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Abstract

Calcium aluminate cement (CAC) contents higher than 3 wt% in refractory castables can have some drawbacks in the various
processing steps (mainly drying) and also in their refractoriness when in contact with SiO,. The use of colloidal silica as an alternative
binder has been studied by many researchers in recent years and recently reports have also explored the use of colloidal alumina for the
same purpose. This article reviews the recent developments in nano-bonded refractory castables focusing on the use of colloidal silica or
alumina. In the first part of the paper, a comparison of different binding systems for refractory castables is shown. The benefits of
replacing CAC or hydratable alumina by colloidal binders are discussed. In the second part, the advantages of colloidal silica/alumina as
a refractory binder are highlighted. Meanwhile, the characterization techniques and functional mechanisms of these binders are
presented in order to understand the behavior of these systems. Finally, in the last section, the challenges for suitable use of colloidal
binders are discussed and the future direction of nano-structured refractory castables is outlined.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Monolithic ceramics have evolved over the years into a
widely used class of refractories that associates performance
and cost-effectiveness [1]. In the monolithic family, refractory
castables comprise a large group of materials whose applica-
tion has grown significantly in the last 30 years. Progressing
from rather simple mixes, today they comprise some very
complex and technical formulations, used in a variety of very
demanding and harsh industrial applications. Nowadays, their
market share has been increasing and, in many instances, has
overcome brick and shaped refractories. Furthermore, for
many applications it is the most appropriate choice due to
better performance and easier installation [2].

Refractory castables can be classified based on different
aspects including CaO content, the binder source, chemical
composition, fluidity, bulk density, etc [3]. Their binding
system plays a relevant role in different processing steps,
including workability, dry-out and service performance.
Therefore, all efforts are conducted to improve the bond-
ing agents [4,5].

Different sorts of binding systems have been developed
throughout the years starting with hydraulic bonding, in
which higher amounts of calcium aluminate cement (CAC)
were used, towards coagulating binders such as colloidal
silica or alumina (Table 1) [4]. Hydraulic bonding via CAC is
the most applied mechanism due to its suitable rheological
properties and green mechanical strength. Detailed informa-
tion about this binder has been described in a recent review
[6]. Nevertheless, there are some drawbacks related to the use
of CAC in systems containing microsilica and/or magnesia,
as the presence of CaO coupled with these other oxides
results in low melting point phase formation at high
temperatures [7,8]. Other important concerns for cement-
based castables arise during the curing and dewatering steps,
which must be carefully conducted in order to reduce the
explosive spalling likelihood [9-12]. In order to minimize
these drawbacks, the properties of the refractory castables
were improved by decreasing the cement content, giving rise
to a shift from regular cement castables towards LCC (low
cement castables), ULCC (ultra low cement castables) and
lately cement-free castables [13—16].

Table 1

Progress in binding system for refractory castables [4].

Binding mode 1920s 1930s 1940s 1950s 1960s  1970s  1980s 1990s 2000s 2010s
Hydraulic Conventional cement bonded castables

(Silicate cement, low purity CA cement)

Chemical

Pure CA cement bonded castables
(CA cement with improved purity)
High purity CA cement bonded castables
(High purity CA cement+uf-Al,O3)
p-Al,O3 bonded castables
Hydratable Al,O3 bonded castables

Phosphate bonded castables

[H3PO4 or Al(H,PO4);+MgO or CA]
Water glass bonded castables
[Na>O nSiO,+ Na,SiF]

Polymerization

Hydraulic+ Coagulating

Coagulating

Carbon bonded
Nano engineered

Sulphate, chloride bonded castables
[Aly(SO4)3+CA, MgCl, or MgSOy]
Polyphosphate bonded castables
[NasP30;¢ or (NaPO3)s+MgO, CaO or CA]
Resin bonded castables
(Phenol resin, Novalac resin+cross linker)
Low cement castables
(CA cement+Clay, CA cement+ uf-SiO,)
Clay bonded castables
(Ca-clay or Na-clay+CA)
Ultralow cement castables
(uf-SiO, +uf-Al,03;+CA )
Cement-free castables (non-cement castables)
(uf-Si0,, uf-Al,O3+electrolyte, uf-SiO,+MgO)
Sol bonded castables
(silica sol, alumina sol+electrolyte)
MgO-C castables
In progress
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Different calcium-free binding systems such as hydratable
alumina (HA), colloidal silica (CS) and colloidal alumina (CA)
have been developed for refractory castables [17-21]. Hydra-
table aluminas (HA) are amorphous mesophase transition
aluminas which are produced by flash calcining gibbsite
[AI(OH);], leading to a high specific surface area transition
phase (p-alumina) [22-24]. When in contact with water, this
alumina source rehydrates forming pseudo-boehmite (a
poorly crystallized boehmite) and bayerite, which provides
a suitable green mechanical strength to the structure [24].
This calcium-free binder is usually combined with microsilica
in refractory castables to induce the mullite formation and
improve the hot mechanical strength [25]. Although HA
overcomes the low-melting point phase generation associated
with microsilica-containing CAC-bonded castables, there are
still some drawbacks attributed to this binder. Comparing to
equivalent CAC formulations, HA-bonded castables demand
longer mixing time and high water contents due to the high
specific surface area of the binder [26,27]. Moreover, after
hardening, HA-containing castables results in a much less
permeable structure when compared to CAC-based ones,
which leads to higher explosive spalling likelihood during the
water dry-out [28,29].

The fast development of nanotechnology in recent years has
suggested that the refractory industry could also benefit from
it [30-32]. For refractory castables, the use of nano-powders
and colloidal suspensions has been of great interest during
recent years, mainly to improve the refractory’s bonding and
densification at lower sintering temperatures [18,19,33-35].
Nano-powders use in refractory castables has been the subject
of various reports in the literature [34-40]. However, the nano-
scaled powder dispersion drawback in the matrix has been a
challenge in terms of using these additives [35,37]. Therefore,
adding nano particles could improve the castable properties, as
long as the nano agglomeration problem is kept under control.
The high price of commercially available nano powder
products can also be another hindrance. Thus, nano-particles
containing aqueous suspensions (colloidal binders) are pre-
ferred to nano-powders [35].

Among colloidal suspensions, silica sol has been of greatest
interest for refractory castable applications [18,41-44]. One of
the reasons for its use is the possibility of mullite formation at

low temperatures for alumina-rich systems. Actually, the
reaction activity of nanometer SiO, in silica sol is extremely
high. Colloidal particles can be absorbed on the surface of
active a-AlL,O3 ones and fill in their packing gaps, which can
reduce the temperature of mullite formation, with suitable
densification at about 1100 °C [43]. Another reason for
applying colloidal silica to refractory castables is related to
its high solid contents, ranging from 15-50 wt% of silica [45].

