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Abstract— The sustainable reutilization of industrial solid waste offers a 

viable strategy to address environmental concerns associated with coal-fired 

power generation. This study investigates the role of Fe₂O₃ additives in 

enhancing the sintering behavior, microstructural evolution, and structural 

properties of high-strength ceramsite synthesized from circulating fluidized 

bed (CFB) fly ash. A series of ceramsite samples with varying Fe₂O₃ contents 

(0–15 wt%) were sintered at temperatures ranging from 1150°C to 1300°C to 

evaluate the influence of Fe₂O₃ on material performance. The results revealed 

that the addition of 5 – 10 wt% Fe₂O₃ at 1300°C produced optimal results. 

Microstructural analyses using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and thermogravimetric–differential scanning calorimetry 

coupled with Fourier-transform infrared spectroscopy (TG-DSC-FTIR) 

demonstrated that Fe₂O₃ effectively promotes liquid-phase sintering, 

facilitates mullite crystallization, and improves particle bonding and 

densification, while simultaneously moderating gas evolution. However, 

excessive Fe₂O₃ content (>10 wt%) led to reduced strength and densification 

due to increased porosity and decreased liquid-phase viscosity. This research 

not only highlights the dual function of Fe₂O₃ as both a fluxing and structural 

stabilizing agent but also provides a practical route for converting coal-based 

solid waste into high-performance construction materials. The findings 

contribute to the advancement of sustainable building technologies and 

support circular economy goals through efficient resource recovery and 

waste minimization. 

 

I. INTRODUCTION 

When coal is burned in a circulating fluidized bed 

combustion (CFBC) boiler, it produces circulating fluidized 

bed (CFB) fly ash that is significantly different from 

traditional pulverized fuel combustion fly ash. This is as a 

result of different combustion conditions which produce fly 

ash with different mineralogic composition, chemical 

properties, and structure, which ultimately not only makes 

CFB fly ash less desirable to use, it also makes it more 

difficult to use compared to pulverized fly ash [1], [2], With 

China producing approximately 80–150 million tonnes of 

CFB fly ash every year, there is a growing need to consider 

more effective ways to reuse as much CFB fly ash as 

possible [3]. The physical properties of CFB fly ash do not 

help its case for use. Unlike pulverized fly ash, many of the 

CFB fly ash have a distinctly irregular shapes, either blocky 

or rod-like, along with a very rough, porous, and loosely-

bound surface. These characteristics are simply caused by 

the lack of sufficient liquid phase at combustion 

temperatures (850–900°C) at which CFB ash is burning, 
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with resulting in lower densities and items having a rougher 

texture [4]. Additionally, during its cooling, the particles do 

not form the smooth and spherical glass structures typically 

formed in other fly ashes. The thermal decomposition of 

limestone and release of the CO₂ upon combustion 

contribute to the loose and porous nature of CFB fly ash [5], 

[6]. Qian et al. [7] propose that as anhydrite and clay 

minerals decrease in proportion, the particles are even more 

loosely structured. In order to address expansion problems, 

research has examined processing CFB fly ash into highly 

porous materials, and it has even been used as an expanding 

agent in self-leveling mortar [2]. CFB fly ash is also being 

adopted for various other industries such as binder 

production, construction materials, road infrastructure, and 

sulfate activation to contribute to sustainability 

development [8], [9], [10]. 

Ceramsite is a construction material that possesses 

good mechanical resistance in both acidic and alkaline 

environments, high strength, and high-performing thermal 

insulation properties [11]. Based on composition (Fe₂O₃, 

Al₂O₃, SiO₂), ceramsite also shows potential as an effective 

medium for filtration in industrial wastewater and 

municipal wastewater treatment systems. Ceramsite is a 

major component of the construction industry as it is used 

in making bricks, aggregates for concrete and ceramic-

based products [12]. Due to both stability and if being 

lightweight with high insulation properties, ceramsite has 

useful applications in a broad spectrum of industries 

including agriculture, metallurgy, construction and 

chemical manufacturing [13]. Amid the growing demand 

for sustainable waste management, research efforts are 

focused on investigating solid waste-derived materials in 

the production of high-strength ceramsite. Potential raw 

materials that have been explored include fly ash, 

incineration fly ash [14], [15], river sediments [16], 

industrial tailings [17], sludge [18], [19] coal gangue, red 

mud, and electrolytic manganese slag [20]. The interest in 

solid waste recycling is increasingly important to this 

research avenue [21]. High-strength ceramsite is an 

artificial lightweight aggregate that is known for its load-

bearing capacity, with a cylindrical compressive strength 

greater than 4.0 MPa and stacking density of 500 to 1200 

kg/m³. It is made through a multi-step process which entails: 

raw material preparation, granulation, and sintering at high 

temperatures [22], [23]. In the latter, CFB fly ash serves 

several important purposes, such as to provide SiO₂ and 

Al₂O₃, which make up the structure, to add CaO, MgO, and 

Fe₂O₃, which are fluxing agents to aid sintering, and to add 

C and CaCO₃, which act as gas-forming agents to produce 

porosity and lightweight aggregate [24]. 

Sintering is an important process to treat fly ash. Fly 

ash is mixed with silica-alumina materials and fluxing 

agents to partial melting of the material in the kiln at fixed 

high temperatures, then, is cooled to solidify. This high-

temperature treatment is necessary to detoxify organic 

contaminants such as dioxins while binding heavy metals, 

which increases environmental safety of materials made 

from fly ash [15], [25]. The sintering procedure applied to 

fly ash shares many similarities with the method used in 

ceramsite production [26]. The high-temperature treatment 

of sintering limits the leaching of ion exchange with 

ceramsite and provides chemical stability to the ceramsite 

which makes it suitable in encapsulating heavy metals [27]. 

Therefore, ceramsite made from fly ash by sintering will 

always show great stability and durability while eliminating 

leaching and maintaining environmental safety, making 

them suitable in all construction applications. 

