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Dispersants and their Effects on Hydratable Alumina
Containing Castables
I.R. Oliveira, V.C. Pandolfelli

Alternative hydraulic binders such as hydratable alumina (HA) have been used in refractory castables.
However, the drying step of these materials is usually slower when compared to the calcium aluminate
cement containing compositions. This aspect can lead to water vapor pressurization in the structure and
the explosion of refractories, due to the permeability reduction, which increases the difficulty of vapor migration from the inner part of the body to its surface. Additives used in refractory castable processing to
disperse the matrix usually affect the reactive alumina hydration mechanism. The dispersion of the binder
particles plays an important role in the development of hydratable phases but the coating of the particle
surfaces by the additive, may hinder the hydration. This behavior was observed using citric acid which resulted in higher water loss with the curing time and large pores in castable macrostructure. Polymeric additives, in turn, presented a high steric effect favoring the formation of the binding phases and allowing
better processing properties for HA containing castables.

1 Introduction

Advances in monolithic refractories are
closely related to the development of
materials able to improve or keep their
mechanical properties with the temperature and to increase their working life.
For alumina-based refractories, some
approaches have been used to modify
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the refractory bulk composition, retaining its ability to develop suitable
strength at the green stage. One additional target is to reduce the calcium oxide content of the refractory castables in
order to enhance the mechanical
strength at high temperatures, as the
formation of less refractory phases
could be inhibited [1-3]. It is well known
that low melting eutectic compositions
are often formed in refractory castables
due to the reaction among Al2O3, SiO2
and CaO. In order to keep the high temperature properties, the hydratable alumina was developed as an alternative
binder.
Hydratable alumina is an amorphous
mesophase alumina transition which,
similar to cement, hardens hydraulically.
It is generally produced by flash calcining the gibbsite, resulting in a high-surface area transition phase named ρalumina [1, 2, 4-7]. The binding ability
of ρ-alumina derives from its particular
feature of undergoing rehydration and
hardening when in contact with water
(or water vapor) at room temperature,
as suggested below [2]:

1 (2009) [1]

ρ-Al2O3 + H2O →
Al2O3 · 3 H2O + Al2O3 · (1-2) H2O

(1)

The first step of the hydration of ρ-alumina is its wetting by water, which is
followed by heat release. Based on the
chemical reactivity, the external layers of
the particles rapidly begin to dissolve
and convert into a gel-like compound,
with the rate of wetting and dissolution
processes being ruled by the ρ-alumina
surface area [2, 5].
The next step involves the gel layer
thickening: more material is dissolved
until it gets so thick that water diffusion
to the inner layers drastically falls and
the reaction halts, resulting in an anhydrous ρ-alumina core, encapsulated by
a gel layer. Throughout the following 24
h, the osmotic pressure gradient between this ρ-alumina core and the water causes the micro-cracking of the gel
layer, giving rise to boehmite (Al2O3 1–2
H2O) and mostly bayerite (Al2O3 · 3 H2O)
[5–7]. The remaining gel phases have
been identified as boehmite gel or pseudo-boehmite (a poorly crystallized
boehmite), along with an amorphous
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Table 1 Characterization of raw materials and binders used for preparing the refractory
castables.

Raw materials

Particle size
distribution

Density

Surface
area

/ µm

/ g/cm3

/ m2/g

White

4/10

4750 – 2000

3,90

--

Electrofused

8/20

2360 – 710

3,90

--

Alumina

20/40

710 – 355

3,90

--

(Aggregates)*

40 F

425 – 108

3,90

--

200 F

108 – 11,3

3,90

--

A 17N E

11,3 – 0,21

3,94

2,90

CT 3000SG

6,69 – 0,21

3,97

8,00

Alphabond 300

9,5 – 0,18

3,20

162,43

Calcined alumina
(Matrix)*
Binder
Elfusa-Brasil
*Almatis-Germany

gel. They may represent up to 60 % of
the final hydrated phases, depending on
the hydration temperature and pH. The
interlocking of the bayerite crystals and
the gel is responsible for the green mechanical strength of the refractory structure after filling the pores and interfacial
gaps [4]. During heating, the hydrated
phases lose their chemically bound water, giving rise to the stable alumina (αAl2O3), which at higher temperatures
will aid the development of a strong ceramic body [3].
As in all binder systems, hydratable aluminas also have their particular disadvantages, such as the likelihood of explosive spalling at low temperatures,
usually around 200–300 °C, because of
the low permeable structure generated
[1, 8, 9].
Table 2 Additive and water content for preparing
different compositions of refractory castables.
Composition