The fact of increasing the use of colloidal silica as a binder
has initiated a discussion concerning the possibility of adding
colloidal alumina for the same purpose. Despite the colloidal
silica advantages, its addition always implies that SiO, will be
present in the final product, which would inhibit its use in
various steel plant applications [19,45]. This drawback has
been the driving force towards using colloidal alumina [19,46].
At first, the addition of colloidal alumina had been restricted
to contents lower than 1wt% [34,35], most likely due to
processing difficulties such as high water demand and low
flowability and workability. However, trying to overcome
these limitations, recently higher colloidal alumina solid
contents (up to 4 wt%) could be added to the refractory
castable [19]. For lower solid contents in the composition, the
role of colloidal alumina as a binder may be insufficient
whereas if it exceeds 4 wt%, higher water amounts are
required for mixing and the mechanical properties may be
spoiled [46,47].

In addition to colloidal silica and alumina, there is also a
report related to the use of mullite and spinel sols as a bonding
agent in high alumina ULCC castables [48]. These sols with
low solid content (about 5 wt%) in water suspension were
used as an additive for CAC containing castables in order to
evaluate their effect on physical and mechanical properties, as
well as slag corrosion and thermal shock resistance.

Similar to any other bonding agent, colloidal suspensions
have their own advantages and disadvantages. Their consoli-
dation mechanism does not result in hydrated phase genera-
tion (as in CAC or HA ones) and lead to a high permeable
and porous structure. This effect can be technologically useful
as it reduces the overall processing time and the composition
can be safely and quickly dried, reducing the risk of
explosive spalling [18]. The volumetric stability of colloidal
binders at high temperatures is another advantage compared

Table 2
Properties of some available colloidal binders (alumina or silica) in comparison with calcium aluminate cement and hydratable alumina.
Binder type Chemical specification Surface area Aggregate size Surface charge pH range Stabilizer BD
(Wt%) (m?/g) (g/em?)
Colloidal alumina [51] Al,O3: 40 100 80 nm Anionic 6-9 Citric acid 1.5
Colloidal silica [52] Si0,: 40 200 15 nm Anionic 10 Na-stabilized 1.3>
Na,0 < 0.4
Calcium aluminate AlL,O3: > 69 0.4 —45 um: 82 wt% - - - 2.9-3.05
cement [53] Ca0: < 30
Si0, > 0.3 Dsyp=13 um
F6203 <0.3
Hydratable alumina [21] AlL,Os5: 90 270 Dsy=2.5 pm - - - 32
Na,O: 0.5

LOLI: 6.5
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to CAC-based castables. According to the literature [49], CAC
addition results in the formation of calcium dialuminate (CA,)
and calcium hexaluminate (CAg) at temperatures above
1100 °C which in turn leads to a theoretical volumetric change
of +13.6 and +3.01% [49], respectively. This expansion level
can be a problem and must be mastered to avoid any crack
formation in use. Conversely to CAC, colloidal binders show
high volumetric stability after firing due to the lack of CA, or
CAg in their structure. Even though colloidal silica can lead to
mullite formation, which has a similar expansion behavior [50],
the particles’ nano-scaled dimension can lessen the overall
expansion [37]. In addition, the nano-nature of colloidal
binders improves the castable’s sinterability due to their higher
specific surface area. Table 2 shows the properties of two
commercially available colloidal binders (CS and CA) com-
pared with calcium aluminate cement (CAC) and hydratable
alumina (HA).

As mentioned above, replacing CAC or hydratable alumina
by colloidal binders has various advantages. Referring to the
studies carried out in the literature, the next section of the
paper aims to review some of these benefits.

2. Benefits

The current section reviews some advantages and properties
of colloidal binders from mixing through in-service conditions,
whereas any available comparison with hydraulic binders
(CAC and HA) are also considered. As more attention was
drawn towards colloidal silica compared to colloidal alumina,
some parts will only discuss the colloidal silica behavior which
indicates the need for further investigation of the role of
colloidal alumina as a castable binder.

2.1. Mixing behavior

By using a two-step water addition method [54], Ismael
et al. [18] compared the mixing behavior of high alumina
self-flow castables containing CAC, HA (hydratable alu-
mina) or colloidal silica (CS) as a binder. The results
showed lower torque values and shorter mixing times for
colloidal silica (Fig. 1). The higher viscosity of this nano-
scaled binder (about 10 mPa. s) when compared to water

20
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Fig. 1. Mixing behavior for castables containing different hydraulic
binders: (a). dry mixing; (b) castable turning point and (c) addition of
the total water remaining and castable homogenization [18].

keeps the particles apart and makes the mixing process
easier. Additionally, colloidal silica does not result in
chemical reactions during the mixing step such as calcium
aluminate hydrates (for CAC) and alumina gel formation
(for HA), that can change the ionic force and the suspen-
sion’s viscosity.

It is worth pointing out that the total liquid content required
for suitable mixing of colloidal bonded castables is selected by
taking into account the water amount of the colloidal
suspension, as they add some part of it to the castable system.

2.2. The rheological behavior

Badiee and Otroj [55] studied the effect of silica sol
content on the flow behavior of tabular alumina self-flow
castables. The flowability results (Fig. 2) showed that sol
contents within the range of 9-11 volume-to-weight per-
cent (volume of sol added in cubic centimeters to a 100 g
batch) led to self-flow values in the range of 80-110%. The
results of working time for the above-mentioned range of
sol contents are also presented in Fig. 3. With the increase
in the sol content, the working time of castable increases,
which has been attributed to the dispersing effect of nano-
silica sol and the higher water content of the castable
(however, high sol contents had a deteriorating effect on
porosity and mechanical properties as mentioned by the
authors). As the suggested working time for suitable

180
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Fig. 2. Self-flow values of tabular alumina castables containing different
amounts of silica sol as binder [55].
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Fig. 3. The effect of silica sol content on self-flow value of tabular alumina
castables as a function of time [55].



M. Nouri-Khezrabad et al. | Ceramics International 39 (2013) 3479-3497 3483

250

200 4

\ T~ ULCC-FS
E b \ \\
5 \ L LcoFs
8
- e LCC-A
——1 :
1 Css
50
00 10 20 30 40 50 60

Time (min)

Fig. 4. Flow properties of different castable systems moulded with a similar
range of water content (HA: hydratable alumina binder, ULCC-FS and
LCC-FS contains fume silica, LCC-A contains reactive alumina and calcium
aluminate cement; CSS: colloidal silica system) [45].

placement of self-flowing castables is actually between 30
to 100 min, compositions containing at least 10 vol% silica
sol content will present proper working time. Using the
same method (flow table test), Parr and Wohrmeyer [45]
compared the flow value of colloidal silica bonded (CSS)
castables with those of hydraulic bonded compositions,
including hydratable alumina binders (HA) and CAC-
based (LCC and ULCC). According to Fig. 4, the LCC-A
castable (containing reactive alumina) showed the highest
flow decay. Furthermore, the silica fume containing systems
(LCC-FS and ULCC-FS) presented a similar flow profile
over time, but the colloidal silica system (CSS) kept a stable
flow, albeit at a lower value than the other castables. The
reason for the different colloidal silica flow behavior shown
in Fig. 3 and Fig. 4 can be attributed to the distinct
conditions of each piece of research, including differences
in particle packing, water content, amount and size of the
MgO setting agent and so on.