However, sintering inevitably generates emissions of 

harmful gases such as SO₂, NOₓ, and CO. Research by Liu 

et al. [27] indicates that SO₂ is the most significant sulfur-

based pollutant released in this process, with approximately 

50% originating from the reduction of calcium and 

magnesium sulfates and another 40% from the combustion 

of organic sulfur compounds and sulfite decomposition. The 

degree to which these emissions occur depends on factors 

such as the sintering atmosphere, airflow, and water vapor 

levels. Yu et al. [14] examined the influence of sintering 

temperature and additives on Al₂O₃ ceramics, identifying 

that refining the sintering conditions increases the relative 

density and the mechanical strength. The basic oxides, 

Fe₂O₃, CaO, or MgO, included or added, amplify the 

accumulation of crystals and liquid phase that are needed to 

increase the property of the sintered ceramsite. Similarly, 

Ma et al. [28] studied the production of ceramic foams by 

adding 8 wt% of MgO when investigating Al₂O₃ ceramics 

with varied levels of flux and sintering temperature which 

ultimately lead to increased compressive strength. 

The production of alumina creates red mud, which is a 

significant waste by-product. Red mud has a high 

concentration of Fe₂O₃. According to Wang et al. [29], 

Fe₂O₃ was the most abundant mineral compound in red mud, 

which comprised of 59.37% of the red mud components. 

Due to the high concentration of iron, black cores develop, 

and inter-particle adhesion is limited during ceramsite 

formation, which can have a great deal of impact on the 

structure overall [30]. Pei et al. [31] examined the 

incorporation of red mud in combination with various 

materials to produce ultra-lightweight ceramsite, finding 

that Fe₂O₃ accounted for approximately 53.96% of the red 

mud mass. Their results also indicated that as red mud 

content increased, the bulk density of ceramsite decreased 

initially but increased thereafter, indicating a complex 

interaction between additive content and density. 
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Mi et al. [32] conducted a similar study in which they 

used both fly ash and red mud as raw materials to produce 

high strength ceramsite. In the study, the authors examined 

the ratios of raw materials and sintering conditions. It is 

reported that the best composition produced a ceramsite 

with a compressive strength of 21.01 MPa. Mi et al. [32] 

reported an increase in Fe₂O₃ resulted in a ceramsite with a 

higher density and burned at a lower sintering temperature.  

The best outcome was Fe₂O₃ content of approximately 6-8% 

as the overall trends observed were porosity, and general 

strength of the ceramsite improved with increasing sintering 

temperature. Zou et al. [33] confirmed this observation, 

stating that to achieve optimum mechanical performance of 

sintered ceramsite, raw material Fe₂O₃ concentrations were 

held at about 5% to 8%. Taken together, the studies have 

established the functional significance of Fe₂O₃ in CFB fly 

ash. In addition, the amount of Fe₂O₃ content was 

determined to only affect the initial conditions of the 

sintering process for producing high-strength ceramsite. 

This study aimed to investigate the effect of sintering 

temperature and Fe₂O₃ concentration on the formation and 

properties of ceramsite. With CFB fly ash serving as the 

primary raw material, Fe₂O₃ was introduced as a flux to 

improve the sintering process. The research evaluated 

fundamental physical attributes, including compressive 

strength, apparent density, stacking density, and water 

absorption. To obtain a detailed perspective on the sintering 

process, advanced in situ high-temperature observation 

methods were employed alongside XRD, TG-DSC-FTIR, 

and SEM analyses. A key focus was understanding how 

Fe₂O₃ contributes to phase transitions, microstructural 

evolution, and the final performance of high-strength CFB 

fly ash ceramsite. 

 

II. MATERIALS AND METHOD 

2.1 Raw materials 

This research utilized Fe₂O₃ and CFB fly ash as raw 

materials, with the CFB fly ash sourced from Shanxi 

Pingshuo Gangue Power Generation Co., Ltd., a major coal-

based solid waste processing and power generation 

enterprise in Shanxi Province, China. The Fe₂O₃ additive, 

obtained from Taiyuan Biochemical Technology Co., Ltd., 

had a purity of over 98%, ensuring its suitability for precise 

experimental analysis. To determine the chemical 

composition of the CFB fly ash, X-ray fluorescence 

spectrometry (XRF) was performed in accordance with the 

GB/T 176–2017 standard, requiring the sample to be heated 

to 950°C for 60 min [22]. Loss on ignition (LOI) was also 

analyzed, with results summarized in Table 1. The XRF 

analysis showed that SiO₂ and Al₂O₃ were the dominant 

oxides, comprising 87.77% of the material, while Fe₂O₃, 

CaO, MgO, Na₂O, and K₂O accounted for 7.25%. These 

values confirm that CFB fly ash meets the chemical criteria 

for ceramsite production [23]. To further examine its 

mineral structure, X-ray diffraction (XRD) analysis was 

conducted. As presented in Fig. 1, kyanite, quartz, and 

hematite were identified as the primary mineral phases, with 

anhydrite and lime appearing in smaller amounts. These 

findings offers an important insight into the mineral 

composition and structural properties of CFB fly ash. 

Table 1. Chemical composition of the CFB fly ash 

Component; wt.% 

Sample SiO2 Al2O3 CaO Fe2O3 TiO2 K2O Na2O MgO SO3 LOI SiO2 Al2O3 CaO 

CFB fly 

ash 

 

46.47 41.30 2.63 3.46 1.85 0.73 0.08 0.35 0.36 2.53 46.47 41.30 2.63 

 

2.2 Preparation of ceramsite 

This study systematically examined the impact of 

Fe₂O₃ on the physical and chemical properties of ceramsite 

by preparing 28 different sample sets using CFB fly ash and 

Fe₂O₃ under controlled conditions. The primary objective 

was to assess the role of Fe₂O₃ in enhancing ceramsite 

strength. The experimental design incorporated Fe₂O₃ at 

four different weight percentages (0 wt%, 5 wt%, 10 wt%, 

and 15 wt%), while sintering temperatures were set at seven 

levels: 1150°C, 1175°C, 1200°C, 1225°C, 1250°C, 1275°C, 

and 1300°C. 

