mixing principle based on the heat capacity of the mullite, AL2TiOs, and Al2O3, which are
extracted from the JANAF Table.

COMSOL Multiphysics was used to predict the thermal insulation behavior of foamed ceramics used
in the cement rotary kiln by building a two-dimensional axisymmetric steady-state model. The model
comprised a three-layer composite structure: a 5 mm steel shell (Thermal conductivity: 50 W/(m-K)), a 230
mm insulating layer, and a 115 mm working layer (spinel refractory with thermal conductivities of 0.607,
0.783,1.037, and 1.180 W/(m-K) at 350 °C, 600 °C, 800 °C and 1000 °C). The foamed ceramics containing
2-8 wt% TiO2 powder served as the insulating layer to assess their influence on the outer surface
temperature, with their thermal conductivity values assigned according to the experimental data. Regarding
boundary conditions, the internal boundary was subjected to a constant high-temperature boundary
condition (T = 1450 °C), while the external boundary followed the Robin boundary condition (natural
convection with ambient air at 25 °C, h = 15 W/(m?-K)). To guarantee the maximum accuracy and
reliability of the numerical results, a grid independence verification was conducted by comparing three
mesh density levels (Normal, Fine, and Extremely Fine). The computed temperature discrepancy at the
outer wall between the Fine and Extremely Fine profiles was negligible, confirming excellent numerical
convergence. The highest-density Extremely Fine mesh model was adopted for the final steady-state heat
transfer simulation.

3. Results and Discussion
3.1. Phase Composition and Microstructure

The XRD patterns and crystal phase relative compositions of the fired specimens are presented in
Figure 2 and Table 3. It can be observed that mullite and corundum are the dominant crystalline phases in
all samples. When the TiO:2 addition is 2 wt%, an embryonic characteristic peak of ALTiOs can be
marginally detected in the magnified XRD pattern, suggesting the onset of the in-situ reaction. As the TiOz
addition further increases to 4, 6, and 8 wt%, the diffraction peaks of Al2TiOs become progressively intense,
while the intensity of the corundum peaks gradually decreases, indicating that Al>2O3 reacts with TiO2 during
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the sintering process to form the Al2TiOs phase. Crucially, a closer inspection of the magnified XRD pattern
in the 20 range of 35.0°-35.5° reveals that the primary characteristic peak of mullite noticeably shifts
toward higher angles with the incorporation of TiO2. According to Bragg’s law, this shift reflects a
continuous shrinkage in the lattice parameters, confirming the successful solid solution of Ti*" ions into the
mullite matrix.
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Figure 2. XRD patterns of the fired specimens with different TiO, additions (The blue and orange areas respectively represent
the enlarged XRD diffraction patterns of 25°-27° and 35.0°-35.5°).

Table 3. Crystal phase relative compositions of the fired specimens (wt%).

TiO: Addition Mullite Corundum ALTiOs
2 63 36 1
4 59 35 5
6 70 22 8
8 67 21 12

Figure 3 and Table 4 present the microstructures and EDS results of the mullite-based foamed ceramics
with varying TiO2 additions. As shown in the micrographs, the pore walls of the specimens are primarily
composed of needle-like mullite crystals, accompanied by a significant fraction of a low-melting glassy
phase. Note that due to the very low content and localized high-magnification perspective, the residual
corundum phase is not explicitly labeled in the SEM images, which is consistent with the weak peak
intensities in the XRD patterns. With increasing TiO2 addition, the amount of liquid phase formed during
sintering gradually increases, facilitating the diffusion of Al2O3 and SiO2 within the raw materials and
promoting the growth of well-developed needle-like mullite crystals. Nevertheless, the grain boundaries of
ceramics with 8 wt% Ti02 addition appear rounded and less distinct, suggesting abnormal grain coarsening
caused by excessive liquid-phase formation, which may adversely affect the mechanical integrity of the
foamed ceramics.
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Figure 3. SEM images of specimens with various TiO, addition. (a) T2; (b) T4; (¢) T6; (d) T8.

Table 4. EDS results of points in Figure 3 (at.%).

