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Abstract

The design of lightweight wear linings is crucial in terms of the energy and resource
efficiency of industrial furnaces and quality of final products. This review aims to present a
systematic overview of the design, fabrication, properties, and application of lightweight wear
lining refractories. The crucial properties and process routes of lightweight aggregates are
summarised. Then, the structural design and factors that affect the refractories are described,
and the application efficiency of the refractories is evaluated. Further, the scope for future

work on this topic is presented.
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1 Introduction

High-temperature industries are the basic industries for the production of both structural
materials (iron & steel, glasses, ceramics, etc.) and advanced functional materials (sensors,
absorbing materials, catalysts, energy storages materials, etc.). Refractory linings, which are
fundamental in high-temperature industrial furnaces, play a crucial role in the efficiency and
quality of high-temperature industries. On the one hand, compared to radiation and exhaust
gases, heat dissipation through linings is the principal heat loss route employed in industrial
furnaces [1,2]. The heat insulation performance of refractory linings is among the primary
factors that decide the energy efficiency and consumption of high-temperature furnaces [3].
On the other hand, refractory linings are involved in the entire high-temperature production
process; hence, they lead to undesirable inclusions in the final products (i.e. steel, iron, alloy,
glass) [4-6]. To improve the quality and cleanliness of the products, developing long-lasting
refractory linings is a prerequisite. Therefore, designing long-lasting and energy-saving

refractory linings is essential for high-temperature industrial processes.
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Fig. 1. Conventional structure of a high-temperature industrial furnace. It typically
possesses a multi-layer lining, consisting of layers of different thickness and made of

materials with different performances.
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As shown in Fig. 1, a conventional refractory lining structure has a wear lining, safety
layer, and an insulation layer. The wear lining resists erosion, wear, corrosion and
thermomechanical loads of molten melts, while the insulation layer reduces the thermal
transfer through refractory lining. Several studies investigated methods to extend the life span
of wear linings and reduce the thermal conductivity of the insulation layer. This led to
significant advances in the high-temperature industrial furnaces, while the following two
issues emerged.

(i) To improve the resistance to chemical corrosion, abrasion, and thermal spalling of
wear linings, researchers have attempted to enhance the purity, density, and strength of
aggregate materials. Although this resulted in a longer life span of wear linings, it also lead to
property mismatching between the aggregates and matrices in the refractory materials. Owing
to a higher porosity of a matrix than that of the aggregates, the damage and degradation would
preferentially occur at the matrix of the refractories. The analysis of used wear lining
refractories showed that most aggregates were just slightly damaged, indicating excessively
high density of the aggregates [7-9].

(if) For the insulation layer, a series of novel thermal insulation materials have been
developed. Among them, nano-insulation boards, which show a lower thermal conductivity
than air, have been predominantly studied [10]. Conventionally, the maximum use temperature
of nano-insulation board is below 1000 °C. However, for most steel-making industrial
furnaces, the temperature at the interface between the safety and insultation layers is
1000—1200 °C. The pulverisation, degradation, and failure of a nano-insulation board occur
only after 3—5 heating cycles; consequently, the thermal insulation performance of the linings
is degraded [11].

To overcome the above-mentioned two problems, the idea of designing a lightweight



wear lining refractory containing lightweight aggregates has been proposed by researchers at
the beginning of the present century. On the one hand, as mentioned above, because the matrix
is the weaker part during the service process of refractories, aggregates with excessively high
density are not usually necessary. Energy and resource consumption could be reduced by
replacing conventional dense aggregates with lightweight porous aggregates. On the other
hand, the thermal conductivity of wear linings could be decreased by employing lightweight
porous aggregates. Further, the temperature field distribution of refractory linings can be
optimised and interface temperature between the safety and insultation layers can be reduced
to an acceptable value for a nano-insulation board. Therefore, the heat dissipation through
linings could be significantly decreased. And more importantly, the superheat degree of molten
melts could be decreased [12], leading to improved quality of final products. In 2003, a
lightweight wear lining refractory was first reported by Chen et al., who fabricated a
low-density spinel-alumina ladle castable using porous alumina as aggregates [13]. Later, a
series of lightweight porous aggregates (alumina, mullite, spinel, and cordierite) was prepared
via an in-situ pore-forming technique by Li et al. [14] and Yan et al. [15-19]. In addition,
lightweight porous aggregates of calcium aluminates and spinel have been reported [20,21].
Compared to common dense refractory materials, the lightweight refractories fabricated with
such lightweight aggregates exhibited lower bulk density and thermal conductivity [19,21].
However, the key challenge is the slag attack resistance and mechanical properties of materials
[19,22,23].

To obtain lightweight refractories with guaranteed resistance to slag corrosion and stress
failure, numerous attempts have been conducted to fabricate lightweight aggregates with a
high proportion of closed pores and small pore size. The superplastic foaming method was

proposed by Kishimoto et al. to fabricate ceramics with a high volume fraction of fine closed



pores [24,25]. Lightweight micro-pored alumina, bauxite, and magnesia materials obtained by
adding nano-additives have been reported by Gu et al. and Fu et al.; in these materials, the
proportion of closed pores was approximately 40—70% of the total pores [26-30]. Furthermore,
owing to reductions in pore size, the fabricated lightweight materials could show improved
slag corrosion resistance compared to dense materials [31-33]. Besides the fabrication of
lightweight aggregates, several studies focused on the matrix particle packing and service
conditions of lightweight wear lining refractories [34,35]. Additionally, a novel lightweight
refractory with a density gradient was prepared in recent years [36,37].

Consequently, this review focuses on the systematic elucidation of the design, fabrication,
and application of lightweight wear lining refractories. First, the crucial properties and process
routes of the lightweight aggregates are presented and summarised. Then, the design and
fabrication of lightweight wear lining refractories are described, and the factors that affect the
properties of the fabricated lightweight refractories are discussed. Finally, the challenges faced

and scope for future work in this field are presented.
2. Lightweight aggregates

Besides the route of carbothermal reduction of MgO proposed by Yin et al. [37], all the
reported lightweight refractories are produced by replacing dense aggregates with lightweight
aggregates. Therefore, the performance of lightweight refractories is dependent on the
structure and properties of lightweight aggregates. In the following section, the parameters of
the porous structure that affect the properties of lightweight aggregates are discussed. Then,
the processing methods required for the fabrication of lightweight aggregates and data on their

properties, available in the literature, are summarised.

2.1 Crucial properties

2.1.1 Parameters of porosity structure
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The pore structure parameters (porosity, size distribution, and location) are the key
factors that affect the properties of the lightweight aggregates. As shown in Fig. 2 (a), based on
the pore interconnectivity, the porosity in lightweight aggregates is divided into two categories:
open porosity and closed porosity. Open porosity refers to the pores which are interconnected
to the outside environment, while closed porosity corresponds to the pores that are isolated
from the environment. Based on their location, pores are classified as intercrystalline or
intracrystalline; the former is located on grain boundaries (Fig. 2 (c)), while the latter is
trapped inside the grains (Fig. 2 (b)).
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Fig. 2. Porosity structure in lightweight aggregates. Based on the interconnectivity and
location of pores, they could be classified as open or closed porosity (shown in (a)) and
intracrystalline or intercrystalline pores (presented in (b) and (c)).