To ensure experimental consistency, the CFB fly ash 

was first dried at 105°C for 24 hours until it reached a stable 

weight. The dried material was then sieved through a 96 μm 

(160 mesh) square sieve to achieve uniformity in particle 

size. The required proportions of CFB fly ash and Fe₂O₃ 

were mixed using a cement mortar mixer, ensuring thorough 

homogenization before pelletization. 

The formation of ceramic pellets (5–10 mm in 

diameter) was conducted using disc-pelletizing equipment, 

where the material mixture was combined with a small 

quantity of water and rotated at a speed of 20–50 r/min to 

achieve uniform granulation. Sintering was performed in a 
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KSL-1400X resistance furnace under a precisely controlled 

heating program. To prevent material cracking due to rapid 

temperature fluctuations, a 20-minute preheating step was 

introduced to facilitate gas release. The temperature was 

then gradually increased to 800°C at a rate of 5°C/min 

before reaching the final sintering temperature, which was 

maintained for 60 minutes. Following sintering, the 

ceramsite samples were allowed to cool naturally inside the 

furnace until they reached 25°C before being collected for 

further evaluation

 

Fig. 1.  XRD analysis of the CFB fly ash 

 

Fig 2. Flow chart showing the process of producing ceramsite 
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2.3 Evaluation of physical and chemical properties of 

ceramsite.  

The mineral compositions of both CFB fly ash and 

sintered ceramsite were examined using X-ray diffraction 

(XRD). Prior to analysis, the ceramsite samples were 

crushed and finely ground until they could pass through a 

45 μm square sieve.  

To evaluate the physical properties of ceramsite, 

important parameters including apparent density, stacking 

density, one-hour water absorption, and cylindrical 

compressive strength were measured following the 

GB/T17431.2-2010 standard [34]. Due to the large number 

of ceramsite samples required for the cylindrical 

compressive strength test, manual pelletizing was not 

feasible. Instead, a computerized press (HYD-500KG, 

Dongguan Hongjin Testing Instrument Co., Ltd., China) 

was used to assess the failure load, which represents the 

maximum pressure at which the ceramsite sample breaks 

[34]. The compressive strength was then obtained by 

calculating the average failure load of twenty ceramsites 

using Eq. (1) [35], [36]. 

𝑃 =
2.8𝑃𝑐

𝜋𝑋2                                                                  (1) 

In this case, P stands for compression strength (MPa), X for 

ceramsite diameter (mm), and Pc for ceramsite rupture load 

(N). 

The samples’ apparent density, stacking density, and water 

absorption were measured using Eqs. (2), (3), and (4), 

respectively [34]. To improve the reliability of the data, each 

sample was tested twice, ensuring greater statistical 

accuracy. 

 𝜌𝑎𝑝 =
𝑀1×1000

𝑉1−𝑉0−500
                                                                  (2) 

where 𝜌𝑎𝑝  stands for the apparent density measured 

in (kg/m3), m1 stands for the mass of the dried sample 

measured in (g), V1 is the total volume of the sample, 

circular metal plate, or water and is measured in (mL), while 

V0 stands for the volume of the circular metal plate 

measured in (mL). 

 𝜌𝑏𝑢 =
(𝑀2−𝑀3)×1000

𝑉2
                                                          (3) 

In this equation,  𝜌𝑏𝑢  stands for the stacking density 

measured in (kg/m3), and then m2 is the total mass of the 

sample and measuring cylinder measured in (g), while m3 is 

the mass of the measuring cylinder (g), and V2 is the volume 

of the measuring cylinder (ml). 

The ratio of water absorption of the ceramsite after 

immersion in water for 1 h was calculated using Eq. (4): 

𝜔𝑎 =
𝑚0 − 𝑚1

𝑚1

× 100%                                                       (4)  

Where 𝜔𝑎  stands for 1-h water absorption of ceramsite 

calculated in %, 𝑚0 is the mass of the sample after water 

absorption, while 𝑚1  is the mass of the sample before 

absorption. 

2.4 In situ analysis of the macroscopic morphology 

Figure 3 illustrates the setup of the in situ high-

temperature observation system, which includes a high-

temperature furnace, a gas management system, and an 

image acquisition and processing unit. During the heating 

process, the morphology of the ceramsite was analyzed 

using ImageJ 1.46r software. The furnace used in the 

experiment was almost identical to the one utilized for 

ceramsite production. 

To ensure a controlled environment, nitrogen gas (N₂) 

was introduced at a flow rate of 80 mL/min. This helped 

remove gases released during sintering while also cooling 

the quartz observation window. Image acquisition was 

conducted systematically: during the 30-minute constant 

temperature phase, images were captured every 10 minutes, 

and throughout the heating phase, images were taken at 

10°C increments from 800°C to 1300°C. The estimated 

ceramsite area was analyzed using ImageJ 1.46r, and the 

shrinkage or expansion ratio was calculated based on 

Equation (5). 

.
𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒

𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛(%)
=

𝑆𝑡−𝑆0

𝑆0
× 100%                                           (5) 

Where shrinkage or expansion is defined as the 

percentage change in the ceramsite's projected area, the 

ceramsite's projected area at a specific temperature, and the 

ceramsite's original projected area, mm2. 

http://www.ijaers.com/
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Fig. 3. An in situ observation instrument 

 

III. RESULTS AND DISCUSSION 

3.1. The effect of sintering temperature and Fe2O3 addition 

on ceramsite properties 

The preparation of ceramsite is influenced by four key 

sintering parameters: sintering temperature, sintering time, 

preheating temperature [37], and preheating time [38]. 

Among these, sintering temperature is particularly 

important and must be carefully managed. If the 

temperature is too high, an excessive liquid phase forms, 

which can weaken the ceramsite structure and cause 

particles to adhere to one another. Conversely, a 

temperature that is too low results in insufficient liquid 

phase formation, preventing proper densification. 