Although the flow table test has been the most frequently
used technique to characterize the rheological behavior of
castables [56], this test cannot bridge the large existing gap
found between advances in castable technology and the
rheological behavior characterization considering that flow
values involve complex measurements of viscosity and yield
stress [57]. Among the different available sorts of rheological
techniques [58], the oscillatory test method was found to be
useful to study the rheological behavior of colloidal suspen-
sions [59,60].

Concentrated colloidal suspensions commonly show vis-
coelastic behavior, which can be characterized by dynamic
rheological measurements (or oscillatory techniques). During
oscillation measurements, a frequency-dependent shear stress
or strain is applied to a suspension and the shear moduli are
obtained.

The complex shear modulus (G*) has a real and an
imaginary component, as given by:

G* = G +iG’ (1)

4000
¢ Citric acid Lol
o FS20
= 3000 P14 ksqo
g X Darvan-7S
E
2 2000
B
o
o
2
s <&
1000 P — 5 a
Ll T s a ° z a a &
o o o
0 1 1 L 1
0 1 2 3 4

Dispersant Content (mg/m?)

Fig. 5. Alumina-silica sol suspension viscosity as a function of dispersant
content [63].

The G’ modulus indicates the fraction of mechanical
work reversibly stored as elastic energy during the test,
whereas G” points out the fraction that is irreversibly lost
as shear heating in the viscous flow. When G” > G’ for all
the frequency spectrum, it implies that the material
behaves predominantly as a viscous fluid, whereas if
G’ > G” the elastic solid behavior prevails [60].

An oscillatory test was used to evaluate the rheology and
setting behavior in both CAC [61] and colloidal bonded
castables [62,63]. Anjos et al. [63] studied the viscosity and
viscoelastic behavior of alumina-silica sol suspension
systems containing various dispersants (citric acid, polieti-
lenglicol FS10, policarboxilate FS20 and sodium polime-
tacrilate Darvan 7-S). Reduction in the suspension
viscosity was observed for all tested dispersants (Fig. 5).
Performing the oscillatory test with the optimized amounts
of the above-mentioned dispersants showed that FSI10,
which is a poliethileneglicol-based polymer, reduced the
initial values of G’ and G”, which were constant during the
testing time (Fig. 6). This effect can favor the moulding
step of the castable, as it affects the material’s workability.

Other reports suggest that gel-bonded castable composi-
tions containing silica sol does not need dispersing addi-
tives [1,42]. According to Zhu et al. [64], around pH 10,
colloidal silica can work as a dispersant for alumina
particles via electrostatic repulsion, giving rise to a New-
tonian behavior for the suspension (Fig. 7). This kind of
dispersion is ruled by electrostatic repulsion and steric
interaction resulting from the absorption of colloidal
particles with a negative charge on the surface of large
alumina particles.

While studying the bonding effect of colloidal alumina
on alumina-based castables, Braulio and co-workers [19]
reported that no dispersant addition is required for
colloidal alumina. Adding 0.2 and 0.4 wt% of an electros-
teric additive resulted in free-flow value of 30% whereas in
compositions containing no additive, this value was found
to be 60%. This result was attributed to the fact that
colloidal alumina suspension already contains its own
stabilizer.
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Fig. 6. Storage (G’) and loss (G”) moduli as a function of time for alumina—
silica sol suspensions with different dispersant additives at 25 °C [63].

16

—0— Alumina dispersed in deionized water

12 4

—4—— Alumina dispersed in 5 wt% silica sol

Viscosity (Pa.s)
@
'l

ES
1

L ol T hd T L] T
0 50 100 150 200 250
Shear rate (s)

Fig. 7. Viscosity vs shear rate for 60 wt% alumina slurries in deionized
water and in 5 wt% silica sol close to pH=10 [64].

2.3. Setting mechanism

The main role of colloidal binders in refractory castables
is related to the setting process, therefore its mechanism
needs to be understood. These aqueous suspensions of
nano-particles do not result in hydrated phases during this
step. When combined with other refractory particles, the
colloidal ones are linked together in branched chains, in a
process known as gelation. The different setting mechanisms
for colloidal silica/alumina are discussed as follows.

2.3.1. Colloidal silica
Undoubtedly, the best summary of the colloidal silica
chemistry is provided by Iler [65]. According to this author,

a b

® @ @
8y @ P H,0
4

/. _OHOH' s - ‘

(1

Fig. 8. Colloidal silica gelling mechanism [18].

the internal structure of silica sol particles is formed by
siloxane network (—Si—-O-Si—) whereas the surface layer is
covered by many silanol groups (-SIOH) and hydroxyl
groups (—OH). Colloidal silica particles can be linked
together using different setting mechanisms, such as gelling
and coagulation, providing initial strength when applied to
ceramic systems. As shown in Fig. 8§, the gelling process takes
place when siloxane groups are formed at the interface of
nanometric particles at the expense of silanol groups through
the following reaction

~SioH + HOSi- —-SiOSi-—+ H,0 )

Regarding the coagulation, an additive bridges the
particles causing close-packing clumps. Both setting
mechanisms are influenced by the pH change, particle size
and concentration of silica, the presence of electrolytes and
organic liquids and the temperature [65]. Colloidal silica
suspensions are commonly stabilized via electrostatic
repulsion achieved by controlling the pH. Therefore, the
setting process must start with the destabilization of the
suspension, which allows the particles’ contact. This can
occur in different ways including pH change, adding
setting agents, water drying of the suspension and freezing
the sol [65,66].

Fig. 9 shows the effect of pH on the gel time of a
colloidal silica sol. The point of zero charge for silica is
about pH 2, which means silica surface has a negative
charge above this value. At the beginning of the gelation
process, the surfaces of particles must collide with each
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Fig. 9. Effect of pH on the gel time of a colloidal silica-water system [65].

other so that siloxane bonds can form. The reaction which
produces siloxane bond formation is catalyzed by hydroxyl
ions and, therefore, the reaction rate speeds up between
pH 3 and 5 as the hydroxyl ion concentration increases.
Above approximately pH 6, the concentration of hydroxyl
groups is no longer the limiting factor and the charge on
the particles begins to have an effect. At these pH levels,
silica particles are highly negatively charged and effective
collisions between particles become less frequent as a result
of mutual repulsion between electric double layers. Gel
time at pH 8-10 is very long and commercial sols stabilized
at these pH levels can be indefinitely stable [65-67]. As a
result, changing pH of the suspension in the pH range of
3-5 will induce the aggregation of silica sol.