For a lightweight aggregate with a fixed total porosity, the crucial properties (heat
insulation, strength, and slag attack resistance) could be improved by decreasing the pore size
and increasing the proportion of closed and intracrystalline pores. For lightweight aggregates
fabricated via different methods, the pore size could be influenced by the particle size of raw
materials, type and size of pore-forming agent, heat treatment, and additives [38-40].

The lightweight aggregates are typically produced from ceramic powders, thus, the



microstructural evolution of lightweight aggregates during sintering is very similar to that of
ceramic materials. During the sintering and densification process of powders, the migration of
pores and grain boundaries are the two main factors that affect the formation of closed and
intracrystalline pores [41]. Generally, during the sintering process, the migration rate of pores
is greater than that of grain boundaries, indicating that the pores restrict the movement of grain
boundaries [41-43]. In this case, the pores are eliminated or left in the sample as open pores
(Fig. 3 (a)). Contrarily, if the migration speed of grain boundaries is greater than that of pores,
the grain boundaries can move freely without the restriction of the pores. In this case, the
separation of pores from the grain boundaries occurs, and the pores are closed by the grain
boundaries before being eliminated [41-43]. This eventually leads to the formation of
intracrystalline pores (Fig. 3 (b)).
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Fig. 3. Migration of grain boundaries and pores during the sintering process. Open pores
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would be produced when the migration rate of pores is greater than that of grain
boundaries (shown in (a)). Otherwise, pores would be trapped in grains and transformed
to intracrystalline pores (presented in (b)).
2.1.2 Heat insulation

Heat transport through a lightweight aggregate considered as a solid—gaseous material
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with two phases mainly involves heat conduction due to the solid and gas phases, and heat
convection and radiation through pores. The heat conduction is directly proportional to the
porosity of the materials. Because gas phases typically possess lower thermal conductivity
than solid phases, increasing porosity would result in lower heat conduction [44,45]. In
addition, decreased pore size would also lead to lower heat conduction [46-48]. That is
because with the reduction in pore size, the number of gas-solid interfaces would be increased,
resulting in longer heat conduction distance along the solid phase and greater heat resistance.
Moreover, the pore size has a significant influence on the heat convection and radiation. A
decreased pore size results in lower heat convection and radiation. The contribution of heat
convection and radiation to the equivalent thermal conductivity of thermal lightweight
aggregates increases with increasing temperature. Several models have been proposed to
predict the thermal conductivity of porous ceramics [49-51]. A modified exponential relation
has been established by Zivcova et al. to describe the porosity dependence of the effective
thermal conductivity of porous alumina [50]. Pia et al. proposed an intermingled fractal unit
model to evaluate the influence of pore shape on the thermal conductivity of porous ceramics
[49,51]. The equivalent thermal conductivity of a lightweight aggregate at a low temperature is
mainly affected by porosity, while the influence of pore size is significant at high temperatures
[52,53].

Besides the porosity and pore size, the distribution of pores results in differences in the
equivalent thermal conductivity of lightweight aggregates. The effect of pore distribution on
the equivalent thermal conductivities of porous materials was investigated [54,55]. As shown
in Fig. 4, for a fixed total porosity and average pore diameter, when the distribution of pore
size and position is nonuniform, the direction of the heat flow line changes continuously. This

results in higher heat resistance and lower effective thermal conductivity. Therefore, to



improve the heat insulation of lightweight refractories, lightweight aggregates with a

multiscale pore size distribution are desired.
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Fig. 4. Heat flow streamlines of porous material with (a) uniform pore distribution, (b)
nonuniform distribution in pore position, and (c) nonuniform distribution in pore size.
Heat flow lines are lengthened when the pores are non-uniformly distributed.
Adapted from Ref. [54], Copyright (2018) with permission from Elsevier.

2.1.3 Slag attack resistance

Because the porosity of lightweight aggregates provides potential channels for slag
penetration, the slag attack resistance of fabricated lightweight aggregates is a crucial property
for the development of lightweight wear lining refractories. It is generally accepted that the
slag resistance of lightweight aggregates can be improved by reducing the open porosity and
pore size [56,57]. To further identify the correlation between pore structure characters and slag
corrosion behaviours of lightweight refractories, slag corrosion of lightweight aggregates was
investigated using simulation methods. As shown in Fig. 5, increasing the pore size and open
porosity results in deeper slag penetration and corrosion. When compared to open porosity, the

pore size of lightweight aggregates has a crucial impact on the slag penetration. An increase in



pore size results in significant degradation of slag resistance performance. This inference has
also been confirmed by experimental results [32]. Therefore, to improve the slag resistance
performance, more attention should be paid to the pore size during the fabrication of

lightweight aggregates.
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Fig. 5. Slag corrosion of lightweight refractories containing lightweight aggregates with
different pore sizes and open porosities. Increasing open porosity or pore size of
lightweight aggregates would increase the surface area exposed to the molten slag,
resulting in deeper slag attack. The pore size has more significant impact on the slag

attack resistance of lightweight refractories.

2.1.4 Mechanical and thermomechanical properties

To understand the influence of pores on the mechanical properties of brittle materials,
Inglis proposed a model to calculate the stress concentration effect caused by ellipsoidal pores,

as shown in Equation (1) [58].

@), =20, 7 &

where (ayy)p IS the maximum tensile stress, aa is the applied tensile stress on the pore, and

R and r are the long and short axes of the pore, respectively.
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Generally, in most cases, the pores are approximately spherical, indicating the R/r value
of pores in ceramic materials is relatively low. According to Equation (1), the stress
concentration effect caused by the pores is not very significant.

Although a single pore can hardly be considered a crack in ceramic materials, the amount,
size, distribution, and location of pores influence crack formation and propagation in brittle
materials.

The effect of porosity on the fracture energy of ceramic materials was investigated by
Vandeperre et al. [59]. As shown in Fig. 6, the fracture energy of alumina materials remains
almost constant up to a pore volume fraction of 0.15-0.25. In this case, the required force for
crack growth between two pores could be greater than that in a completely dense material.
However, a porosity greater than 0.25 results in the crack—pore interaction, leading to a sharp
degradation of mechanical properties. However, the pore size is another critical factor. The

strengthening effect would be enhanced or weakened in different pore size level [60,61].
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Fig. 6. Fracture energy normalized by the fracture energy of dense material. The
abscissa is the relative density of materials, while the ordinate is the relative fracture
energy.
Adapted from Ref. [59], Copyright (2004) with permission from Taylor & Francis.

In terms of the location of pores, when pores are located on grain boundaries, the
1



localized stress may overcome the bonding strength between grains and cause the looseness of
boundaries, resulting in the fracture of materials. However, in the case of intracrystalline pores,
as the bonding strength in the grains is high, the stress concentration might be alleviated.
Influence of pore structure on the thermomechanical behaviours of lightweight refractory
materials was studied by Luo et al., who reported that highest thermal shock resistance is
achieved when the porosity of materials is approximately 20% (as shown in Fig. 7). Moreover,
a uniform distribution of pores is favourable in terms of the thermomechanical behaviours of
lightweight refractories [62]. Thus, in brief, to obtain lightweight refractories with good

mechanical and thermomechanical properties, the total porosity should be controlled around

20%.
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Fig. 7. The number of thermal shock cycles and minimum safety factor versus
porosity. A higher thermal shock cycles number and minimum safety factor suggesting
better thermal shock resistance performance.