The impact of Fe₂O₃ addition on ceramsite 

compressive strength at varying sintering temperatures is 

depicted in Fig. 4. As shown, the compressive strength of 

ceramsite increased with rising sintering temperatures.  

 

Fig. 4. Ceramsite's compressive strength with varying Fe2O3 additive ratios 

 

The temperature at which ceramsite undergoes 

sintering has a significant impact on its compressive 

strength [32]. The data show that increasing the sintering 

temperature led to a steady rise in strength across all Fe₂O₃ 

additions. However, at 1150°C, the compressive strength 

remained low, ranging from 1.45 MPa to 1.89 MPa. This 

was primarily due to insufficient sintering, as the particles 

had only just started to bond, resulting in weak structural 

cohesion. At 1175°C, the compressive strength improved 

noticeably, particularly with Fe₂O₃ additions from 5 wt% to 

15 wt%. However, the strength still did not reach the 4 MPa 

requirement outlined in the Chinese National Standard 
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(GB/T 17431.1–2010) and the Chinese Engineering 

Construction Standard (T/CECS 10113–2020) [22], [23]. 

This was mainly due to the low silica-to-aluminum 

(SiO₂/Al₂O₃) ratio in CFB fly ash, which was below 1.5. 

Additionally, minerals such as mullite, anorthite, and 

corundum were difficult to melt at this temperature [39]. As 

a result, the ceramsite lacked sufficient liquid phase 

formation, which is necessary for effective particle bonding 

and the development of a strong crystalline structure. 

The sintering temperature and Fe2O3 additives have a 

major impact on compressive strength. At all temperatures, 

the control sample containing 0 wt% Fe2O3 performed the 

worst. Its strength increased only moderately at higher 

temperatures, reaching 11.09 MPa at 1275°C and beyond, 

and was negligible at lower temperatures, ranging from 1.69 

to 4.72 MPa at 1150–1200°C. Due to the lack of a fluxing 

agent, this suggests weak particle bonding and low 

densification. The 10 wt% Fe2O₃ sample was significantly 

stronger compared to the sample without Fe2O3 additives, 

reaching 29.02 MPa at 1275°C and increasing to 31.80 MPa 

at 1300°C. Notably, the 15 wt% Fe₂O₃ sample  reach a peak 

of 28.49 MPa at 1300°C. However, do not reach the strength 

of the 5 wt% Fe2O3 sample, demonstrating that strength is 

not always improved by increasing Fe2O3 ratios. The best 

performance was observed at 1300°C with a 5 wt% Fe₂O₃ 

addition, achieving a compressive strength of 36.09 MPa.  

When Fe₂O₃ content exceeded 5 wt%, the reduction in 

liquid phase viscosity negatively affected internal gas 

discharge and pore formation [31]. However, the addition of 

Fe₂O₃ enhanced the fluxing properties of the raw material, 

facilitating liquid phase formation and supporting the 

development of the Fe₂O₃–Al₂O₃–SiO₂ oxide system within 

the ceramsite. During sintering, the solid particles became 

more compact and recrystallized, which contributed to the 

overall increase in ceramsite’s compressive strength [40]. 

The physical properties of ceramsite—such as water 

absorption, apparent density, and stacking density are 

closely tied to its strength and are influenced by factors like 

mineral composition and pore structure. 

Figure 5 demonstrates how Fe₂O₃ content influences 

the physical properties of ceramsite at a sintering 

temperature of 1250°C. The sample containing 5 wt% Fe₂O₃ 

achieved the highest values for stacking density (944.55 

kg/m³) and apparent density (1890.68 kg/m³), while 

maintaining a relatively low water absorption rate of 6.50%. 

Conversely, the sample with 15 wt% Fe₂O₃ at the same 

temperature exhibited slightly lower stacking and apparent 

densities of 936.67 kg/m³ and 1764 kg/m³, respectively, and 

a higher water absorption rate of 8.08%. These findings 

suggest that the 5 wt% Fe₂O₃ addition significantly 

enhanced ceramsite densification, which is essential for 

improving its overall strength. 

The significant enhancement in compressive strength 

can be attributed to the closure of pre-existing pores, which 

restricted moisture movement and improved the material’s 

overall densification. However, the slight increase in water 

absorption in the 15 wt% Fe₂O₃ sample suggests that an 

excess of Fe₂O₃ may lead to non-uniform densification. This 

is likely due to overfluxing, which facilitates the formation 

of isolated pores, thereby reducing the effectiveness of the 

densification process. Ceramsites that are denser and have 

fewer pores are more effective and help harmful substances 

solidify [39], [40]. 

 

Fig. 5. Impact of Fe2O3 addition on ceramsite performance 
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At 5 wt% Fe₂O₃ addition and a sintering temperature 

of 1225°C, the ceramsite exhibited improved physical 

properties, with compressive strength rising to 7.36 MPa, 

water absorption measured at 12.20%, bulk density at 

863.94 kg/m³, and apparent density at 1770.23 kg/m³. As the 

sintering temperature increased to 1300°C, the ceramsite’s 

surface darkened, and a thick, enamel-like layer formed. 

Under these conditions, compressive strength peaked at 

36.09 MPa, water absorption decreased significantly to 

0.19%, bulk density rose to 1189.3 kg/m³, and apparent 

density reached 2327.85 kg/m³. These enhancements 

occurred due to a dynamic equilibrium between gas 

pressure, viscosity, and surface tension of the liquid phase, 

which facilitated a well-distributed pore structure and 

increased strength [41], [42]. 

3.2 Macroscopic morphology analysis 

High-strength ceramsite is produced from CFB fly ash 

via high-temperature sintering. During this process, the raw 

pellets experience expansion and contraction, reflecting the 

interplay of gas, liquid, and solid phases in ceramsite 

formation [41], [43]. By monitoring these changes and 

calculating the projected area variation using Equation (5), 

the morphological evolution of ceramsite with different 

Fe₂O₃ additions was analyzed. 