Point Si Al o Ti Phase
1 10.15 28.42 60.49 0.94 Mullite
2 12.44 34.65 52.18 0.73 Mullite
3 7.68 14.53 75.06 2.73 Glass
4 6.02 22.19 68.10 3.69 Glass
5 -- 11.83 80.36 7.81 ALTiOs
6 7.03 17.83 72.89 2.25 Mullite
7 0.88 10.44 77.23 16.45 Al TiOs
8 1.07 14.69 67.32 16.92 ALTiOs

Figure 4 illustrates the statistical distributions of the geometric dimensions and aspect ratios (L/D) of
mullite grains in foamed ceramics with varying TiO2 additions. The results indicate that as the TiO2 addition
increases from 2 wt% to 6 wt%, the average length of the mullite grains is in the range from 4.9 to 5.2 um.
Correspondingly, the aspect ratio (L/D) of the grains decreases from 5.1 to 3.6. This demonstrates that
within the TiO2 adjustment range of 2—6 wt%, the network still maintains a relatively high aspect ratio,
which is conducive to the formation of an interlocking columnar/acicular mullite network structure.
However, when the TiO2 addition is further increased to an excess of 8 wt%, a distinct transition in grain
growth behavior is observed. The average length of the grains increases to 6.1 um, while the aspect ratio
drops sharply to 3.1. This evolutionary trend suggests that excessive TiOz facilitates the abundant formation
of a liquid phase and reduces its viscosity, shifting the grain growth from anisotropic longitudinal
elongation to coarsening growth, thereby suppressing the development of high-aspect-ratio acicular mullite.
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Figure 4. The statistical distribution of the geometric dimensions and aspect ratios (L/D) of mullite grains of foamed ceramics
in varying TiO; addition. (a) T2; (b) T4; (¢) T6; (d) T8.

To deeply elucidate the effect of TiO2 addition on the phase evolution, thermodynamic calculations
were performed using FactSage 8.2, and the theoretical phase assemblages at different temperatures are
shown in Figure 5. For the sample with 2 wt% TiOz (Figure 5a), impurities in the raw materials reacted to
form a transient liquid phase, which facilitated ionic diffusion and accelerated sintering. With increasing
temperature to 1300 °C, TiOz2 in the white clay reacts with alumina to form a small amount of ALTiO:s.
However, this phase is thermally unstable and tends to decompose at higher temperatures. Consequently,
upon sintering at 1500 °C, the ATiOs phase diminishes and contributes to additional liquid formation,
consistent with the absence of Al2TiOs reflections in the XRD patterns (Figure 2). With increasing TiO2
addition to 8 wt%, a larger fraction of Al2TiOs forms at the expense of corundum and TiOz, thereby
reducing the corundum content and inhibiting mullite formation (Figure 5e). Notably, the TiO2 addition
exerts a limited effect on the overall liquid fraction but significantly reduces the liquid viscosity (Figure 5f),
thereby enhancing mass transport and promoting densification. Nevertheless, excessive TiO2 leads to overly
fluid liquid phases, resulting in exaggerated grain growth and abnormal microstructural coarsening, in
agreement with the microstructure of the ceramics shown in Figure 3.
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Figure 5. The theoretical phase composition of ceramics calculated by thermodynamic software Factsage 8.2: (a) T2, (b)T4,
(e)T6, (d)T8, (e) Phase composition of ceramics with different TiO, additions at 1500 °C, (f) Liquid viscosity.

3.2. Pore Characteristics of the Specimens

To investigate the correlation between Ti0O2 addition and the pore structure, the fractal dimension, pore
size, and morphology of the specimens were analyzed using ImageJ software (Version Fiji), and the results
are presented in Figure 6. The fractal dimension (D), which reflects the complexity and irregularity of the
pore shape [19,20], exhibits only minor variation with TiO2 addition, ranging between 1.675 and 1.704
(Figure 6a—d), implying that TiO2 addition has a limited influence on pore geometry. All specimens
exhibited a bimodal pore size distribution, composed of intra-strut pores (0—10 um) and inter-strut pores
(50400 pm), as illustrated in Figure 6e,f. As the TiO2 content increases from 2 to 8 wt%, the peak intensity
associated with the inter-strut pores shows a progressive increase, while peak intensity for the intra-strut
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pores decreases. This is attributed to the increased liquid-phase content and enhanced sintering densification
with higher TiO2 addition, which effectively reduce intra-strut pores resulting from particle accumulation
within the pore walls. Furthermore, the median pore diameter decreases from 219 pm to 190 um as TiOz
addition increases from 2 wt% to 6 wt%, before slightly increases to 201 um at 8 wt%.
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Figure 6. Fractal dimension (a—d) and pore size distribution curves (e,f) of fired specimens with various TiO, additions.

3.3. Properties of the Fired Specimens

A summary of the physical properties characterizing the sintered specimens is presented in Table 5.
With an increase in TiO2 addition from 2 wt% to 8 wt%, the apparent porosities, bulk densities, and
compressive strengths of specimens remain relatively stable. The porosities are in the range of 77.8-78.8%,
while the compressive strengths range from 1.67 to 1.86 MPa.
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Table 5. Properties of the fired specimens with various TiO, additions.