Reprinted from Ref. [62], Copyright (2020) with permission from Elsevier.

2.2 Processing routes

In general, process routes for the fabrication of lightweight aggregates are adapted from
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the processing of porous ceramics. However, for the preparation of lightweight aggregates, the
cost and operating convenience for large-scale industrial production should be considered. To
the best of our knowledge, complex, elaborate, and costly methods such as the sol-gel method,
gel-casting, freeze drying, and the use of replica templates, have not been employed to
fabricate lightweight aggregates. In addition, while a connecting structure of pores is set as a
target for porous ceramics, a high closed porosity proportion is desired during the fabrication
of lightweight aggregates.

2.2.1 Partial sintering

Partial sintering is the most used method to fabricate lightweight aggregates. As
presented in Fig. 8, the main principle of this method is to stabilise the voids between the
starting powder particles by adding certain additives [63]. The additives could be particles
with smaller size and greater surface activity than the starting material, or sintering aids that
can form a liquid phase during heat treatment. Using additives, the starting powder particles
are necked, and thus, the voids remain in the material.
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Fig. 8. Schematic diagram of partial sintering method. During in the sintering process,
the particles of starting material are necked by the additives, resulting in the formation

of stomatal structure.
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The pore size and porosity of lightweight aggregates are significantly affected by the
initial particle size of the starting materials and the heat treatment parameters used during
fabrication [40]. In general, the final pore size is approximately in the range of 1/3—1/6 of the
average starting powder size [64]. A narrow particle size distribution range of raw materials is
helpful to fabricate lightweight aggregates with uniformly-distributed pore size. In addition,
increasing forming pressure, sintering temperature, and soaking time reduces the porosity and
pore size.

In the partial sintering technique, the addition of additives should be precisely controlled.
It is difficult to stabilise the porous structure if the additives are added in low quantities;
however, owing to their high surface activity and tendency to form a liquid phase the addition
of an excess amount of additives may result in the sintering densification of lightweight
aggregates [65]. Moreover, the grain coarsening (Ostwald ripening process) might occur
during liquid phase sintering. With the formation of liquid phase, smaller grains might
partially dissolve into the liquid phase and precipitate on the larger grains, leading to grain
coarsening.

Lightweight bauxite materials were manufactured by introducing magnesia additive to
adjust the liquid phase content during the sintering process. The introduction of magnesia
resulted in increased amount of liquid phase during the heat treatment. Lightweight bauxite
with an open porosity of 7.5% and a closed porosity of 15.6% could be obtained when the
liquid phase content was approximately 17% [28].

As the formation of a liquid phase is detrimental to the high-temperature performance of
lightweight aggregates, submicron or nano-additives are considered better options [66,67]. By
adding nano-particles of alumina, zirconia, and magnesia, a series of lightweight alumina,

bauxite, and magnesia aggregates were produced [26,29,31,68-71]. The addition of
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nano-additives creates a large local curvature on the grain boundaries, which accelerates their
migration, resulting in the formation of intracrystalline pores (Fig. 9). The introduction of
intracrystalline pores led to a simultaneous improvement in the heat insulation, mechanical
properties, and slag resistance of the fabricated lightweight aggregates [31]. Furthermore, with
the addition of nano-alumina and zirconia in lightweight magnesia, intergranular phases of
spinel and CaZrOs are formed in-situ and the degree of direct bonding between periclase
grains was improved [70,71]. When a mixture of nano-additives and MgO/CaO powders was
employed in the fabrication of lightweight alumina, an in-situ phase stress was produced
during the reaction between nano-additives and MgO/CaO powders. Under phase stress, the
pores closed and were divided by boundary migration, leading to increased closed porosity
and reduced pore size [72]. By controlling the amount and type of nano-additives, the

proportion of closed pores could be increased to 40—70%.

Fig. 9. SEM images of lightweight aggregates fabricated by the addition of

nano-additives: (a) lightweight alumina, (b) lightweight bauxite, (c) lightweight magnesia.
With the addition of nano-additives, the migration of grain boundaries is improved,
leading to the formation of intracrystalline pores.

2.2.2 In-situ decomposition

The in-situ decomposition technique involves the use of decomposable inorganic matter

such as hydroxides, carbonates, and hydrosilicates as raw materials. The decomposition of
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these materials during the heat treatment process leads to volume contraction of the particles
resulting in the formation of voids. Moreover, the products generated upon decomposition are
fine particles with high surface activity. Owing to the good sinterability of the decomposition
products, the porosity structure is stabilised [73,74].

The porosity morphology and properties of the lightweight aggregates thus produced are
therefore affected by the type, addition, and particle size of raw materials and the technical
parameters of the formation and sintering processes.

Li et al. [14], Salomdo et al. [75] and Huang et al. [76] manufactured porous
alumina-spinel materials using three different magnesium-containing minerals (basic
magnesium carbonate, hydrotalcite, and magnesite) as raw materials. When compared to the
other two raw materials, the higher impurity content in magnesite promotes the formation of a
liquid phase during heat treatment. This leads to a better degree of bonding between the
particles, resulting in improved mechanical strength and decreased pore size. This effect is
particularly evident in the case of magnesite which contains higher contents of silica and
alumina impurities.

The addition of decomposable raw materials during the fabrication of lightweight
aggregates with a single-phase composition may be conducive to the improvement of
mechanical properties. Deng et al. fabricated porous alumina using alumina and aluminium
hydroxide as raw materials and discussed the effect of the amount of aluminium hydroxide on
the mechanical properties of the product [73,74]. Although the porosity was comparable, the
flexural strength and fracture toughness of porous alumina improved with an increase in the
amount of aluminium hydroxide added. This improvement is a result of the high activity of
alumina particles produced by aluminium hydroxide decomposition.

However, the influence of raw materials is more complex in the fabrication of lightweight
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aggregates with multiple phases. The influence of the amount of decomposable raw materials
used on the pore characteristics and properties of lightweight MgO-Al,Os3, cordierite-mullite,
periclase-spinel, and corundum-mullite materials were investigated in Ref. [77-81]. It is
reported that the amounts of liquid phase and new phases are the two key factors affecting the
pore morphology and properties of the fabricated lightweight aggregates. On the one hand,
with increasing amount of generated liquid phase, the sintering process would be promoted,
leading to reduction in pore size and porosity. On the other hand, volume expansion would be
produced during the formation of new phases. When small amount of new phases is formed,
this volume expansion might fill in the voids, which could reduce the pore size and porosity.
However, excessive amount of new phases would hinder sintering densification, resulting in
increased pore size and porosity. The amounts of liquid phase and new phases are heavily
dependent on the content of decomposable raw materials, thus, the compositions of used raw
materials should be strictly controlled. Moreover, decreasing the particle size of raw materials
and increasing the sintering temperature both lead to smaller pore size and increased
mechanical strength of the lightweight aggregates fabricated via in-situ decomposition
technique [82-84].