At lower temperatures, as illustrated in Fig. 6, the 

projected area remained relatively unchanged regardless of 

Fe₂O₃ concentration. This is due to limited mass transfer and 

a weak sintering driving force between CFB fly ash 

particles, indicating that solid-state sintering was 

predominant [44], [45]. However, as the temperature and 

holding time increased, the ceramsite entered liquid-phase 

sintering, leading to a significant reduction in its projected 

area. The shrinkage intensified with rising temperature, 

highlighting the dominant role of the liquid phase in shaping 

the final structure. 

 

Fig. 6.Solid-liquid sintering of ceramsite at 1300 °C with varying ratios of Fe2O3 addition 

 

3.3 Effect of Fe2O3 on the Shrinkage and Expansion 

Behavior of Ceramsite during Sintering 

The sintering process has a significant impact on 

ceramsite's final characteristics, particularly its expansion 

and shrinkage. The addition of Fe2O3 changes these 

characteristics and affects the material's structural stability 

and strength. The ceramsite sample containing 0 wt% Fe2O3 

exhibited the most uncontrolled expansion at 900°C, 

reaching 6.95%. This behavior suggests significant gas 

retention in the material because there is no fluxing agent to 

regulate the bloating process. At 1100°C, however, the 

sample started to shrink (-1.01%). The sintering driving 

force was insufficient at temperatures below 1100 °C, and 

the breakdown of carbonates and other materials, along with 

the combustion of remaining carbon, only slightly expanded 

the material. This expansion dropped as the temperature 

increased. According to Table 1, the loss on ignition (LOI) 

of CFB fly ash was relatively low at 2.53%, primarily due 

to the burning of residual carbon. When the temperature 

remained below 1100°C, this combustion did not generate 
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enough heat to melt minerals such as mullite, corundum, 

and anorthite, resulting in minimal expansion of the 

ceramsite. As the temperature rose above 1100°C, liquid-

phase sintering took over, leading to continuous shrinkage 

as the liquid-phase content increased. By 1250°C, the 

sample had shrunk by 12.34%, and at 1300°C, shrinkage 

reached 15.29%. These findings suggest that, without Fe₂O₃, 

ceramsite lacks the necessary structural control, causing 

excessive shrinkage during densification. 

The expansion phase improved when 5 wt% Fe2O3 was 

added; at 850°C, the maximum expansion was 3.69%. 

Fe2O3 acts as a stabilizing agent, preventing excessive 

bloating, as observed in this sample compared with the 0 wt% 

Fe2O3 sample. The decrease started at 1150°C (-4.59%), and 

it increased at 1250°C (-12.92%). At 1300°C, the sample 

showed the greatest shrinkage of any composition at -

15.58%. The results suggest that Fe₂O₃ addition had a 

significant impact on ceramsite sintering, accelerating the 

process and reducing the temperature range required for 

stable shrinkage. Within the optimal temperature range, the 

formation of an abundant liquid phase contributed to 

improved compressive strength. The shrinkage rate of the 

ceramsite’s projected area was measured from the initial 

sintering temperature (Tis) to the end of the heating process. 

The results showed that when Fe₂O₃ was added at 0 wt%, 5 

wt%, 10 wt%, and 15 wt%, the shrinkage rates were 15.29%, 

15.58%, 14.29%, and 14.56%, respectively, indicating an 

initial increase followed by a decline. However, at Fe₂O₃ 

levels of 10 wt% and 15 wt%, shrinkage rates declined to 

14.29% and 14.56%, respectively. This suggests that 

excessive Fe₂O₃ reduced the viscosity of the liquid phase, 

affecting the development of the pore structure [46], thereby 

limiting densification and weakening compressive strength. 

The slight increase in shrinkage from 15.29% (0 wt% Fe₂O₃) 

to 15.58% (5 wt% Fe₂O₃) can be attributed to the reaction 

of Fe₂O₃ with SiO₂ and Al₂O₃ in CFB fly ash at high 

temperatures. This reaction facilitated the formation of a 

low-melting liquid phase, which filled gaps between 

unmelted particles and promoted densification. The 

reduction in unmelted solid particles, combined with 

surface tension effects, helped improve the material’s 

density and compressive strength while decreasing porosity 

[47].  

3.4 Effect of crystalline phase on compressive strength 

The influence of sintering temperature and Fe₂O₃ 

concentration on ceramsite formation was analyzed using 

X-ray diffraction (XRD) at varying temperatures and Fe₂O₃ 

levels. Specifically, the ceramsite's composition and 

mineral phase distribution were examined with 5 wt% Fe₂O₃. 

As presented Figure 7 and Table 2, the primary crystalline 

phases identified included mullite, cristobalite, anorthite, 

pyroxene, magnetite, hercynite, and a minor fraction of 

fayalite. The results indicate that ceramsite's mineral phase 

composition undergoes significant changes as the sintering 

temperature increases from 1150°C to 1300°C. 

 

Fig. 7. XRD analyses of ceramsite with 5 wt% Fe2O3 at varying sintering temperatures 

1-Mullite (3Al2O3·2SiO2); 2- Cristobalite (SiO2); 3-Pyroxene Ca(Mg,Fe)Si₂O₆, 4-Magnetite (Fe3O4); 5-Anorthite 

(CaAl2Si2O8); 6 Fayalite (Fe2SiO4); 7-Hercynite (FeAl2O4) 
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XRD analysis revealed a progressive increase in the formation of mullite, hercynite, and pyroxene-type silicates with 

rising temperature. Mullite began forming at 1150°C and increased significantly between 1200°C and 1275°C, showing 

sustained intensity at 1300°C. It is the primary phase contributing to high compressive strength due to its interlocking, needle-

like microstructure. Hercynite emerged at ≥1150°C as a spinel product of Fe₂O₃ and Al₂O₃ interaction, playing a role in 

microstructural densification and thermal stability. Pyroxene phases appeared from 1200°C, contributing to compactness and 

moderate strength improvement. In contrast, fayalite, a weaker phase with lower hardness, appeared transiently at mid-

temperatures but diminished at higher sintering temperatures, thereby reducing its negative impact on strength. 