Above pH 3.5, where commercial silica sols starts bearing
a negative charge, the addition of salts, oxides or water-
miscible organic liquids reduces the overall net repulsion
effect and both coagulation and gelling are greatly acceler-
ated. Two mechanisms of aggregation are generally consid-
ered: particle-to-particle attraction by van der Waals forces
and particle-to-particle bridging by the flocculating or coa-
gulating agent. Bridging usually occurs because the agent is
cationic and thus attracted to the negatively charged silica
surface. Nevertheless, the mechanism by which silica particles
are held together depends on the type of the setting agent
[65]. In colloidal silica bonded castables, sintered MgO has
been the most frequently used additive as a setting agent
[18,23,41,42,55,62,63]. MgO favors anionic reaction by the
formation of Mg(OH), and withdrawal of hydrogen ions
from Si-OH groups, which, as a result, provides a higher
siloxane bond formation, increasing the colloidal silica
gelation rate (Fig. 10) [62].

The effect of MgO on the silica sol setting is so fast that
preparing a homogenous suspension in high-MgO
castables containing silica sol is difficult [62,68]. During
mixing, silica particles are immediately gelled around the
magnesia ones forming an impermeable external layer
which hinders the powder dispersion [62]. Nevertheless,
Hamedani et al. [68] attained a suitable rheological condi-
tion by adding extra water to the magnesia castable mix,

@ silicon H Hydrogen

O Oxygen

Fig. 10. Schematic representation of colloidal silica consolidation through
gelling mechanism: (a) colloidal silica particle surface, (b) MgO addition, (c)
siloxane bonds formation and (d) siloxane bonding (—Si-O-Si-) [62].

but this approach may not be appropriate as it affects
other castables properties such as mechanical strength and
porosity.

Besides MgO, Anjos et al. [62] tested some other setting
agents in alumina and microsilica silica sol containing
systems. The tested compounds were oxides (MgO and
CaO), hydroxides (Mg(OH), and Ca(OH),) and salts
(MgCl,, MgSQ,, CaCl, and CaSOy). Oscillatory tests were
used to evaluate the systems. Among the selected additives,
MgO was the most suitable. MgO addition in the range of
0.3-0.6 wt% and curing temperatures of 25 °C were the
suggested parameters for high-alumina and microsilica-
containing systems. However, all other setting agents also
sped up the colloidal silica consolidation except CaSO, in
the alumina—colloidal silica system (Fig. 11). The tested
oxides favor the colloidal silica consolidation through the
gelling mechanism due to their basicity and insolubility.
CaO is a stronger basic oxide when compared to MgO, but
the latter one is less soluble in water, which explains its
greater efficiency to induce gelling. Soluble compounds,
such as salts, when added to the suspension release ions
that could act as coagulating agents, as schematically
shown in Fig. 12. The higher the salt solubility, the higher
the cation release is and its efficiency as a coagulating
agent. Calcium sulfate presented a small effect on the
increase in the coagulation rate, most likely because it is
almost insoluble in water.

For the tested hydroxides, the OH ™ released in the medium
catalyzes the formation of siloxane bonds, accelerating the
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Fig. 11. Storage (G’) and loss (G”) moduli as a function of time for
alumina—colloidal silica suspensions with different inorganic compounds
as setting agent at 25 °C [62].

gelling. Ca(OH), resulted in a higher gelling rate as its basicity
is greater than the Mg(OH), one [62].

The literature also reports on the use of CAC as the
setting agent of colloidal binders [42,69-71]. When CAC is
mixed with colloidal silica, the Ca®>™ and AI** ions, which
are released due to the cement dissolution, give rise to the
reduction in the overall net repulsion effect (same as Mg>*
mechanism in Fig. 10) and so the gelling rate is accelerated.
Therefore, the workability can be affected by the amount
of added CAC [72].

Although polymeric agents can be used as a flocculating
agent of colloidal binders [65], there is no report in the
literature for application of these agents in colloidal-
bonded refractory castables. Nevertheless, cationic poly-
mers are used for the flocculation of commercial silica sol
particles because of the highly negative charge of silica
surface [65]. For example, cationic starch has been applied
as the setting agent of silica sol to produce an alumino-
silicate fibre based product [73].

Colloidal particles of opposite charges can be used as
linking agents. Therefore, colloidal alumina particles with
a positive charge can flocculate silica sol particles [65,74].
The literature also reports on the use of phosphates as the
setting agent of colloidal silica bonded refractories [1,75].

It is possible to induce gelling by drying the suspension
without the assistance of special agents. During water
evaporation, the suspension concentration increases, for-
cing particles to approach each other (Fig. 13) [65]. The
stages by which sol is converted to dried gel are: (a)

I. Silicon (O Oxygen H Hydrogen

Fig. 12. Schematic representation of colloidal silica consolidation
through the coagulating mechanism: (a) colloidal silica particle and
magnesium soluble salt addition, (b) reaction between the cation and
silica surface and (c) Mg®*" acting as a bridge by reacting with two
particles [62].
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Fig. 13. gelling process by drying, W: water surface, S: solid substrate [65].

solidification of sol to a three-dimensional gel network of
branched chains of silica particles in which the liquid is
retained by capillary forces; (b) strengthening of particle—
particle bonds at their points of contact by particle
coalescence; (c) shrinkage of the three-dimensional silica
network as water evaporates; (d) development of stresses in
the silica network as three-dimensional shrinkage progresses;
and (e) fracture of the dried silica gel into fragments. As
shown in Fig. 13, the shrinkage of silica gel is easily observed
when a thin layer of sol is dried on a smooth surface. At a
certain stage, a clear, coherent gel film is formed, and as the
drying step progresses, this film shrinks leading to crack
formation in the drying direction, resulting in a fragile,
fibrous or hairlike residue of silica gel [65].
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Fig. 14. A schematic view of freeze-gelation process of alumina ceramics
by silica sol [76].

Sol freezing is another method which leads to gelation.
This is simply because the particles become concentrated
between growing ice crystals until they are squeezed
together leading to interparticle bonding [65]. Fig. 14
shows a schematic view of an alumina-water—silica sol
system before and after freezing [76]. By using colloidal
silica, this phenomenon has evolved to a new forming
method in ceramic industry called “Freeze gelation pro-
cess” [76-80]. Although several applications such as
refractory lining of gas turbine chamber have benefited
through this process [81,82], there is no published work in
the literature about the potential application of the method
in other areas of the refractory industry.

2.3.2. Colloidal alumina

Unlike colloidal silica, there is not a comprehensive
source of information about colloidal alumina and its
behavior. In addition, most of the published work is
related to alumina suspensions with submicron sizes but
not nano-scaled ones. This aspect indicates that the
available results cannot be reliably generalized for the
nano scale.

The surface charge of colloidal alumina particles
depends on the pH, solid loading and the electrolyte
source used for stabilizing the suspension [83,84]. For
plain alumina suspensions, as the concentration of alumina
in the slurry increases, a change in the surface charge sign
from positive to negative occurs. With a further increase in
slurry density, the magnitude of total negative charge also
increases [83,84]. Considering the available data, the
setting mechanisms of colloidal alumina binders are dis-
cussed as follows.