The most important limitation of lightweight aggregates fabricated using the in-situ
decomposition method is high open porosity, which results in unsatisfactory slag resistance
and mechanical properties of materials. Therefore, several studies attempted to improve the
slag attack resistance and strength. When the pressure employed in the process of forming the
green body was increased, the closed porosity proportion could be increased slightly [85]. The
mechanical properties were significantly improved by incorporating TiO2 additives, which
promote liquid phase formation. As shown in Fig. 10, lightweight alumina aggregates

reinforced by in-situ formed SiC whiskers were fabricated [86-89]. The Al.O3-C refractory
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prepared with these lightweight alumina aggregates showed a 30% higher flexural strength

than that of the conventional dense AlO3-C refractory.
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Fig. 10. Lightweight alumina aggregates reinforced by in-situ formed SiC whiskers. Due

to the porous structure of lightweight alumina aggregates, vapor could easily diffuse into
the micropores of the aggregates, and in-situ SiC whiskers are generated on the surface
of lightweight aggregates.
Reprinted from Ref. [89], Copyright (2020) with permission from Wiley.
2.2.3 Addition of pore-forming agents
When pore-forming agents are added to the starting powder, they burn during the heat
treatment process, leaving voids in the ceramic materials. When compared to other techniques,
the use of pore-forming agents allows the porosity level of the fabricated materials to be easily
controlled. In this case, a higher sintering temperature could be applied to the ceramic green
body, which improves the mechanical strength of the fabricated lightweight materials.

The key factors in this technique are the type, addition, and particle size of the
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pore-forming agent used.

Currently used pore-forming agents can be divided into two groups: organic materials
and inorganic materials. Commonly used organic pore-forming agents include starch, rice
husk, serrago, PMMA microspheres, and walnut shells [90-92], while commonly used
inorganic materials include coal ash, carbon, and H3PO4 [93-95]. There is a clear association
between the morphology of the pore-forming agent and the pores in the fabricated lightweight
aggregates. Therefore, the fraction, size, and morphology of the pores are directly related to
the pore-forming agent selected [49].

Porous alumina was fabricated using carbon black as a pore-forming agent by Liu et al.,
and the influence of pore structure on thermal conductivity and mechanical properties of
porous alumina was discussed [96]. It was found that the heat insulation and mechanical
strength of porous alumina could be enhanced by increasing the proportion of pores with a
size below two micrometres. Fu et al. designed orthogonal experiments to assess the
correlations among processing parameters and physical properties of lightweight alumina and
pointed out that the total porosity of lightweight alumina is dependent on the amount of
pore-forming agent added, while the sintering temperature influences the apparent and closed
porosity of samples [40].

The addition of pore-forming agents is often used in combination with other techniques
to fabricate lightweight aggregates with improved properties. As shown in Fig. 11 (a),
lightweight bauxite was prepared by combining the use of a pore-forming agent and the partial
sintering method [28]. By controlling the addition of the pore-forming agent and additives,
lightweight bauxite with an average pore diameter of 0.82 um and a closed porosity of 15.6%
was fabricated. A combination of the pore-forming agent and impregnation method was

adopted to improve the mechanical properties and pore structure of porous alumina [97]. As
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presented in Fig. 11 (b), the pore structure in porous alumina could be modified after being
impregnated with alumina sol, leading to enhanced mechanical properties and decreased

thermal conductivity.
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Fig. 11. (a) SEM images of lightweight bauxite prepared by combining the use of a
pore-forming agent and the partial sintering method. (b) pore structure modification by
impregnation with alumina sol. The pore structure is reinforced by alumina sol, resulting

in improved mechanical properties.

Adapted from Refs. [28] and [97], Copyright (2018 & 2019) with permission from

Elsevier.
2.2.4 Direct foaming

In the direct foaming technique, foams are first produced by frothing a mixture of
foaming agent and water. The foams and raw material slurries are then mixed and formed, and
the porous materials are obtained after drying and sintering. However, the chief disadvantage

of this method is the large pore size. Generally, the average pore size of porous materials
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manufactured using direct foaming is up to 200-300 um [98-100]; these materials possess
very low mechanical strength and exhibit poor resistance to slag attack. Therefore, porous
materials fabricated using this method are applied in the insulation layer, rather than as wear
linings.

To improve the slag resistance of foamed porous alumina, a lightweight alumina material
with a core-shell structure was designed by Chen et al., as shown in Fig. 12 (a) [101]. A
microporous shell was designed to protect the microporous core from slag attack. The
macroporous core produced using the direct foaming method had a pore size of approximately
45-100 um (Fig. 12 (b)). The microporous shell was fabricated using the partial sintering
method with alumina powder as the raw material. After being sintered at 1800 °C, the
microporous shell exhibited a small pore size of approximately 6—7 um (Fig. 12 (b)). This
lightweight alumina sphere showed an open and closed porosity of 10.9% and 13.6%,
respectively. Using lightweight alumina sphere as aggregates, a lightweight alumina—magnesia
castable was produced. When compared to the conventional dense alumina—magnesia castable,
the lightweight castable showed a 21.4% lower thermal conductivity at 1000 °C and

comparative slag attack resistance.

S Tmicroporous shellf{3)] :

he macroporous core

Fig. 12. (a) Schematic diagram and (b) SEM images of lightweight alumina with

core-shell structure. It has a microporous shell and a macroporous core to achieve the
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trade-off between thermal conductivity and corrosion resistance.

Adapted from Ref. [101], Copyright (2015) with permission from Elsevier.
2.2.5 Superplastic foaming

To produce lightweight materials with a high fraction of closed porosity and low fraction
of open porosity, a novel route referred to as the ‘superplastic foaming method’ was proposed
by Kishimoto et al. based on the superplasticity of ceramics [102]. Superplasticity is defined
as the ability of a material to exhibit substantially large elongation under load, indicating that
plastic deformation of ceramics may occur under application of stress.

First, suitable starting materials should be selected to produce a ceramic body with
superplasticity at high temperature. In general, ceramic materials exhibit high-temperature
superplasticity only when their grain size is smaller than 1 um. Thus, the starting materials
used are mainly nano-sized or submicron-sized powders. Second, this techniques requires the
addition of high-temperature foaming agents, which are inorganic materials that are oxidized
or decomposed at high temperature, such as SiC, SisN4, and hydroxyapatite.

As shown in Fig. 13 (a), the starting material and high-temperature foaming agent are
first compacted to obtain a green body. The green body is then sintered at a temperature lower
than the oxidation or decomposition temperature of the high-temperature foaming agent to
produce a dense ceramic bulk (Fig. 13 (b)). Then, the ceramic bulk is reheated at a higher
temperature to generate gaseous species by the high-temperature foaming agent. Owing to the
partial pressure of gases and the superplasticity of the ceramic matrix, closed pores are formed

in the final ceramic material (Fig. 13 (c)).
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Fig. 13. Flow chart of fabrication of lightweight aggregates via superplastic foaming
method. The green body is firstly sintered at a lower temperature to produce a dense
ceramic bulk. The ceramic bulk is reheated at a higher temperature, with the
decomposition of high-temperature foaming agent, closed pores are formed.

Until recently, the superplastic foaming method was mainly used to fabricate lightweight
alumina and zirconia [102-108] owing to their good high-temperature superplasticity. The
properties of the fabricated materials are mainly affected by the type, particle size, and amount
of the starting material and high-temperature foaming agent. Furthermore, certain additives are
introduced to improve the superplasticity of alumina and zirconia.