Alphabond
300

Additives

Additive content Water content
/ mg/m2
/ mass %

CA

0,2

6,0

Citrate

0,1

6,3

FS10

0,3

5,5

FS30

0,2

5,5

FS60

0,2

5,5
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The spalling trend observed in hydratable alumina-bonded refractory castables (HAB) is the result of the gel-like
phases present in Ca-free bonded specimens. The consequence on the drying
behavior is the shift of the free water release to higher temperatures (compared
to CAC bodies) and, consequently, the
increase of the steam pressure and the
likelihood of explosive spalling under
usual continuous heating. When subjected to a constant-temperature drying
schedule, the HAB composition takes a
considerably longer time than the cement-based composition to lose the
physically absorbed water. The CAC
castable is found to be much more permeable and stronger than HAB, releasing water vapor more easily. It also presents a stronger structure to withstand
the pressure build-up, which explains
the lower tendency for explosive
spalling of cement containing compositions cured at 50 ºC [1]. Therefore, the
permeability of HAB castables is directly
related to the hydration reaction of the
hydratable alumina.
Nonetheless, hydration reaction of ρalumina markedly depends on curing
temperatures: it is very slow at 5 °C,
whereas it is fast at 30 °C. It also depends on the water/ρ-alumina ratio, as

the bayerite formation tends to be lower with smaller water/ρ-alumina ratios.
Furthermore, the hydration reaction
time can be easily controlled by additives [4].
Additives are incorporated into castables mainly to promote the dispersion of
matrix fine particles using electrostatic/electrosteric stabilization mechanisms. They affect some of the castable
processing features such as homogeneity, rheological properties and water
consumption. At a low temperature, the
alumina hydration reaction can be effectively accelerated by additives which
speed up the formation of bayerite, as
observed at 5 °C when alkali metal salt
is added. On the other hand, the
bayerite formation at 30 °C is hindered
and boehmite gel is fully formed by
adding organic carboxylic acid [4].
In this context, the aim of this work is to
associate the type of additive with the
refractory castable flowability, workability, drying behavior and tensile strength
on both, the matrix dispersion and the
hydration process of hydratable alumina.

2 Materials and Techniques
The high-alumina castable composition
studied hereby had its particle size distributions adjusted to theoretical curves
based on the Andreasen’s packing model [10], with a distribution coefficient (q)
of 0,21. The matrix comprised of calcined aluminas A17NE (14 mass %) and
CT3000SG (5 mass %). The aggregates
were white electrofused aluminas with
particle size distribution in the range of
4750–11µm (75 mass %) and the hydratable alumina Alphabond-300
(6 mass %) was used as a binder. The
features of these raw materials and
binder are shown in Table 1.
Different compounds were evaluated as
dispersant agents: (i) citric acid anhydrous (Labsynth, 192 g/mol, 99,5 % purity); (ii) diammonium citrate (Sigma
Aldrich); and (iii) the polymers of polyglycol family developed by Bayer (FS10,
FS30 and FS60). Additives and the water content of each composition was
previously defined, as shown in Table 2.
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where, Df is the final average diameter
after the withdrawal of mold and Di is
the initial diameter (100 mm).
The setting behavior was evaluated after submitting the castable to a constant rotation speed (20 rpm) and
recording the torque applied to material
as a function of time. The torque increase observed in this curve indicated
the initiation of the setting process and,
therefore, could be associated to the
workability of castables.
Castable compositions were cast into
40 mm diameter x 40 mm high cylinders
for the tensile strength, apparent porosity and the drying measurements. The
actual sample temperature during the
drying was evaluated using samples
molded with a K-type thermocouple located at their mid-height, 1mm beneath
of their surface. All the samples were
cured either at 50 °C in an acclimatized
chamber (Vötsch, model 20-20) or in
unsaturated environment (ventilated atmosphere) for 24, 48, 72 and 168 h. The
tensile strength was measured accord-
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(3)
where, σf is the splitting tensile stress
(MPa); P is the maximum load (N); h (m)
and d (m) are height and diameter of
the samples, respectively.
Apparent porosity was measured according to the ASTM C830 standard, using kerosene as the immersion liquid.
The samples were dried at 110°C for 72
h, before measuring.
The dewatering tests were performed in
a TG device comprising an electric furnace coupled to a digital scale [14,15].
The temperature and mass data were
automatically recorded at 5s intervals
throughout the tests. Results correlating
the sample’s temperature with its mass
loss profile were attained using the data
from two tests performed with the same
heating schedule on specimens of the
same batch (one for mass data and the
other for temperature acquisition). Applied heating schedules consisted of
continuously heating from room temperature to 800 °C at 2,5 °C/min, with
a dwell time of 20 min at that temperature.
The parameters analyzed in drying tests
were W and dW/dt; representing the cumulative fraction of water loss during
heating per total amount of water initially present in the body; and the spec-

imen’s drying rate, respectively:

W (%) = 100 x

(4)

 (M o  M ) 
 (5)
 (M o  M f )

dW/dt (%/min) = d/dt 

where, M is the instantaneous mass
recorded at time ti during the heating
stage, Mo is the initial mass and Mf is
the final mass of the tested sample.
The dewatering tests were conducted
on samples immediately after curing at
50 °C. Moreover, the drying test was
also carried out for samples prepared
from aqueous suspensions of Alphabond 300 in the presence of the additives CA and FS60.