The addition of Fe₂O₃ strongly influenced the crystallization pathway by promoting spinel (hercynite) formation, reducing 

brittle cristobalite content, and encouraging the development of pyroxene and minor magnetite phases. These changes 

suppressed the formation of glassy or amorphous phases and improved the overall crystallinity of the ceramsite. As sintering 

temperature increased, the presence of cristobalite and fayalite diminished, while stable crystalline structures such as mullite 

and hercynite dominated, leading to a more thermally stable and mechanically robust matrix. 

A strong correlation was observed between phase composition and compressive strength. At 1150°C, incomplete sintering 

and the presence of weak phases resulted in low strength. As the temperature rose to 1175°C and 1200°C, the formation of 

hercynite and pyroxene improved strength moderately. Optimal phase development occurred between 1275°C and 1300°C, 

where fayalite was nearly absent and mullite and hercynite peaked, resulting in the highest compressive strength. This confirms 

that 5 wt% Fe₂O₃ acts as a sintering aid and crystallization promoter, significantly enhancing the performance of CFB fly ash-

based ceramsite. 

 

Fig. 8. XRD analysis of ceramsite produced at 1300°C with varying ratios of Fe₂O₃ addition 

1-Mullite (3Al2O3·2SiO2); 2- Cristobalite (SiO2); 3-Pyroxene Ca(Mg,Fe)Si₂O₆, 4-Magnetite (Fe3O4); 5-Anorthite 

(CaAl2Si2O8); 6 Fayalite (Fe2SiO4); 7-Hercynite (FeAl2O4) 

 

The XRD data, as illustrated in Eqs. (6), (7), (8), and 

(9), demonstrated that Fe₂O₃ played a crucial role in the 

formation of key mineral phases, including mullite, 

cristobalite, pyroxene, magnetite, fayalite, and hercynite, at 

different sintering temperatures. The mullite phase 

developed more rapidly as temperature increased (Eq. (6)), 

while the presence of Fe₂O₃ actively promoted the 

formation of hercynite, a mineral that enhanced liquid-

phase sintering. This process contributed to the 

development of a dense, hercynite-rich network, which 

reinforced the silicate matrix, lowered porosity, and 

improved the compactness of ceramsite, ultimately leading 

to higher compressive strength [48]. 
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However, when Fe₂O₃ content was increased further, 

the fayalite peaks became more prominent. The excess 

Fe₂O₃ negatively affected the stability of the crystal 

structure, causing over-melting and an increase in 

brittleness [40], which weakened the material’s 

compressive strength. These mineral phase transformations 

during ceramsite sintering are described by the reactions in 

Eqs. (6), (7), (8), (9). (10) and (11). 

3Al₂O₃ + 2SiO₂ → 3Al₂O₃·2SiO₂                                       (6) 

CaO + Al2O4 + 2SiO₂ → CaAl2Si2O8   (7)

  

Fe2O3 + SiO2 → Fe2SiO4                                                  (8) 

Fe2O3+ Al2O3 → FeAl2O4                                                 (9) 

Formation of pyroxenes (diopside and hedenbergite) 

CaO+MgO+2SiO2 → CaMgSi2O6                                  (10) 

CaO+FeO+2SiO2 → CaFeSi2O6                            (11) 

3.6 TG-DSC-FTIR Analysis 

To examine weight loss dynamics and heat transfer 

mechanisms during ceramsite sintering, a 

thermogravimetric-differential scanning calorimetry (TG-

DSC) analysis was conducted on CFB fly ash with Fe₂O₃ 

additions of 5 wt%, 10 wt%, and 15 wt% in an air 

atmosphere. As depicted in Fig. 8, the weight loss behavior 

of the four raw material samples follows a pattern that can 

be divided into three distinct phases, corresponding to 

substance volatilization at varying temperatures. The CFB 

fly ash sample's thermal reactions are highlighted in Fig. 8a, 

showing a total weight loss of approximately 3.74%, as 

evidenced by the TG curve, with noticeable weight loss 

phases occurring at different temperature ranges. 

The initial weight loss phase, lasting approximately 

100 minutes, results from the evaporation of free water, the 

breakdown of crystalline water, and minor desorption. As 

per Eq. (10), further weight loss beyond 160 minutes can be 

attributed to the thermal decomposition of Ca(OH)₂ and 

CaCO₃ in CFB fly ash. Subsequently, at 190 minutes, the 

material undergoes carbon combustion and additional 

CaCO₃ decomposition, as illustrated in Eq. (11). These 

transformations align well with the thermal events recorded 

in the DSC curve. 

Ca(OH)2(s) → CaO(s) + H2O(g)                                 (10) 

CaCO3  → CaO (s) + CO2 (g)                                                                (11) 

The weight loss behavior shown in Figures 8(b)–(d) 

follows a trend similar to that of CFB fly ash. A first 

endothermic peak appears between 100°C and 200°C, 

attributed to dehydration, which becomes more pronounced 

with increasing Fe₂O₃ content. Between 250°C and 400°C, 

a second endothermic peak suggests processes like carbon 

oxidation or the decomposition of carbonates. An important 

exothermic peak emerges between 600°C and 900°C, which 

is linked to the crystallization and development of silicate 

phases, such as calcium silicate and mullite, along with 

iron-containing phases like ferrite and hematite [26]. A 

smaller exothermic peak around 1000°C to 1200°C likely 

indicates the transition of iron-rich phases. For the sample 

with 5 wt.% Fe₂O₃, an additional exothermic peak above 

1200°C was observed, marking the occurrence of high-

temperature sintering. 