Lightweight zirconia was fabricated using nano-zirconia as the starting material and
hydroxyapatite as the foaming agent [105]. By adding SiO, and TiO. additives, lightweight

zirconia with a closed porosity of 24.6% and an open porosity of 2.1% was obtained. As

shown in Fig. 14 (a) and (b), the sizes of the closed pores are mainly in the range of 10-20 um.

Lightweight alumina-based aggregates were prepared by adding MgO additive into
submicron-sized alumina and SiC powder [108]. The introduction of MgO additive promoted
the superplastic deformation of the alumina ceramic (Fig. 14 (c) and (d)). An increase in the
amount of SiC forming agent and MgO additive resulted in the fabrication of lightweight

aggregates with increased closed porosity.
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Fig. 14. SEM images of (a) and (b) Iightweight zirconia, and (c) and (d) Iightwght
alumina produced via the superplastic foaming method.
Adapted from Ref. [105], Copyright (2013) with permission from Elsevier and Ref. [108],
Copyright (2018) with permission from Taylor & Francis.

To facilitate better understanding of the properties of lightweight aggregates that are
fabricated using various methods, a summary of the data reported in literature is listed in Table.
1. In-situ decomposition technique is the most economical method among all the process
routes, however, the lightweight aggregates fabricated via in-situ decomposition technique
typically possess high open porosities. Partial sintering and adding pore-forming agent
methods offer easy and cheap ways to prepare lightweight aggregates with porosity below
20%. Direct foaming technique possess higher cost than the above-mentioned three methods.
Superplastic foaming route has significant advantages in producing lightweight aggregates
with high closed porosity. However, because the starting materials used are mainly nano-sized

or submicron-sized powders, the cost of superplastic foaming is the highest.
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Table 1. Summary of the data reported in literature on properties of lightweight

aggregates fabricated using various methods

. . Open Closed .
Composition Processing method . ] Pore size References
porosity porosity
Adding pore-forming
Alumina 3.4-15.2% 2.8-12.6% 1-10 um [40]
agent
Adding pore-forming
) ) Average: 0.1-1.5
Alumina agent + partial 5.2-10.5% 7.1-12.3% [26,27,65,68,69,72]
pm
sintering
) In-situ Average: 4.2
Alumina 25.7% 3.2% [89,109]
decomposition um
Average: 6.47
Alumina Direct foaming 10.9% 13.6% [101]
pm
) In-situ Average: 3—11
Corundum-spinel N 35-40% - [14,19,79]
decomposition um
Corundum-spinel  Superplastic foaming 1-3% 13-15% 1-14 ym [108]
] In-situ Average:
Spinel 40-60% - [15,81,86]
decomposition 2.5-6.5 um
In-situ Average: 2.97
Magnesia - 33.3% 0.2% [110]
decomposition um
Adding pore-forming
) ) Average: 2-5
Magnesia agent + partial 2—4% 6—7% [29,30,70,71]
pm
sintering
In-situ
Periclase-spinel - 30-45% - 16—75 um [78]
decomposition
Adding pore-forming
) ) Average: 0.82
Bauxite agent + partial 7.5% 15.6% [28]
pm
sintering
) In-situ Average:
Corundum-mullite 30-45% - [38,79,111,112]
decomposition 0.5-6 um
In-situ
Cordierite-mullite - 30—-45% - 50—-120 um [39,77,80,84,91]
decomposition
Zirconia Superplastic foaming 2.1% 24.6% 10-20 pm [105]
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3. Lightweight wear lining refractories

In the following section, the particle packing of the matrix and density gradient design of
lightweight wear lining refractories are discussed, and the factors influencing the wear lining

refractories and their application are summarized.

3.1 Matrix particle packing design

The key factors that determine the lifespan of lightweight wear lining refractories are
their mechanical properties and slag resistance. The matrix is often the weakest component
susceptible to slag and stress, which is attributed to its higher porosity than that of the
aggregates. Therefore, packing of particles in the matrix plays a critical role in the
performance of refractories, particularly in lightweight refractories containing lightweight
aggregates.

As shown in Equations (2) and (3), the Andressen and Dinger—Funk models are the most

widely-accepted classical models for modelling the particle packing design of the refractory

matrix [113].

d.n
CPFT =100(5) @
qa_44
cPrT —1004 —9n
DY —d} 3)

However, the complete particle size distribution, particularly for particles smaller than 88
um, is difficult to accurately described using classical models. A novel particle packing design
model was proposed by Zou et al. to predict the packing density of lightweight refractories
[114]. The particle size distribution of the matrix was divided into N groups, and the volume
percentage of each group was calculated from the measured particle size distribution of each
component. The particle packing density, P, could be predicted using Equations (4) and (5)
[114].
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Based on the results, the relative packing densities of lightweight alumina—magnesia

castables with different critical size and g-value were calculated. As shown in Fig. 15, the

packing density reaches a maximum with a critical size of 8 mm and g-value of 0.28. To verify

the reliability of this model, lightweight alumina—magnesia castables with different g-values

were fabricated by Zou et al., and the microstructures and properties of castables were

compared.
(@) 004}
093+ ©
m t
2 092f v
‘@
2 oo -
@
© 090 o
a0 -
S 089f
S 088
A o
0.87
-
0.86

q-0.25
q-0.27

q-0.294
q-0.31%
q-0.335
q-0.35

q-0.37
q-0.39},

>
L}

-

«

«&

4X S

« &

0

2000

4000

6000
Critical size/um (d_=0.5um)

8000

10000

0.95

()™= q(P_ )=0.28
0.94 . E\l_/ max

B 003] o "

2 | = .

2 0921 3

= [ |}

© 091}

g() | n

Z 09 D=8000pm, dm=0.5um .

- [ [

2 _
0.88 | .

0.20 025 030 035 040
q-value

Fig. 15. Relative packing density of lightweight refractories with different (a) critical size

and (b) g-values. The maximum theoretical packing density can be reached when a

critical size of 8000 pm and a q-value of 0.28 is chosen.

Reprinted from Ref. [114], Copyright (2016) with permission from Elsevier.

As presented in Fig. 16, the sample with a g-value of 0.28 showed a denser matrix and

better bonding degree between the matrix and aggregates compared to other samples. The slag

resistance performance of various castables were assessed using static crucible method. The

results indicated that the sample with a g-value of 0.28 exhibited the best resistance to slag
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corrosion and penetration [34,114].

Fig. 16. SEM image of lightweight alumina-magnesia refractories with different g-value:
(a) 0.25, (b) 0.28, (c) 0.31, (d) 0.34. (Cor=lightweight aggregates, Mat=matrix).
Reprinted from Ref. [114], Copyright (2016) with permission from Elsevier.

3.2 Refractories with density gradient

Yin et al. proposed a novel method based on the carbothermal reduction of MgO to
fabricate lightweight refractories without the addition of lightweight aggregates [36,37]. As
shown in Fig. 17 (a), tabular alumina was selected as the aggregate, while the matrix was
composed of powders of fused magnesia, alumina, and graphite. The green body was heated at
1550 °C for 4 h in an electric furnace, and the atmosphere in the electric furnace was changed
during the heat treatment process. An argon atmosphere was applied during the heating stage;
after the temperature reached 1550 °C, the atmosphere was switched to pure oxygen. As
shown in Fig. 17 (b), the carbothermal reduction of MgO occurs during the heating stage. The

generated Mg vapour diffuses to the surface of the refractory, and voids are left in the inner
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region of the material. Upon changing the atmosphere, spinel is formed owing to the reaction
between oxygen and Mg vapour. Therefore, a lightweight corundum-spinel refractory with a

density gradient was produced.