TiO: Addition Linear Shrinkage Rate =~ Apparent Porosity Bulk Density Compressive Strength
(Wt%) (%) (%) (g/cm®) (MPa)
2 4.94£0.12 78.8+0.3 0.68 + 0.01 1.67 £0.04
4 542+0.23 78.4+0.6 0.68 + 0.01 1.75+0.10
6 5.70+0.18 77.8+0.3 0.72 +£0.01 1.86 +0.15
8 7.41+0.15 78.8 +£0.2 0.68 +0.01 1.78 £ 0.06

Figure 7 shows the thermal conductivity of the fired specimens as a function of temperature. A
consistent reduction in thermal conductivity is observed with increasing TiO2 addition at any given
temperature. Notably, at 350 °C, the value decreases from 0.202 W/(m-K) to 0.123 W/(m-K) as the TiO2
addition increases from 2 wt% to 8 wt%. When a small amount of TiO2 (<4 wt%) is introduced, Ti*" ions
enter the mullite lattice through cation substitution, generating a limited number of point defects and local
strain fields within the ceramic matrix (Figure 5). These structural disturbances enhance phonon scattering
and consequently reduce the thermal conductivity of the ceramics. In this time, the ceramics provide a
primary thermal conduction path through mullite-corundum via path 1 (shown in Figure 8). As TiO2
addition further increases to 8 wt%, TiO2 reacts with alkali oxide impurities in the white clay to form
AL TiOs and liquid phases (Figure 5) with a lower thermal conductivity. This significantly increases the
complexity of the phonon scattering path, creating intricate interfaces such as mullite-corundum,
corundum-AlTiOs, and corundum-AlTiOs-liquid (Path 2: mullite-corundum-ALTiOs-liquid-mullite-
liquid and their interfaces, shown in Figure 8), which elevates the interfacial thermal resistance during heat
transfer. Therefore, the thermal conductivity of ceramics decreases significantly [10,11].
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Figure 7. Thermal conductivities of the four specimens with TiO, addition at varying testing temperature.

The thermal conductivity of all specimens increases monotonically with the testing temperature. The
maximum value of 0.259 W/(m-K) is observed at 1000 °C for the specimen containing 2 wt% TiOz. Heat
transfer in porous ceramics is governed by coupled mechanisms of solid conduction, gaseous conduction,
and thermal radiation [21-23]. For the foamed ceramics at low temperatures, heat transport is primarily
dominated by phonon conduction through the mullite struts; however, the incorporation of TiO2 introduces
additional lattice defects and complex pore-wall interfaces, which significantly enhance phonon scattering
and result in a relatively low thermal conductivity. As the temperature increases, gas-phase conduction and
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thermal radiation become more prominent, leading to a more pronounced acceleration in the effective
thermal conductivity.

Path 1
mm) Heat Flow

Path 1 4
R Reiaro - Ruro

Ry, Re, Rypo and 14, are the thermal resistance offered by mullite, corundum, Al,TiO5 and liquid

» Reyatos Ratosn s Ryym are the interfacial thermal resistance between mullite and corundum, corundum and
Al,TiOs, Al, TiO5 and liquid, Liquid and mullite, respectively

Figure 8. Schematic showing effective thermal resistance circuits for mullite-corundum-Al,TiOs foamed ceramics.

3.4. The Application of Ceramics in Industrial Kilns

In foamed ceramics for thermal insulation, apparent porosity (P), compressive strength (c), and bulk
density are of vital importance. Furthermore, the thermal resistivity (defined as the reciprocal of the thermal
conductivity, 1/A) and heat storage capacity (pCp) are crucial for evaluating the thermal performance. To
better understand the properties of foamed mullite ceramics, a radar map was plotted based on the properties
mentioned above, as shown in Figure 9. It can be seen from this figure that TiO2 addition has a limited
influence on the compressive strength of ceramics, but affects their thermal conductivity significantly. With
increasing TiO2 addition from 2 to 6 wt%, both the compressive strength and thermal insulating properties
are improved. Further increasing the TiO: addition to 8 wt%, the thermal insulating performance is
efficiently enhanced, but the mechanical properties deteriorate. To further elucidate the thermal insulating
properties of ceramics, the finite element software COMSOL Multiphysics (Version 6.2) was used to
simulate the temperature field of the furnace lining.

P —o—T2
NS —o—T4

/A P

Figure 9. Radar map exhibiting the thermal insulation performance.
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The temperature distribution of the kiln wall in a cement rotary kiln was calculated using a two-
dimensional (2D) steady-state model in COMSOL Multiphysics, and the results are shown in Figure 10.
The semicircular cross-section in Figure 10a represents the kiln wall structure, consisting of the high-
temperature working layer, the thermal insulation ceramic layer, and the metal shell from the inside to the
outside, with a typical radial heat-conduction profile. Figure 10b shows the temperature field distribution
across the kiln wall. As can be observed, when T8 ceramic is used as the insulation layer, the outer surface
temperature of the kiln wall is 75.9 °C, indicating that the T8 ceramic possesses excellent thermal insulation
performance. It effectively reduces heat loss through the kiln wall, maintaining a low external surface
temperature, thereby improving both the energy efficiency and operational safety of the kiln.

