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Abstract With the growing utilization of monolithic refractories, particularly castables, considerable research
efforts have been devoted to enhancing their physical, mechanical, and thermomechanical properties. To address
the limitations of calcium aluminate cement associated with the formation of low-melting phases, sol-gel bonding
systems have been developed as an effective strategy to improve strength and high-temperature performance. In
this study, the effect of partially substituting cement with different proportions of colloidal silica in castable
formulations was examined. The castables were prepared using conventional processing techniques and sintered
at 1500 °C to assess their mechanical performance and microstructural characteristics. Cold crushing strength
(CCS) measurements indicated that the composition containing 75% cement and 25% colloidal silica exhibited the
highest CCS value of 78 MPa. Phase identification was carried out by X-ray diffraction (XRD), while field-
emission scanning electron microscopy coupled with energy-dispersive spectroscopy (FESEM/EDS) revealed a
notable reduction in porosity, primarily due to the lower water demand during casting. Additionally, Fourier
transform infrared spectroscopy (FTIR) demonstrated the gelation process and the formation of an extensive
siloxane (Si—O-Si) network. The combined formation of the calcium aluminate phase and decreased porosity
contributed to the improved CCS. However, further increases in colloidal silica content led to a decline in strength,
attributed to the reduced contribution of hydraulic bonding from cement.
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1. INTRODUCTION

Refractories are materials capable of withstanding
high temperatures, mechanical loads, and chemical
reactions without undergoing significant physical or
chemical changes. They play a critical role in high-
temperature industries such as iron, steel, and
petrochemicals, directly influencing product quality and
production costs. Among different refractory types,
castables have gained increasing attention due to their
versatile applications and ease of installation. The
binder phase in castables serves to unite the aggregates
into a cohesive structure, providing sufficient green
strength for shaping and handling. Upon firing, the
binder either decomposes or participates in ceramic
bonding, contributing to strength development through
the sintering process (Banerjee, 1998a; Zhou, 2004).
The most commonly used binders are calcium aluminate
cements (CAC), valued for their favorable rheological
behavior and ability to impart early mechanical strength.
However, in the presence of impurities such as silica,
CAC can form gehlenite (C2AS)—a low-melting, non-
hydratable phase—and may also produce phases with
slow or no setting, such as CsAF and C:F, in the
presence of ferrites (Banerjee, 1998b; Rangdal & Patil,
2023). These drawbacks have led to the development of

low-cement castables (LCCs) with 1-2.5 wt.% CaO,
ultra-low cement castables (ULCCs) with 0.2-1 wt.%
Ca0, and no-cement castables (NCCs) containing less
than 0.2 wt.% CaO. These systems aim to reduce CAC
content by employing alternative binders such as resins,
hydrated alumina, sodium silicate, aluminum phosphate,
and others (Dos Anjos et al., 2008; Ismael et al., 2007).

The use of colloidal binders in refractory castables,
first introduced in the 1980s, has gained substantial
attention due to their numerous advantages. In the sol-
gel method, colloidal particles form branched chains
that create a three-dimensional gel network around the
aggregates, holding them together. During firing, water
evaporates from the gel, promoting the formation of
ceramic bonds between particles (Singh & Sarkar,
2016). Recent studies have shown that partial
replacement of calcium aluminate cement (CAC) with
colloidal sols, particularly colloidal silica, can improve
castable properties. For example, replacing CAC with 5
wt.% silica enhanced both flowability and mechanical
strength (Yaghoubi et al., 2012). Hybrid systems with
small amounts of CAC and colloidal silica increased
cold crushing strength (CCS), while complete CAC
removal reduced it (Milani & Kakroudi, 2025; Piippo et
al., 2024). Smaller colloidal particle sizes accelerated
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setting but caused microcracks, lowering CCS
(Zemanek & Neviivova, 2021a). Castables bonded with
silica sol generally showed higher density and CCS
compared to those with alumina sol (Milani & Kakroudi,
2025). Additionally, colloidal silica improved hot
strength due to enhanced sintering from its high surface
area (Alireza et al., 2011).

Based on the aforementioned studies, the present
work aims to investigate the effect of partially replacing
calcium aluminate cement with colloidal silica to
develop hybrid-bonded high-alumina refractory
castables. The focus is on evaluating the cold crushing
strength and microstructural evolution of the castables,
providing insight into the performance of such hybrid
systems.