\ MgO(s)+C(s)—Mg(g)1+CO() (&

MgO(S)+f\l:O:—’]\"[g.»‘\.lgofi?'

Matrix Fine  Coarse s
MgO. C, Al,O, particle particle = Mg(2)+0-(g) —MgO(s)
Mg(z) @0, ®MgO OALO, MgALO,

Fig. 17. Schematic diagram of the production of lightweight refractories with gradient
density. Mg vapour would be generated and diffuse to the surface of the refractory
during the carbothermal reduction of MgO. With the atmosphere being switched to pure
oxygen, a lightweight refractory with a density gradient could be obtained.
Reprinted from Ref. [36], Copyright (2019) with permission from Elsevier.

The density variation in two lightweight corundum-spinel refractories with the density
gradient is shown in Fig. 18 [37]. The density difference of approximately 0.15 g/cm® was
detected between the surface and centre of the produced lightweight refractories. Owing to the
density of the surface, the lightweight refractories showed slag resistance comparable to that
of the conventional dense corundum-spinel refractory [115]. Furthermore, the microstructures
and properties of lightweight corundum-spinel refractories were affected by the carbon source,

additives, and heat treatment [116-120].
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Fig. 18. Density variation of different lightweight refractories with gradient density. The
densities of refractories are gradually increased from the centre to the surface.

Reprinted from Ref. [37], Copyright (2018) with permission from Elsevier.

3.3 Materials characterization

In general, the current characterization and modeling methods for refractories could also
be used for lightweight refractories. Since the properties of lightweight refractories are directly
determined by the porosity morphology, an understanding of complete information on porosity
morphology is essential. The main difficulty is the characterization of closed pores. Indeed,
classical characterization techniques (scanning electron microscope, mercury intrusion
porosimetry method) could hardly identify the structural characteristics of closed pores.

To obtain quantitative information about pore morphology, X-ray tomography technique
has been frequently employed in the characterization of lightweight refractories [121-123].
With the application of image processing and analysis software, the produced projections
during the scanning are compiled and a 3D reconstruction of the material could be obtained.
Fig. 19 presents reconstructed 3D pore structures of lightweight Al.O3-SiO> materials [121].
As shown, the particular information on porosity morphology (open/closed porosity, pore size,

pore interconnectivity, and pore shape) could be quantificationally obtained. In addition, since
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it is a non-destructive method, it allows to investigate the change in pore morphology during

heat treatment.
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Fig. 19. Porosity morphology of lightweight Al2Os-SiO2 materials explored using X-ray
tomography technique. The graph at the top of the figure provides the pore size
distribution and the bottom graphs present the reconstructed 3D pore structures before
and after sintering.

Reprinted from Ref. [121], Copyright (2020) with permission from Elsevier.

3.4 Factors affecting the properties of fabricated lightweight refractories

As a high-temperature material containing complex compositions in phase, chemical
component, and particle size, the properties of the refractory are affected by many internal and

external factors. In the following section, factors that affect the properties of lightweight
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refractories are summarised and discussed in detail.
3.4.1 Materials composition

The chemical and phase compositions of lightweight aggregates play a key role in the
properties of fabricated lightweight refractories, especially in the case of lightweight
aggregates with composite phases. Porous spinel aggregates containing different Al.Oz content
(57.6 wt%, 71.1 wt%, and 87.7 wt%) were selected to produce alumina—magnesia castables by
Yan et al., and the slag resistance performance of different castables were compared [124].
With an increase in the Al2O3 content in the porous spinel aggregate, the fabricated castable
showed improved resistance to slag penetration and reduced slag corrosion resistance [125].

Lightweight periclase—spinel refractories were fabricated using different porous
periclase—spinel aggregates, and the effect of spinel content on the properties of lightweight
refractories were investigated in Ref. [126,127]. An increase in the spinel content in the
aggregates led to a consequent increase in the amount of liquid phase formed during the
reaction between the refractory and cement clinker. The amount of liquid phase should be
within a suitable range to achieve a good bonding degree between the refractory and cement
clinker. As shown in Fig. 20, the fabricated lightweight refractory exhibited satisfactory
adherence and slag resistance when the spinel content of the lightweight aggregates was in the

range 15—40 wt%.

32



(a)l-o T T T T T 71— T 2.0

—o— Corrosion (b)l6 T T T T v 1 |

0.94 —@— Penetration 14
0.8 - 1.6 : n
0.7 £ 121
' =
] N
2 0.6 F1.2 g = 1.0+
= g B
8 ® = i
E 0.5 = 0.8
17 = o
g 0.4+ % 7 0.8 E 3 0.6
) 2 3
o 034 r S =
o o S_‘ 2 0.4
0.2 - = 0.4 =
o [m] < 02
0.1
0.0 - . : : e -
0'0 ! T‘ T T T T T T T T 0'0
0 10 20 30 40 50 60 70 80 90 100 0 20 . B 80 1
Spinel content of porous refractory aggregates (wt%) Spinel content of porous refractory aggregates (wt%)

Fig. 20. (a) Slag resistance and (b) adherence strength of lightweight refractories
containing porous aggregates with different spinel content. Adherence and slag resistance
of the fabricated lightweight refractory are strongly affected by the spinel content of the

lightweight aggregates.
Reprinted from Ref. [126], Copyright (2017) with permission from Elsevier.

In addition, the properties of lightweight magnesia aggregates were improved by
modifying the intergranular phase composition. By adding nano-powder of alumina and
zirconia, in-situ intergranular phases of spinel and calcium zirconate were formed in
lightweight magnesia, resulting in improved slag resistance and reduced thermal conductivity
[70,71]. Several attempts have also been made to improve the matrix by the addition of
additives. Powders of light-burned spinel, SiC, spinel, and microsilica have been introduced to
enhance the bonding degree between the matrix and aggregates [128-131].

3.4.2 Structural characteristics

As mentioned in Section 2.1, the porosity characteristics significantly affect the
properties of lightweight aggregates. Slag corrosion tests were conducted on various
lightweight alumina aggregates to understand the effect of porosity on the slag resistance

performance of lightweight aggregates [32]. When compared to the effect of open porosity,
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pore size showed a higher correlation with the slag resistance of lightweight aggregates. Fu et
al. proposed a reaction mechanism between molten slag and lightweight alumina, as shown in
Fig. 21 [33]. When the alumina aggregate exhibits a small pore size, the second phase is more
likely to achieve supersaturation; hence, a continuous isolation layer is formed on the interface

between alumina and molten slag.
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Fig. 21. Schematic diagram of the reaction between molten slag and lightweight alumina
aggregates with (a) large and (b) small pores. For the lightweight aggregate with small
pore size, the supersaturation of molten slag will be easily achieved. Solid phase will
consequently precipitate out, converting a direct dissolution into an indirect dissolution.
Reprinted from Ref. [33], Copyright (2015) with permission from Wiley.