Fig. 15(a) [85] shows the stability limits at 24 °C for a
plain alumina suspension with an average particle size
diameter of 0.5 pum. The suspension is stable at low pH and
low ionic strengths. The arrows in Fig. 15 indicate the
possible reaction paths that might be used in order to
modify a low viscous suspension from the stable state to
the coagulated one. By increasing the pH in the defflocu-
lated free system (Fig. 15a), the suspension coagulates at
pH 7, whereas increasing the ionic strength at a constant
pH=4 also leads to the same effect.

Another aspect is shown in Fig. 15b in which a surfactant,
e.g., citric acid, has been added to the suspension. Citric acid
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Fig. 15. Stability limits for an aqueous alumina suspension (a) without a
specific adsorbing deflocculant and (b) with 0.35 wt% citric acid as
deflocculant. The arrows indicate the two strategies to destabilize the
suspensions by either changing the pH or the ionic strength of the
suspension [85].

shifts the isoelectric point (IEP) of alumina from pH 9 to pH
3.5. The suspension is now stable at high pH and low ionic
strengths. Therefore, it might now be destabilized by either
shifting the pH from the alkaline to the acidic pH range or by
increasing the ionic strength, e.g., at pH 9. This is the
dominant situation for most of the commercial colloidal
aluminas available on the market (Table 2). Therefore,
destabilization of an electrostatically stabilized colloidal
alumina suspension may be attained by one of the following
mechanisms:

1. Changing the pH (ApH mechanism): the suspension is
initially dispersed at a pH value where the particles have
a high surface charge and then coagulated through a pH
shift toward the system’s isoelectric point;

2. Changing the ionic strength (Al mechanism), which
involves an increase in the liquid’s ionic strength at a
fixed pH value far from the isoelectric point, leading to
the coagulation of the suspension because of the
compression of the particle’s electric double layer.

The internal reactions that result in an in situ pH shift or
ionic strength increase can either be autocatalyzed or
catalyzed by specific enzymes [85]. By using the above-
mentioned mechanisms, Studart et al. [86], studied the
in situ coagulation of high-alumina zero-cement self flow
castables. The authors used an autocatalytic hydrolysis of
gluconic acid lactone (GAL) in water to result in a pH shift
in castables. Moreover, gradual dissolution of hydroxya-
luminum diacetate (HADA) particles in water was used to
induce coagulation through a combined mechanism of pH
shift and ionic strength increase. On the other hand, urea
was combined with a natural source of the enzyme urease
(Jack bean — JB — powder) to accomplish coagulation by
an increase in the liquid’s ionic strength. The results
showed that the internal reactions involving pH shift cause
an abrupt decay in the fluidity of castables, and is
inappropriate for the development of initially self-flow
compositions (Fig. 16). On the other hand, compositions
containing urea and JB powder were effectively coagulated
by the Al mechanism and exhibited initial free-flow values
higher than those obtained with cement-containing castables
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Fig. 16. Effect of hydroxyaluminum diacetate (HADA) particles on (a)
pH and (b) free-flow values of alumina castables (15.9 vol% water ) as a
function of time. The lower chart also shows free-flow decay obtained for
ultralow cement (ULC) reference composition (1 wt% of CAC) [86].

(Fig. 17). Eq. (3) highlights how the enzyme-catalyzed
hydrolysis of urea in water is carried out:

urease

NH,CONH + 2H,0— 2NH;" +CO3~ 3)

This reaction causes a significant increase in the solu-
tion’s ionic strength, mainly due to the release of ammonia
ions leading to compression of double layer and hence
coagulation.

The positive effect of urea on coagulation of colloidal
alumina has also been confirmed by other reports [85,87-89].
Balzer and co-workers [88] used urea and observed a rapid
coagulation in ApH and a slow coagulation in Al based
samples of alumina suspensions. This result is in tune with
the above-mentioned flow results of Studart and colleagues
[86] for castables. Balzer et al. [88] also reported that A7
samples are followed by particle rearrangement (aging) which
should lead to denser-packed regions in the network,
increasing the overall strength. Tsai and Hseih [89] studied
the gelation of colloidal suspensions prepared from vy-
alumina fume powder by using several gelling agents includ-
ing urea (Table 3). The results showed that urea and
formamide were quick to cause gelation and easy to burn-off.
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Fig. 17. Free-flow values as function of time of alumina castables
(15.2 vol% liquid) coagulated with 2 wt% urea and different contents of
Jack bean powder. The free-flow results obtained for ultralow-cement
(ULCQ) reference composition (1 wt% of CAC) [86] are also presented.

Table 3

Gelation time and burn-off temperatures of various gelation agents
(2.5 wt%) used in colloidal alumina suspension prepared from y-alumina
fume powder [89].

Gelation agent Gelation Burn-off
time (h) temperature

(O

Urea 4.8 300

Formamide 2.7 400

Ammonium carbamate 3.8 350

Biuret 9.1 450

Glycinamide hydrochloride 5.4 550

Sulfamide 5.7 > 800

2.4. The drying and thermogravimetrical behavior

The setting process of hydraulic binders (cement and
hydratable alumina) yields hydrated phases leading to
particular processing requirements during the castable’s
drying stage, due to the water release at temperatures in
the range of 110-650 °C [10,11,28]. Colloidal silica and
colloidal alumina do not generate hydrated phases and
provides a faster and safer water drying-out step due to the
formation of a high permeable and porous structure
[18,19,45]. This effect is so remarkable that according to
Gordeeva and co-authors [90], high temperature heat
treatment of silica sol binding castables can be performed
without preliminary drying at 100 °C.

Braulio et al. [46] compared the thermogravimetrical
behavior of hydraulic bonded (CAC or HA) high alumina
self-flow castables with the colloidal ones (Fig. 18). After
1 day of curing at 50 °C and 1 day of drying at 110 °C,
the test was performed up to 800 °C under a heating rate
of 20 °C/min, aiming to evaluate the spalling likelihood
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by measuring the mass loss during drying (W) and the
drying rate (dW/dt). According to Fig. 18a, colloidal silica
(CS) or colloidal alumina (CA) result in the lowest weight
loss. In addition, the derivative of the weight loss curves
(Fig. 18b) highlights that the amount of phase decomposition
is lower than the ones observed for cement or hydratable
alumina-bonded compositions. Therefore, colloidal alumina
and colloidal silica would lead to safer and faster drying,
reducing the lining installation or maintenance time.
Magliano et al. [91] reported that silica sols with average
particle sizes lower than 14 nm are not suitable for isolated
use in nano-bonded refractory castables due to the nega-
tive effects associated with their high reactivity. The
smaller particle size and higher solid content of this sol
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Fig. 18. (a) Weight loss and (b) drying rate (20 °C/min up to 800 °C) of
castables containing 4 wt% of calcium aluminate cement (CAC), hydra-
table alumina (HA), colloidal silica (CS) or colloidal alumina (CA). All
castables were previously dried at 110 °C for 24 h [46].
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induces drying shrinkage and results in internal stresses
that can lead to crack formation.