Using TG-DSC-FTIR analysis, the thermochemical 

behaviour of CFB fly ash and the formation of gas phases 

during ceramsite sintering were investigated. Results from 

CFB fly ash samples with varying FeO₃ additions (0–15%) 

show important findings into the evolution of CO₂ and 

thermochemical reactions. The infrared absorption peaks 

associated with CO₂ were predominantly detected in the 

wavelength range of 2300–2400 cm⁻¹. This is correlated 

with carbonate decomposition or organic oxidation, with 

the intensity and position varying significantly with the 

Fe2O3 content and temperature. Compared with undoped 

ash, higher Fe2O3 concentrations (5–15%) attenuate the 

peak intensity (Fig. 9a–d), suggesting that Fe2O3 suppresses 

CO₂ generation by stabilizing carbon phases or promoting 

redox reactions that limit carbonate breakdown. The 

temperature-dependent behavior further shows that CO₂ 

release occurs in stages: minor peaks below 600°C 

correspond to labile carbonates, whereas stronger peaks at 

higher temperatures arise from refractory carbonates or 

silicate-bound CO₃²⁻. The Fe2O3-doped samples exhibit 

delayed or broadened peaks, indicating the altered thermal 

stability of the carbonaceous components. This moderate 

gas release may increase the sintering kinetics by reducing 

pore formation, thereby increasing the ceramsite density. 

The interaction between Fe2O3 and fly ash involves 

both physical and chemical mechanisms. Fe2O3 acts as a 

flux, lowering silicate melting points to promote liquid-

phase sintering, which encapsulates carbonates and delays 

decomposition, minimizing abrupt CO₂ release. 

Additionally, Fe³⁺ facilitates redox reactions, oxidizing 

residual carbon or sulfur compounds into non-gaseous 

intermediates and indirectly suppressing CO₂. The optimal 

Fe2O3 content at a ratio of 5 wt% to 10 wt% balances gas 

management and sintering efficiency, yielding ceramsite 

with reduced porosity and enhanced mechanical strength. 

These findings highlights the dual role of Fe2O3 in 

modulating reaction pathways and microstructural 

development, offering a strategic approach to optimize 

industrial waste valorization processes while aligning with 

sustainability goals through controlled gas emissions. 
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Fig. 9 Thermal analysis TG-DSC curves of CFB fly ash with different Fe₂O₃ addition 

(a) CFB+0 wt% Fe2O3; (b) CFB+ 5 wt% Fe2O3; (c) CFB + 10 wt% Fe2O3; and (d) CFB+ 15 wt% Fe2O3 

 

 

 

 

Fig. 10. FTIR analysis of CFB fly ash across a range of temperatures 

(a) CFB + 0 wt% Fe2O3; (b) CFB + 5wt% Fe2O3; (c) CFB + 10wt% Fe2O3 and (d) CFB + 15wt% Fe2O3 

 

3.7 Sintering mechanism of high-strength ceramsite 

High-strength ceramsite made from circulating 

fluidized bed (CFB) fly ash is sintered through an intricate 

process of thermal, chemical, and microstructural changes, 

with the addition of Fe2O₃ having a particularly significant 

impact. Sintering begins as a thermally induced process that 
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causes densification, phase changes, and particle 

rearrangement [43], [46]. Three main phases make up the 

sintering process for ceramsite: initial neck development 

between particles, middle densification marked by pore 

contraction, and final grain growth, in which liquid-phase 

creation is important. Fe2O₃, which functions as a fluxing 

agent, greatly improves the sintering process. In order to 

create low-melting-point eutectics like hercynite (FeAl₂O₄), 

Fe₂O₃ reacts with alumina (Al₂O₃) to lower the sintering 

temperature. Through viscous flow and grain boundary 

diffusion, these phases encourage the formation of a 

temporary liquid phase, which improves mass transport and 

makes particle rearrangement easier. As a result, there is less 

porosity, better particle bonding, and greater structural 

integrity [49]. 

In particular, the liquid-phase sintering process is 

optimized at moderate Fe2O₃ concentrations (5 – 10 wt%). 

The liquid phase creates a dense microstructure with smaller 

pores, fills in interstitial spaces, and promotes the growth of 

crystalline phases, particularly mullite. A compact matrix 

and enhanced interparticle adhesion are revealed by SEM 

examination at this composition. Furthermore, Fe2O₃ 

stabilizes carbon phases, moderates gas release, and delay 

thermal breakdown, all of which stop pore coarsening and 

bubble formation, according to FTIR and TG-DSC-FTIR 

investigations. However, excessive Fe₂O₃ additions (>10 

wt%) result in over-fluxing, leading to excessive liquid-

phase formation. This disrupts the balance between 

densification and bloating, increasing porosity due to 

uncontrolled gas release and the formation of large pores 

and microcracks. These structural defects reduce 

compressive strength and compromise the integrity of the 

ceramsite. According to morphological investigations, 

sintering at lower temperatures (1150–1175°C) produces 

poor densification and insufficient liquid-phase 

development. On the other hand, maximum shrinkage, 

improved densification, and minimal porosity are obtained 

by sintering at 1300°C with an ideal Fe2O₃ concentration, 

suggesting a dominant liquid-phase sintering mechanism. 

In conclusion, temperature-dependent phase 

transitions and the fluxing behaviour of Fe2O₃ control the 

sintering mechanism of high-strength ceramsite. Through 

regulated liquid-phase sintering, a dense microstructure and 

stable crystalline phases are encouraged by an optimum 

Fe2O₃ concentration. Achieving higher structural qualities 

and promoting the sustainable use of CFB fly ash in high-

performance building materials depend on this mechanism. 

 

3.8 Microscopic morphology analysis on compressive 

strength 

Figure 11 shows the SEM analysis of ceramsite 

sintered at 1150°C and 1300°C, with Fe₂O₃ concentrations 

of 0 wt% and 5 wt%. The microstructure reveals how both 

sintering temperature and Fe₂O₃ influence the ceramsite's 

shape and density. The CFB fly ash sample fired at 1150°C 

(Figure 11a) has a rough, porous surface with little 

densification, which suggests that sintering was incomplete. 