2. MATERIALS AND METHODS

Five types of low-cement castables were prepared to
investigate the effect of colloidal silica (nanosilica) as a
bonding agent. In selected formulations, a portion of the
calcium aluminate cement (CAC) was replaced with
colloidal silica to form hybrid bonding systems. For
each of the five compositions, the dry raw materials
were first mixed in a planetary mixer (CE 230, Azmoon
Co., Iran). Coarser aggregates were added and blended
initially, followed by the incorporation of finer particles.
Finally, the commercial colloidal silica sol was added to
the mix, and the entire batch was mixed thoroughly for
5-6 minutes. No additional water was introduced in the
sol-containing samples. In the reference sample
containing only CAC, approximately 7 wt.% water was
used, while in the hybrid formulations, water was added
during mixing as required to achieve proper flowability.

The workability of the castable mixes was evaluated
using the slump test according to ASTM C1446-07.
Once the desired consistency was achieved, the mixtures
were poured into lubricated steel molds (50 mm x 50
mm x 50 mm) using a vibration casting method. The cast
specimens were initially dried in the molds for 24 hours,
followed by demolding and subsequent drying in a high-
humidity environment (relative humidity >90%) at room
temperature for another 24 hours. The samples were
then oven-dried at 110 °C for 24 hours in a laboratory
oven (Sanat Saram, Iran). Sintering was carried out in an
electric furnace (Sanat Saram, Iran) at 1500 °C with a 2-
hour soaking time at the peak temperature. After firing,
the samples were allowed to cool inside the switched-
off furnace to room temperature.

3. RESULTS AND DISCUSSION

As evident in Figure 1, all samples contained
corundum (a-AlL:0s), identified using reference card No.
96-100-0018, and mullite (3A1:0s-2Si0:), identified
with card No. 96-901-0160. Notably, the intensity of the
mullite peak increased with higher colloidal silica
content in the castables, indicating an increased mullite
phase fraction due to the enhanced availability of SiO..
Additionally, with increasing colloidal silica content,
the presence of free SiO2 was detected (reference card
No. 01-076-0933), which is considered one of the
drawbacks of silica sol usage in refractory castables. In
the sample bonded solely with CAC, only a weak mullite
peak was observed, attributed to the low silica content
in the raw materials. In contrast, hybrid-bonded samples
containing colloidal silica exhibited greater mullite

formation and higher free silica content as the amount of
silica sol increased. The calcium aluminate (CA) phase,
identified by reference card No. 98-018-0997, appeared
in the XRD patterns of cement-containing samples. This
phase typically forms from solid-state reactions between
cement particles and fine alumina at temperatures above
1350 °C and can contribute to improved mechanical
properties (Zhu et al., 2011). The CA peak was most
intense in the pure CAC sample (C) and absent in the
pure silica sol sample (S), consistent with the lack of
calcium in the latter formulation.
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Figure 1. XRD patterns of sintered castables including
various binders.

Figure 2 illustrates the cold crushing strength (CCS)
values of the various alumina castables. Alumina
castables bonded with colloidal silica exhibited lower
CCS compared to those bonded with calcium aluminate
cement (CAC), which is attributed to the sol-gel
bonding mechanism’s dependence on particle
aggregation and solid content. While CAC-bonded
samples benefit from hydraulic bonding and higher early
strength, the volumetric expansion during CA phase
formation can induce microcracking. Hybrid systems,
combining CAC and colloidal silica, balance these
effects by enhancing green strength through calcium
aluminate hydrate formation and reducing porosity due
to lower water demand. The synergistic effect of strong
hydraulic bonds and improved sintering, particularly in
the 75C25S formulation, resulted in enhanced
mechanical integrity, suggesting the dominance of
hydraulic bonding in the hybrid samples. The addition
of colloidal silica also promoted mullite formation and
produced dense, crack-free structures. As discussed
earlier, this improvement stems from the reduced water
content in sol-containing samples, which minimizes
porosity and enhances structural cohesion.
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Figure 2. Cold crush strength of Castables including various
binders.
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4. CONCLUSION

This study demonstrated that partial replacement of
calcium aluminate cement with colloidal silica in high-
alumina castables improves sintering, reduces porosity,
and enhances mullite formation due to the high surface
area of nanosilica and the development of a siloxane
network. The optimal performance was observed in the
hybrid sample with 25% colloidal silica (75C25S),
which exhibited the highest cold crushing strength.
However, replacing more than 25% of the cement
reduced mechanical strength as a result of weakened
hydraulic bonding.
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