2.5. Permeability

Permeability is one of the most important properties to
forecast the drying behavior and chemical attack of
refractory castables [92,93]. Permeability of refractory
ceramics is usually expressed by constants derived from
two main models: Darcy’s law and Forchheimer’s equation
(Table 4) [94]. The basic difference between these models is
based on the fluid pressure dependence with its velocity.
Darcy’s law, which was formulated based on experiments
conducted at low velocities, considers only the viscous
effects on the fluid pressure drop and results in a linear
fitting between the pressure gradient and the fluid velocity
through the porous medium. Forchheimer’s equation, on
the other hand, considers that the pressure gradient shows
a parabolic trend with the fluid velocity due to the inertia
and turbulence effects. Although Darcy’s law has appeared
to be widely applied in the literature because of its
simplicity [94,95], Forchheimer’s equation has yielded
more-realistic and more-reliable permeability constants,
as discussed by Innocentini et al. [94-96].

Forchheimer’s equation for compressible fluids has been
successfully used to evaluate the permeability of nano-
bonded refractory castables [18,23]. The Darcyan (k;) and
non-Darcyan (k;) permeability constants were attained by
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Fig. 19. Permeability measurements (k,) as a function of time for

different binders of hydratable alumina binder (HA), calcium aluminate
cement (CAC) and colloidal silica (CS), cured at 50 °C [18].

Ej)lr)rllininly used equations for permeability evaluation of refractory ceramics [94].
Model Equation”
For incompressible fluids For compressible fluids
Darcy (Pi=P,/L) = (u/k1) v, (P}—P2/2PL) = (u/ky)vy
Forchheimer (Pi—Po/L) = (u/k1)vs+ (p/k2)v2 (P?—P2/2PL) = (u/ki)vs+ (p/k2)v2

*Where P; is the fluid pressure at the sample entrance (Pa); P, the fluid pressure at the sample exit (Pa); v, the fluid velocity,
given by the volumetric flow rate (Q) divided by the specimen cross-sectional area (A), orthogonal to the fluid flow (m/s); L
the sample thickness (m); u the viscosity of the fluid (Pas); p the density of the fluid (kg/m®); k; the Darcian or viscous
permeability constant (m?); k» the non-Darcian or inertial permeability constant (m); and P the fluid pressure at which vy,
and p are measured or calculated (usually P; or P,) (Pa).
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a polynomial fitting between the airflow and air pressure
values using Forchheimer’s equation.

Fig. 19 compares the permeability of different binding
systems of CAC based, hydratable alumina binder (HA)
and colloidal silica (CS) [18]. Results attained by Parr and
Wohrmeyer [45] are in tune with those shown in Fig. 19,
indicating higher permeability levels for CS and thus an
easier way for water release. Additionally, these authors
[45] stated that even after polypropylene fiber addition
to LCC and ULCC based castables, their permeability
level is still lower than that of colloidal silica bonded ones.

2.6. Mechanical properties

2.6.1. Cold mechanical properties

Oscillatory tests can define when the gelling starts, but
are not always suitable to evaluate the time required for
demolding and the mechanical strength during curing
[60,63]. Anjos et al. [63] developed the normal force test
technique to analyze the demolding time of colloidal-
bonded refractory castables. The test comprises the mea-
surement of the normal force (Fn) generated in a sample as
a response to an uniaxial elastic deformation. The mea-
surement expresses the difficulty that a blade-shaped
sensor faces to penetrate the sample’s surface at a rate of
I mm/s for 20 s. Fig. 20 shows the normal force test results
for alumina-silica sol suspensions containing different
MgO contents as a setting agent. The suspension with
0.6 wt% of MgO was the only one that reached a constant
normal force rate after approximately 35 min, which can
be associated with the demoulding time.

According to the literature [18,45], the green mechanical
strength of colloidal silica bonded castables is very low
compared to the hydraulic bonded ones. Nevertheless, as
presented by Braulio et al. [46] (Fig. 21), colloidal alumina
containing castables can develop similar mechanical strength
to calcium aluminate cement and higher than hydratable
alumina after curing at 50 °C (Fig. 21). Fig. 21 also shows
that colloidal alumina performs better compared to the
colloidal silica one. As the hydraulic binders (CAC or HA)
result in stable hydrates after drying at 110 °C, their mechan-
ical strength levels are higher than those attained for colloidal
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Fig. 20. Normal force rate as a function of time for alumina-silica sol
suspensions with different MgO contents at 25 °C [63].

2.0
8.0 B s0°c O 110°C
7.0
6.0
5.0
4.0
3.0
2.0
1.04

0.0+ T T

CAC HA cs CA

Splitting Tensile Strength (MPa)

Fig. 21. Splitting tensile strength after curing at 50 °C and drying at
110 °C for castables containing 4 wt% of usual refractory binders
(calcium aluminate cement — CAC — or hydratable alumina — HA) or
4 wt% of solids of colloidal silica (CS) or alumina (CA) [46].
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Fig. 22. Splitting tensile strength as a function of the firing temperature,
for calcium aluminate cement (CAC) or hydratable alumina (HA)-bonded
castables compared to colloidal binder-containing compositions (CS:
colloidal silica; CA: colloidal alumina) [46].

alumina or silica samples. However, this behavior changes by
increasing the firing temperature up to 1000 °C, leading to
higher mechanical strength for colloidal binder containing
castables, whereas for CAC and HA ones, a decrease can be
detected (Fig. 22) [46]. The decomposition of cement and
hydratable alumina hydrates results in a mechanical strength
decay at firing temperatures ranging from 600 to 1000 °C
[45,97], whereas for the colloidal binder containing castables
the mechanical strength level is kept or even increased as a
consequence of the higher sinterability. Fig. 22 attests this
behavior by comparing the mechanical strength of calcium
aluminate cement (CAC), hydratable alumina (HA), colloidal
silica (CS) and colloidal alumina (CA) as a function of the
firing temperature [46]. The higher strength of colloidal silica
at 1000 °C could be a consequence of the earlier mullite
formation. For colloidal alumina, the mechanical strength
attained after firing at 800 °C is similar to the CAC one,
pointing out that this nano-scaled suspension can be an
alternative for the cement when applied to aluminum or
petrochemical industries [46].

2.6.2. Thermomechanical properties
As highlighted by various authors [17-20,33,41-45,55],
adding colloidal silica can induce the formation of the
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Fig. 23. Eroded volume and hot modulus of rupture of castables
containing 4 wt% of calcium aluminate cement (CAC), hydratable
alumina (HA), colloidal silica (CS) or colloidal alumina (CA), previously
fired at 800 °C [46].

in situ mullite phase at high temperatures and hence improves
the high temperature properties of the refractory castable.
Fig. 23 compares the erosion resistance and hot modulus of
rupture (HMOR) at 800 °C for castables containing hydraulic
binders and those with colloidal binders [46]. The results
indicate that calcium aluminate cement and colloidal alumina
present quite a similar behavior, however better than the
hydratable alumina one. Colloidal silica showed the best
results in both tests (lowest eroded volume and highest
HMOR).