When 5 wt.% Fe₂O₃ is added (Figure 11b), the pores 

become closed and better connected, showing some 

improvement in densification. This suggests that Fe₂O₃ may 

be acting as a flux, helping the sintering process begin. 

However, the overall porosity is still high, indicating that 

1150°C is not enough to fully vitrify the material and 

improve its strength. The irregular pores and limited liquid-

phase formation prevented the ceramsite from achieving the 

necessary compressive strength, as required by the Chinese 

National Standard. Thus, lower sintering temperatures do 

not result in the creation of high-strength ceramsite. 

When the sintering temperature was increased to 

1300°C, there was a clear improvement in the densification 

of the ceramsite. The CFB fly ash sample without Fe₂O₃ 

(Figure 11c) showed much less porosity, though a small 

crack remained, likely due to shrinkage or too much heat. 

The central cross-section of the ceramsite appeared 

smoother, with fine fractures between 10 and 40 μm and 

small connected pores of 5 to 10 μm in size. The higher 

temperature caused the CFB fly ash particles to melt, 

forming a liquid phase that flattened some of the sintered 

surfaces. However, the liquid phase at this stage was not 

enough to fill all the internal pores of the ceramsite. As a 

result, after cooling, the ceramsite had many 

communication pores, due to the interaction between gas 

and liquid phases. 

At 1300°C, the 5 wt.% Fe₂O₃-modified sample showed 

excellent sintering behavior, with better densification and 

much lower porosity, as seen in Figure 11d. The liquid 

phase formed by the reaction of Fe₂O₃ at high temperatures 

played an important role in improving the ceramsite’s 

densification and reducing its porosity, which ultimately 

enhanced its compressive strength. This liquid phase 

development also helped to minimize the small amount of 

gas produced during sintering, further boosting the 

ceramsite's strength [27]. 
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Fig. 11. Scanning electron microscopy (SEM) images showing the effect of Fe2O3 additive on the ceramsite at different 

sintering temperatures with 0 - 5wt% Fe2O3 addition 

(a) CFB @ 11500C; (b) 5wt.% Fe2O3 @ 11500C; (c) CFB @ 13000C; (d) 5wt.% Fe2O3 @ 13000C 

 

At 1200°C with 5 wt.% Fe2O3 (Fig. 12a), the 

microstructure is highly porous with disordered particle 

distribution, revealing poor sintering and weak interparticle 

bonding. The prevalence of micro-cracks and pores certifies 

that the material has not reached densification, and this 

could be detrimental to its mechanical strength and 

durability. This partial sintering is because of insufficient 

thermal energy to produce efficient diffusion and bonding 

among the particles. The material shows less porosity and 

better particle bonding as the temperature rises to 1250°C 

(Fig. 12b). The smoother surfaces indicate that liquid-phase 

sintering has begun, which improves densification. Even 

still, there are still some residual voids, suggesting that 

although the material is getting denser, full densification has 

not yet been reached. 

The microstructure becomes noticeably denser at 

1300°C with 5 wt% Fe2O3 (Fig. 12c), showing a clear sign 

of material aggregation and fewer visible pores. This 

implies that the sintering process has advanced to a point 

where improved particle rearrangement and densification 

are possible due to adequate liquid-phase formation. At this 

point, a glassy phase may emerge, which could increase the 

material's mechanical strength and resistance to external 

forces. 

However, the microstructure displays bigger 

interconnected pores when the Fe2O3 content is raised to 10 

wt% at the same temperature (Fig. 12d). This might be 

because of too much liquid-phase formation, which causes 

gas release or bloating during sintering. Grain boundary 

cracks provide additional evidence that the material's 

structural integrity may have been compromised by high 

temperatures. However, higher temperatures generally 

improve sintering and decrease porosity up to a certain 

degree, but too much Fe2O3 at high temperatures might have 

negative impacts like bloating. 5 wt% Fe2O3 at 1300°C is 

the optimum ratio for producing a high-strength ceramsite, 

where sintering is well-developed without having too much 

porosity. 

 

http://www.ijaers.com/


Ikechukwu and Peng et al.                                International Journal of Advanced Engineering Research and Science, 12(7)-2025 

www.ijaers.com                                                                                                                                                                              Page | 15  

 

Fig. 12. Scanning electron microscopy (SEM) of ceramsite at varying sintering temperatures with 5 wt% - 10 wt% Fe2O3 

addition 

(a) 5wt.% Fe2O3 @ 12000C; (b) 5wt.% Fe2O3 @ 12500C; (c) 5wt.% Fe2O3 @ 13000C; (d) 10wt.% Fe2O3 @ 13000C 

 

IV. CONCLUSION 

This study revealed that adding Fe₂O₃ in a controlled 

manner greatly improves both the sintering properties and 

the mechanical performance of ceramsite made from CFB 

fly ash. Under the best conditions, which involved adding 5 

wt% Fe₂O₃ and sintering at 1300°C, the ceramsite achieved 

a compressive strength of 36.09 MPa, which is significantly 

higher than the 16.38 MPa observed in samples without 

Fe₂O₃. Water absorption also dropped dramatically, from 

12.20% at 1225°C to only 0.19% at 1300°C, while both the 

apparent and stacking densities increased, rising from 

1770.23 kg/m³ to 2327.85 kg/m³ and from 863.94 kg/m³ to 

1189.3 kg/m³, respectively. The XRD and SEM analyses 

showed that Fe₂O₃ promoted the formation of a mullite-rich 

matrix and improved liquid-phase sintering, which 

enhanced particle bonding and created a more uniform pore 

structure. The shrinkage at 1300°C with 5 wt% Fe₂O₃ was 

around −15.58%, contributing to superior densification. 

However, when the Fe₂O₃ content was increased beyond 5 

wt%, overfluxing occurred, which reduced the liquid phase 

viscosity, leading to a slight decrease in compressive 

strength and densification. Overall, these findings confirm 

that the controlled addition of Fe₂O₃ improves ceramsite’s 

microstructure and performance, offering a sustainable 

approach for turning industrial waste into high-strength 

construction materials. 
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