A 1.67x10°
3

x10
(b) 1.64
1.57

Figure 10. The 2D steady-state calculation results by COMSOL: (a) wall structure of the kiln and (b) temperature field
distribution across the kiln wall.

Based on the COMSOL simulation results, the temperature gradient distribution (Figure 11a) and the
outer surface temperature (Figure 11b) of the kiln lining were obtained. As shown in Figure 11a, the choice
of insulation materials significantly influences the outer surface temperature. When T2, T4, T6, and T8
ceramics are employed as the insulation layers, the corresponding outer wall temperatures of the kiln are
96.7 °C, 93.5 °C, 82.2 °C, and 75.9 °C, respectively, indicating that the introduction of TiO2 effectively
enhances the thermal insulation performance of the materials and exhibits excellent application potential in
industrial kiln and furnace systems.
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Figure 11. (a) The temperature gradient distribution and (b) The outer surface temperature.

Based on the heat flow, the thermal energy loss was calculated to reveal a strong dependence on the
type of insulation material employed. Assuming the length of the kiln is 74 m, the calculated hourly energy
loss results of the kiln with different insulating layers (T2-T8) were 2100 kW, 2014 kW, 1703 kW, and
1530 kW, exhibiting a systematic decline, which is attributable to the reduced conductive heat transfer
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across the insulation layer. The energy loss ratio shows a similar tendency, decreasing from 7.0% to 5.1%.
Compared with the T2 insulation, the best-performing sample (T6) reduces energy loss by approximately
397 kW, which translates into a natural gas saving of about 37.5 m® and a reduction in CO2 emissions of
nearly 71 kg over the same period. If the kiln operates 360 days per year, it is estimated that approximately
2.7 x 10° m® of natural gas can be conserved, accompanied by a reduction of about 512 t in CO2 emissions.
This decrease in energy dissipation directly lowers the demand for natural gas combustion, thereby reducing
not only the operational energy input but also the environmental footprint of the process.

Furthermore, it is essential to discuss the long-term thermal stability of the in-situ formed AlTiOs
phase under actual service conditions, given its intrinsic thermodynamic decomposition tendency within
900-1280 °C. In this composite system, the potential degradation or failure of the material is expected to
be effectively mitigated by two factors. The limited solid solution of silicon/mullite species within the
AL TiOs lattice can increase the activation energy required for its decomposition, thereby enhancing its
thermodynamic stability. Microstructurally, the fine ALTiOs grains are highly dispersed and locked within
the rigid framework of interlocking mullite crystals. This matrix encapsulation provides strong spatial
constraints, which suppress microcrack initiation even when micro-volume fluctuations occur during long-
term heat preservation. Given that industrial kiln insulation layers mostly experience steady-state thermal
profiles rather than drastic thermal shocks, the mullite-corundum-ALTiOs foamed ceramics are expected
to exhibit sufficient long-term stability for industrial applications.

4. Conclusions

In this study, mullite-based foamed ceramics with low thermal conductivity were successfully
fabricated via a direct foaming method. The influence of TiO: addition on the phase evolution,
microstructure, and thermophysical properties was systematically elucidated. The main conclusions are
summarized as follows:

(1) The sintered foamed ceramics are primarily composed of mullite, with minor phases of corundum and in-
situ aluminum titanate. Thermodynamic simulations reveal that TiO2 addition effectively reduces liquid-
phase viscosity, thereby promoting the development of needle-like mullite crystals and matrix densification.

(2) TiO2 addition has a limited impact on apparent porosity and compressive strength. However, it
significantly reduces the thermal conductivity. This reduction is attributed to two synergistic
mechanisms: enhanced phonon scattering induced by lattice defects and a substantial increase in
interfacial thermal resistance across the complex mullite-corundum-Al>TiOs interfaces.

(3) The specimen with 6 wt% TiO2 addition exhibits the most favorable balance of properties, maintaining
a high porosity of 77.8% and a compressive strength of 1.86 MPa, while achieving a low thermal
conductivity of 0.216 W/(m-K) at 1000 °C.

(4) The simulations demonstrate that employing these foamed ceramics as an insulating layer can reduce
the outer shell temperature of a rotary kiln. This underscores the significant potential of these materials
for enhancing energy efficiency and operational safety in high-temperature industrial furnace systems.
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