The sample profiles after the erosion evaluation are
shown in Fig. 24, pointing out the lower wear resistance
for the hydratable alumina-bonded castable. This behavior
might be a consequence of the weak link between the
castable matrix and aggregate [46].

Braulio et al. [98] recently produced a nano-engineered
refractory castable by using colloidal binders (CB: colloidal
alumina or silica) and a boron-based sintering additive (SA)
that could meet the requirements of wide temperature range
applications from 800 to 1400 °C. Fig. 25 compares the
HMOR behavior of this castable (Colloidal binder + sintering
additive: CB+SA) with the sintering additive-free (CB)
and also CAC-based castables (CAC and CAC+SA). For
the cement-containing castable with no additive (CAC),
low mechanical strength values were observed at lower
temperatures (8001000 °C), which is the region where the
hydrates have already been decomposed and the sintering is
limited for such compositions. By adding the sintering additive
to the cement-containing castables (CAC+ SA), the densifica-
tion was anticipated, as at 800 °C it showed a remarkable
HMOR value. Nevertheless, when increasing the testing
temperatures, a steep decrease in the hot mechanical strength
took place, as a consequence of liquid formation for the
cement-bonded compositions. Meanwhile, the colloidal
binder-based castables showed a distinct behavior. For the
additive-free sample (CB), an increase in the hot modulus of
rupture was observed up to 1000 °C, but followed by a
decrease up to 1400 °C. On the other hand, by adding both
the colloidal binder and the sintering additive (CB+SA), the
hot modulus of rupture values were always kept considerably

high, regardless of the testing temperature. This statement was
based on the assumption that HMOR values above 10 MPa at
1400 °C are considered suitable for refractory castables. The
authors also pointed out that the key issue to attain full
temperature range (800-1400 °C) high performance is to
master the addition of both colloidal binder and sintering
additive, as the composition containing only colloidal binder is
not enough to provide a constant level of mechanical strength
at high-temperature ranges.

The above-mentioned nano-bonded castable was used in
practice for low temperature applications of 800-1250 °C
in a petrochemical FCC unit and in an alumina calciner.
The results (Fig. 26) showed about 5-6 fold improvement
in thermomechanical and erosion resistance compared to
the CAC based reference castables (Ref composition),
which were already being used in these plants.

2.7. Hot elastic modulus

The measurement of hot elastic modulus has been a
suitable way to follow in situ the chemical and micro-
structural evolutions of castables during thermal treatment
[99,100]. By using the bar resonance method (ASTM
C1198 standard), Braulio et al. [98] evaluated the effect
of a sintering additive on the formation of transient or
permanent liquid and the castable densification during
CAC or colloidal bonded castables heating-up step. Fig. 27
[98], shows the in situ elastic modulus evaluation up to
1000 °C and also during cooling. For the cement-bonded
compositions (Fig. 27(a)), the elastic modulus values after
drying at 110 °C are high, but due to cement-hydrate
decomposition, a drop is noticed up to temperatures
slightly lower than 400 °C. For the sintering additive-free
castable (CAC), the elastic modulus did not increase at
higher temperatures, indicating that no densification
occurred. Conversely, when adding the sintering additive
(CAC+SA), the elastic modulus increased in the tempera-
ture range of 600 to 900 °C, pointing out some liquid phase
formation and densification of the sample. Nevertheless,
above 900 °C, the elastic modulus decreased, highlighting
that the formed liquid started to affect the hot properties.

For the colloidal bonded castables, (Fig. 27b), the initial
elastic modulus values were lower than for the cement-
bonded compositions followed by a slight drop in the elastic
modulus close to 300 °C due to the AI(OH); decomposition.
By adding the sintering additive (CB+SA), an outstanding
increase in the elastic modulus was attained at temperatures
above 700 °C. The authors pointed out two advantages of
colloidal binders-containing castables when compared to the
cement-bonded ones: (i) no drop in the elastic modulus took
place up to 1000 °C, indicating a liquid generation that sped
up the castable densification without deteriorating its hot
property, and (ii) the final elastic modulus value (close to
170 GPa, which is usual for technical ceramics, but not for
typical refractory castables) was higher than for the CAC-
based composition (~ 140 GPa).
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Fig. 24. Erosion sample profiles for castables containing 4 wt% of calcium aluminate.cement (CAC), hydratable alumina (HA), colloidal silica (CS)

or colloidal alumina (CA), previously fired at 800 °C [46].

Nonetheless, this high elastic modulus level concerned
the authors regarding to the castable’s thermal shock
behavior, as strong materials, in general, result in cata-
strophic failures owing to their ability to store elastic
energy. Therefore, the elastic modulus was measured as a
function of thermal shock cycles (up to 6 cycles with
AT=800 °C for samples fired at 800 °C and AT=1000 °C
for samples fired at 1250 °C). As Fig. 28 shows, almost no
decrease in the elastic modulus as a function of cycles was
detected, pointing out a high thermal shock resistance. On
the other hand, reference castables presented low elastic
modulus values and their percentual elastic modulus loss
after six cycles was much higher than the one attained for
the nano-engineered composition (40 and 43% for FCC
and calciner references, respectively vs only 8-9% for the
nano-engineered castable).

Based on the above-mentioned results (Figs. 26-28),
Braulio and co-workers [98] concluded that a transient
liquid has been formed in the castables containing colloidal
binder and sintering additive, leading to fast densification
by which a multi-applicable full temperature range refrac-
tory castable was attained.

- CAC <+CAC+SA -+ CB -~CB+SA

Hot modulus of rupture (MPa)

800 1000 1200 1400
Temperature (°C)

Fig. 25. Hot modulus of rupture (testing temperatures of 8§00, 1000,1250
and 1400 °C) for the cement-bonded castables (CAC with or without
Sintering Additive(SA)), and for colloidal-bonded compositions CB with
or without SA [98].

2.8. Sinterability

As mentioned before, nano-scaled particles provide high
reactivity for the castable system due to their high specific
surface area. As a novel alternative to induce sintering
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Fig. 26. Hot modulus of rupture and eroded volume for samples fired at
800 or 1250 °C, CB+SA stands for the designed nano-engineered
refractory castable containing colloidal binder and sintering additive,
Ref -FCC is the vibratable castable petrochemical reference and
Ref -Calciner is the gunning refractory calciner reference [98].
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Fig. 27. In situ elastic modulus evaluation up to 1000 °C (heating and
cooling cycles): (a) for CAC-containing compositions, with or without
sintering additive (SA) and (b) for colloidal bonded castables, with or
without sintering additive (SA). For the castables containing sintering
additive a second heating cycle (2nd cycle) was also conducted [98].

at lower temperatures, colloidal binders with high solid
concentrations present a certain potential to lower the
self agglomeration problems commonly detected in nano
powders [35,37].