Furthermore, the effect of the porosity characteristics of lightweight aggregates on the
properties of fabricated lightweight refractories has been investigated [132-134]. Lightweight
periclase—spinel castables were prepared using lightweight magnesia aggregates with different
open porosity (12.8%, 30.8%, and 39.3%) by Yan et al. [133]. The bonding degree between the
matrix and aggregates improved owing to the high open porosity. However, a very high open
porosity results in the formation of cracks on the bonding interface between aggregates and

matrix, and the mechanical properties decreased instead. Zou et al. found that the size and
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shape of grains in lightweight aggregates play an important role in the slag corrosion
behaviour of lightweight refractories [134].

The shape of lightweight aggregates is another important factor. As shown in Fig. 22,
spherical lightweight mullite aggregates were produced by Yi et al. [135]. The particle packing
of mullite—corundum refractory could be modified by introducing 45—65 wt% spherical

aggregates, thus leading to improved mechanical properties [136].

Fig. 22. Schematic and SEM images of spherical lightweight mullite aggregates. It has a
porous internal structure and dense surface.
Reprinted from Ref. [135], Copyright (2019) with permission from Elsevier.

3.4.3 Atmospheric conditions

With the development of metallurgy technology, refractory linings are subject to
changing service atmospheric conditions. The corrosion of alumina, mullite, magnesia, and
zirconia refractories in gas environment (carbonaceous atmosphere, water vapor, hydrogen,
and oxygen) was discussed by Mahapatra [137], who pointed out that the degradation of oxide
refractories would occur when the partial pressure of volatile species is higher than 10 atm.
In the atmospheres of carbonaceous gas (CO, CO., and hydrocarbon) and hydrogen,

evaporation of silicon and aluminum volatile species would occur, leading to corrosion of
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oxide refractories [138]. The recession of refractories would be further accelerated for
atmospheres containing water vapor. As shown in Fig. 23, the reaction between alumina and
water vapor would occur even in an oxidizing atmosphere. As for the non-oxide refractories

(SIC, SisNa), a mixture of oxidizing atmosphere and water vapor is more harmful [139].
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Fig. 23. Equilibrium partial pressures of aluminum vapor species from alumina in an
atmosphere containing 0.5 atm oxygen and 0.5 atm water vapor.
Reprinted from Ref. [137], Copyright (2020) with permission from Wiley.

The slag resistance performance of lightweight alumina—magnesia castable under
different atmospheric conditions was investigated by Zou et al. [140]. Dynamic induction
furnace corrosion tests were conducted in weak oxidizing atmosphere (P(0O2)=0.21 atm) and
argon atmosphere (P(Ar)=1.0 atm), respectively. As shown in Fig. 24 (a) and (b), when
compared to weak oxidizing atmosphere, the argon atmosphere alleviated slag corrosion in the
lightweight refractory. The form in which Fe and Mn ions exist in the molten slag is the main
factor leading to the different slag reaction behaviour of lightweight castables. As presented in
Fig. 24 (c), the Fe and Mn ions in the slag were reduced to elementary substances in argon

atmosphere, leading to attenuated slag corrosion.
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Fig. 24. Morphology of lightweight refractories after slag corrosion test at (a) P(02)=0.21
atm and (b) P(Ar)=1.0 atm, and (c) phase composition of corrosion area of refractories.
Slag corrosion in the lightweight refractory was weakened in the argon atmosphere.

Adapted from Ref. [140], Copyright (2018) with permission from Wiley.
3.4.4 Slag compositions

Refractories exhibit different resistances to molten slags with different chemical
compositions. To understand the intrinsic reaction mechanism between lightweight aggregates
and molten slags, four lime—alumina—silica slags with different chemical compositions were
designed to assess the slag resistance of lightweight alumina aggregates [32]. As shown in Fig.
25, the dissolution rate of lightweight alumina and the viscosity of the molten slag were
mainly affected by the chemical composition, leading to differences in slag reaction
behaviours. The competition between alumina dissolution rate and solid phase precipitation
rate is the key factor that determines the reaction behaviour. By controlling the relationship
between the rate of these reactions, an isolation layer of calcium aluminates could be formed
on the reaction interface between alumina and slag, protecting the aggregates from further slag

attack.
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Fig. 25. Dissolution rate of lightweight alumina into various lime—alumina-—silica slags.

The viscosity of the molten slag has a critical influence on the slag resistance of

lightweight alumina. When reacting with various molten slags, a balance between the
alumina dissolution rate and the solid phase precipitation rate should be achieved to
form an isolation layer.
Reprinted from Ref. [32], Copyright (2017) with permission from Elsevier.

The reaction between lightweight Al2Os—MgO castable and three different types of
molten slags (Al.O3—CaO-SiO- slag, Al203—CaO0 slag, and Al203—Ca0O-SiO>—MgO slag) were
studied. As shown in Fig. 26, the Al20s—Ca0O-SiO: slag strongly corroded both the aggregates
and matrix of lightweight refractories, while Al20s—CaO slag mainly corroded the matrix.
Owing to the low content of the liquid phase formed during the reaction, the matrix and

aggregates exhibited good resistance to Al,03—CaO-SiO.—MgO slag.

38



BEC 20kV . WD20mm. - $850 %30 500() 10 | —
Sample 0000 22Fab2017
0000 22 Fob2017

¢ BEC 20KV WD13mm - SS50
mplo

Fig. 26. Reaction interfaces between lightweight refractories and (a) Al2O3-CaO-SiO2
slag, (b) Al203-CaO slag, and (c) Al203-Ca0O-SiO2-MgO slag. Under dynamic slag
corrosion condition, the chemical compositions of slag dominate the corrosion behaviour
of lightweight refractories.

3.4.5 Electromagnetic fields

Electromagnetic fields are typically used in high-temperature industries for heating or
stirring purposes. As there are large amounts of free movable ions and ionic groups in molten
slag, it is conductive at high temperature. Therefore, the mass transfer between the refractory
and molten slag changes significantly under the application of an electromagnetic field. The
effect of an electromagnetic field on the reaction behaviour between MgO-based refractories
and molten slags was studied by Aneziris et al. [141]. The contact angle and phase
composition of the reaction layer was significantly influenced by the application of voltage.

The application of electromagnetic field significantly influences the slag corrosion
process of lightweight refractories, considering their high porosity. Zou et al. found that the
migration of ions and oxides of Fe and Mn increased under an alternating magnetic field,

resulting in deeper slag corrosion and penetration of lightweight alumina—magnesia castables
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[142]. However, the slag resistance of lightweight refractories was improved using a static
magnetic field. Huang et al. assessed the slag resistance performance of lightweight
alumina—magnesia castable under a static magnetic field, and the effect of magnetic strength
was investigated [143]. With an increase in the magnetic induction intensity, the viscosity and
contact angle of slag subsequently increased. Therefore, the slag attack was reduced. The
reaction mechanism between lightweight magnesia and molten slags under a static magnetic
field was proposed by Zou et al. [144]. As shown in Fig. 27, a Lorentz force was generated,
attributed to the “electromagnetic braking” effect, hindering the movement of molten slags. As
a result, the flow velocity and wetting ability of the slag reduced, leading to decreased slag

penetration and dissolution rate.
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Fig. 27. Schematic diagram of slag corrosion behaviour (a) with and (b) without static
magnetic field. With the application of static magnetic field, a Lorentz force was created
during the slag flow process, resulting in decreased slag flow velocity and alleviated slag

corrosion.
Reprinted from Ref. [144], Copyright (2020) with permission from Elsevier.