Braulio et al. [101] studied the effect of alumina particle
size on the expansion behavior of low-cement alumina—
magnesia castables (Fig. 29). The in situ formation of
spinel (MgAl,O,) in these castables results in volume expan-
sion that requires a microstructural control [102,103]. Adding
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Fig. 28. Elastic modulus measurement as a function of thermal shock
cycles (AT=800 orl1000 °C). CB+SA stands for the designed nano-
engineered refractory castable containing colloidal binder and sintering
additive, Ref -FCC is the vibratable castable petrochemical reference and
Ref -Calciner is the gunning refractory calciner reference [98].
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Fig. 29. Expansion behaviour of alumina-magnesia castables containing
different fine reactive aluminas. Reference castable with reactive alumina
CL370 (REF) and others containing mixtures of CL370 with either nano
alumina powder (NAP) or hydratable alumina (HA) or colloidal alumina
(CA). All castables contain 1 wt% of microsilica and 6 wt% of calcium
aluminate cement [101].

alumina powders with very high surface areas (nano alumina
powder—NAP, hydratable alumina—HA and colloidal
alumina—CA) resulted in lower overall linear expansion levels
when compared to the reference containing a bimodal micro-
nized reactive alumina (REF). Among all castables, the one
containing colloidal alumina presented the lowest expansion
and the highest delay on the starting expansion temperature
due to its higher sintering effectiveness. Meanwhile, the
composition containing nano alumina powder did not behave
as expected due to the nano particles’ agglomeration. This is
an example that the benefits of adding nano powders would
only be feasible if suitable dispersion can be attained.

In other related work, Braulio et al. [104] evaluated the
effect of colloidal alumina solid content (CA40, CA50 and
CA60 in which the numbers indicate the solid content of
each suspension: 40, 50 and 60 wt% of solids, respectively)
on the overall expansion level of alumina—magnesia low
cement castables. Fig. 30 shows the attained results for
three different colloidal alumina suspensions and thus
distinct nanoscaled particle contents (the CA solid
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Fig. 30. Linear expansion of alumina-magnesia low cement castables
containing different colloidal alumina sources [104].
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Fig. 31. Pore diameter distribution of the alumina—spinel castable con-
taining CAC, colloidal Alumina (CA) or hydratable alumina (HA) [105].

contents were calculated by considering a constant water
amount of 4.1 wt% totally provided from colloidal alu-
mina, leading to solid amounts of 2.7 wt% for CA40,
4.1 wt% for CAS50, and 6.1 wt% for CA60). The increase
in the colloidal alumina solid content resulted in the
reduction of the overall linear expansion from CA40 to
CAS50. Nevertheless, a further increase (CA60) did not lead
to lower expansion, indicating a limited sintering effect of
colloidal alumina suspensions. The authors also pointed
out that 3wt% of colloidal alumina is the optimum
content to provide a suitable spinel expansion accommo-
dation without any drawbacks. Higher amounts would
lead to additional problems related to high water con-
sumption, higher costs and lower flowability, as it reacts
with magnesia.

Sako and co-workers [105] found that the higher sinter-
ability of colloidal alumina bonded alumina—spinel
castables improves their slag corrosion resistance com-
pared to CAC or HA bonded ones. As the corrosion
mechanism was similar for the three compositions, the
differences observed in their corrosion resistance were
attributed to the refractory contact to the liquid. The
colloidal alumina presence resulted in more densified
structure, due to its higher specific surface area and
sinterability. Furthermore, by measuring the castable’s

pore size (Fig. 31) it was shown that colloidal alumina
containing castables present higher amount of smaller
pores compared to CAC or HA ones. Therefore, the better
performance of the colloidal-alumina bonded-castable was
associated with the lower physical infiltration degree due to
a denser structure and higher amount of small pores.
Therefore, the chemical interaction between the molten
slag and the refractory was restricted to the interface
regions, decreasing the corrosion wearing rate.

3. Final remarks and challenges for the future

Despite all the advantages of adding colloidal binders
solutions to refractory castables (including faster drying,
higher sinterability, volumetric stability, lack of agglom-
eration, good mechanical strength at intermediate tem-
peratures, better thermomechanical properties at high
temperatures, etc.), there are still some drawbacks which
hinder the potential applications of these binders.
Although various gelling agents can be used, the available
setting times are still long and the as-cast green mechanical
strength levels are lower than those attained for CAC-
based castables. Special attention has to be drawn to
colloidal alumina due to the lack of information when
compared to colloidal silica. Therefore, some possible
suggestions for future research can be outlined in three
main areas as follows:

— Colloidal silica:

i. An important challenge for silica sol-bonded
castables will be finding new gelling agents which
could improve the setting time and green strength
without spoiling the drying speed. Based on this
review, one may conclude that low hydration
resistant compounds (e.g., MgO and CaO) can
induce the setting through gelation mechanism.
Therefore, compounds having low hydration resis-
tance (such as doloma, aluminum carbide, different
kinds of cements, etc) can be evaluated as gelling
agents. Cationic polymers must also be tested,
although the setting is based on coagulation
mechanism;

ii. Besides the gelling agent source, the use of a
complementary binder can be useful to improve
the green mechanical strength. Binders with silicate
structure (such as alkali-activated aluminosilicate
ones or geopolymers) can reinforce the gellated
structure as well as speed up the setting time. The
binder must be carefully selected by considering the
alkali amount as the thermomechanical properties
of the castable cannot be spoiled;

iii. The freeze gelation process of colloidal bonded
castables could overcome the main drawbacks of
setting time and green strength. Although the
process can be used for making some precast
refractory shapes, its use in practical industrial
applications is so far difficult. A future challenge
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could be to develop new installation techniques
based on a freeze gelation process;
— Colloidal alumina:

iv. Conversely to colloidal silica, there is not a com-
prehensive source of information about colloidal alu-
mina behavior. The use of this suspension in refractory
castables could be optimized by a fundamental under-
standing of the gelation mechanism. Therefore, a
systematic study on this subject has to be carried out
taking into account the surface chemistry of colloidal
alumina particles in the composition;

v. Similar to colloidal silica, an important challenge for
using colloidal alumina binders would be to find new
setting agents for castables. Based on this review, the
ionic strength increase might be a promising alternative
for castables. Since it is proportional to charge and
concentration of the ions in the aqueous media, using
multivalent ionic compounds such as Fe’* or AP
salts can increase its value and the compression of the
double electrical layer. The use of these salts (nitrates
and sulfates) has already been reported in the literature
for applications such as water treatment [106,107], but
there is no report for colloidal alumina-bonded
castables;

vi. Special attention must be drawn to design nano-
engineered castables by considering the customer
requirements and conditions. An example of this
challenge was reported in this review for a castable
containing colloidal alumina and sintering additive
when applied to petrochemical and aluminum indus-
tries. Novel additives can provide an outstanding
technological opportunity for designing nano-
engineered castables to be used in ferrous and non-
ferrous industries;

— Other colloidal binders

vii. Testing the potential benefits of adding other
colloidal particles such as zirconia, spinel, mullite
and titania sols may be recommended. However, a
main challenge for these colloids is that they are
usually not commercially available and so using
them may not be economically reasonable. Never-
theless, scientific evaluations can be feasible to
identify ways for using them in the future.
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