3.5 Performance and applications of lightweight refractories

The application of lightweight refractories in wear linings was first proposed by Chen et

al. in 2003 [13]. Lightweight corundum—spinel castables were prepared by introducing porous
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aggregates, and the properties of a dense castable and lightweight castable were compared.
The lightweight castable showed a 32% lower thermal conductivity compared to a
conventional dense castable. However, the slag attack area was 26.5% higher, indicating worse
slag resistance. Moreover, the mechanical strength of the fabricated lightweight castable was
unsatisfactory.

Since then, several attempts have been made to improve the lifespan of lightweight
refractories by modifying the porosity characteristics and phase composition. The key target
was to fabricate lightweight wear lining refractories with low thermal conductivity and
guaranteed lifespan [145,146]. By setting conventional dense refractories as the references, the
potential applications of fabricated lightweight refractories were evaluated.

By optimising the phase compositions and reducing the pore size of lightweight
aggregates, lightweight corundum and periclase—spinel refractories with high mechanical
strength were obtained [109,147,148]. Lightweight periclase—spinel refractory was fabricated
using porous periclase—spinel (an open porosity of 23.3% and a median pore size of 5.66 um)
as aggregates by Yan et al. [147]. When compared to the dense periclase—spinel refractory, the
lightweight refractory exhibited an 18.8% lower thermal conductivity, and 80.7% and 136.8%
higher flexural strength after being fired at 1100 °C and 1600 °C, respectively. This is mainly
due to the better bonding degree between lightweight aggregates and matrix (Fig. 28).
Furthermore, the crack propagation paths in different castables were counted. As shown in Fig.
29, the proportion of transgranular fracture in the lightweight castable was significantly higher
than that of the dense castable, resulting in improved mechanical strength [148]. However,
owing to the high open porosity of porous aggregates, the slag resistance of the lightweight

periclase—spinel castable was slightly worse than that of the dense refractory.
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Fig. 28. Bonding interfaces between aggregates and matrix: (a) dense periclase—spinel
castable (DPSC) and (b) lightweight periclase-spinel castable (LPSC). A good bonding
degree between the matrix and aggregates has been formed in the LPSC.

Reprinted from Ref. [147], Copyright (2018) with permission from Elsevier.
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Fig. 29. Crack propagation paths in dense periclase—spinel castable (DPSC) and
lightweight periclase—spinel castable (LPSC). The proportion of transgranular fracture
in the lightweight castable was significantly higher than that of the dense castable.
Reprinted from Ref. [148], Copyright (2021) with permission from Elsevier.
Several lightweight aggregates with high closed porosity and small pore size were

manufactured to further increase the lifespan of the lightweight refractories [149-152].
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Lightweight alumina with a bulk density of 3.36 g/cm® and closed porosity of 11.0% was
fabricated by Hisashi et al. [149]. Lightweight and dense Al.O3-MgO-C bricks were then
prepared using lightweight alumina and dense alumina as aggregates, respectively. The
lightweight brick exhibited a 20% lower thermal conductivity and a lifespan similar to that of
the dense brick. Using lightweight alumina with a bulk density of 3.36 g/cm® and closed
porosity of 10.1% as the aggregate, a lightweight alumina—magnesia castable was produced by
Fu et al. [23]. Besides a decreased thermal conductivity and increased mechanical strength, the
lightweight castable demonstrated improved slag resistance (Fig. 30 (a) and (b)). As shown in
Fig. 30 (c) and (d), owing to the small pore size of the lightweight alumina, the second phase
easily precipitated and formed an in-situ isolation layer between the lightweight alumina and
molten slag [33]. Consequently, the lightweight materials showed better slag resistance.
Moreover, the cleanness of bearing steels could be improved using lightweight

alumina—magnesia castable as the wear lining [153,154].
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Fig. 30. (&) Common and (b) Ih:tweight alumina—magnesia castable after slag corrosion

test; reaction interface between molten slag and (c) tabular alumina and (d) lightweight
alumina. Due to the small pore size of lightweight alumina aggregates, an in-situ isolation
layer was formed to prevent them from further slag attack. Hence, the lightweight
alumina-magnesia castable exhibited better slag resistance performance than the
common castable.
Adapted from Ref. [23], Copyright (2015) with permission from Elsevier and Ref.
[33], Copyright (2015) with permission from Wiley.

Lightweight corundum-—spinel castables with a guaranteed lifespan have also been
reported in Ref. [101,115,146]. Thus, briefly, the trade-off between thermal insulation and
service life might be achieved by developing superior lightweight wear lining refractories. The
key lies in the optimisation and control of the compositions, and structural characteristics and
service conditions of lightweight refractories.

4. Conclusions and perspectives

The design of lightweight wear linings is important for the energy and resource efficiency
of industrial furnaces and the quality of the final products. Lightweight wear lining refractories
are generally fabricated by replacing conventional dense aggregates with lightweight

aggregates. Several process routes, such as partial sintering, in-situ decomposition, adding
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pore-forming agent, direct foaming, and superplastic foaming, have been developed to
fabricate lightweight aggregates. The pore structure characteristics are primarily responsible
for the properties of lightweight aggregates and the corresponding lightweight refractories. In
general, lightweight aggregates with a high proportion of closed porosity and small pore size
are desirable.

The properties of a lightweight refractory are affected by many internal and external
factors. Besides the phase composition and microstructure of lightweight aggregates, the
particle packing of the matrix and density gradient of the refractory are also of significant
importance. Moreover, the service conditions, such as slag compositions, atmospheric
conditions, and external field, should be considered during the service of lightweight
refractories. After approximately 20 years of rapid development, optimising the compositions,
structural characteristics, and service conditions of lightweight refractories has been proved to
simultaneously improve energy conservation and life span in certain industrial or laboratory
experiments.

After a systematic overview of the processing and application of lightweight wear lining
refractories, we opine that the following topics should be considered in future studies.

(i) New process routes should be developed for lightweight aggregates. The properties of
lightweight aggregates depend primarily on their pore structure characteristics. Requirements
on the pore structure characteristics could be different for various service conditions. Thus, the
pore structure characteristics should be regulated or even customized, which is difficult to
achieve considering the existing processing routes. The regulations could be adapted from
other fields, such as additive manufacturing techniques (3D printing) or novel core-shell
structures. We hope that new advanced processing routes are developed in the future.

(i1) Intrinsic mechanism of the service performance and degradation behaviour of
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lightweight refractories. When compared to conventional dense refractories, further
contributing factors influence the performance of lightweight refractories. Owing to the
influence of porosity, the bonding degree, mechanical behaviour, and degradation mechanism
of two refractories are very different. Further attention should be focused on the service and
degradation behaviour of lightweight refractories. In particular, it is an urgent requirement to
understand the correlations of each influential factors on the performance of lightweight
refractories, which may provide guidelines pertaining to the fabrication of lightweight
aggregates.

(ii1) Integrated design of refractory linings for industrial furnaces. With the application of
lightweight wear lining refractories, the temperature distribution fields of furnace linings
change significantly, and consequently, the requirements for the safety lining and insulation
layer also change. Studies have thus far focused only on the performance of lightweight wear
linings, while the collocation of safety linings and insulation layers has drawn little attention.
More studies should consider the integrated design of refractory linings to exploit the

advantages of lightweight wear linings.
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