3 Results and Discussion

3.1 Flowability and Setting
Behavior
Refractory castables can be considered
as a suspension with high solid concentration. Thus their rheological properties
are a key issue, mainly the matrix dispersion [16]. The flowability results for
compositions prepared with Alphabond
300 in the presence of different additives are presented in Fig. 1, along with
the workability ones. For the composition dispersed with FS10, high flowability (80 %) and suitable working time
(50 min) were attained. On the other
hand, the preparation of castables with
Alphabond 300 resulted in compositions with lower free-flow values and
120

120
100
90

80
60

60

40
30

Workability (min)

(2)

ing to the ASTM C496-90 standard in a
MTS Systems, Model 810, using samples immediately after curing at 50 °C
or dried at 110 °C for 72 h. A constant
loading rate of 42 N/s (1000 kPa/min)
was applied. The splitting tensile
strength was calculated by,

Flowability (%)

The mixing of raw materials was carried
out in a castables rheometer [11] at
constant rotation (44 rpm). The water
addition was stepwise in order to increase the mixing efficiency and the
flowability of castables [12,13]. After 60
s of dry mixing (to homogenize the raw
materials), water was added up to the
turning point (75 mass-% of total water). At this stage, the castable behaved
as a continuous medium. Thereafter the
remaining water was added keeping the
rotation until the end of the mixing.
Castables were evaluated regarding
their free-flow (flowability) and the
workability values. The free-flow test
consisted of pouring the as-mixed
castable into a standard cone with a
base diameter of 100 mm (ASTM C230). This cone was lifted thereafter to
allow the mix to flow, and, 60s later, the
patty diameter was measured. The percentage increase in the spreading diameter was taken as the self-flow value according to the following equation:

20
0

0
CA

Citrate

FS10

FS30

FS60

Additives

Fig.1 Flowability (Free-flow) and workability for Alphabond 300 containing castables in
the presence of different additives

1 (2009) [1]
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therefore, mainly the workability than
the flowability (measured just after mixing).

10

A) 50 oC

8

Tensile strength (MPa)

6
CA
4
FS60
FS10

2
0
0

24

48

72

96

120

144

168

192

10
FS60
8
FS10
6
CA

4
2

B) 110 oC

0
0

24

48

72

96

120

144

168

192

Curing time (h)
Fig. 2 Tensile strength (of samples dried at 50 or 110 °C either) versus the curing time
for castables prepared with Alphabond 300 containing different additives

higher water/binder ratios (Tab. 2),
when compared to other binders [17].
Indeed, hydratable alumina present a
higher specific surface area, demanding
higher water consumption [2,18].
Castables workability, in turn, is mainly
set by hydration kinetics of the binder.
Previous studies have also shown that
the hydration of Alphabond 300 is significantly delayed in the presence of citric acid and citrate additives [19]. The

Apparent porosity (%)

18
16
14
12

24h

10

168h

8
6
4
2
0
CA

FS60

Additives

Fig. 3 Apparent porosity for castables prepared with
Alphabond 300 in the presence of citric acid (CA) or
FS60, cured at 50 °C for 24 and 168 h
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effective adsorption of these additives
on particles surfaces can explain this
binder hydration retarding effect. Additionally, the molecules of these additives
are shorter than the electrosteric ones,
coating more efficiently the particles
surfaces. Setting time was delayed from
11 to 100 and 200 min in the presence
of 0,1 mg/m2 of citrate and citric acid,
respectively [19]. In parallel, it also explains the greater workability observed
when citrate was used (Fig. 1). Therefore, the retarding effect on the castable
setting (increased workability) in the
presence of citric acid was expected to
be as good as the citrate. Actually, results showed it the other way round, as
the, citric acid addition reduced the
workability despite its dispersant and
retarding effects, mainly when compared to citrate. In the presence of citric
acid, the matrix particle agglomeration
was observed due to the pH drop. The
castable pH shifted along the time from
values close to 10 down to those near
to the isoelectric point of the matrix-citric acid system (pH = 6), affecting,

3.2 Tensile Strength and Porosity
Measurements
The tensile strength results for castables
prepared with Alphabond 300 containing the additives CA, FS10, and FS60,
versus curing time, are shown in Fig. 2.
In the presence of CA the highest tensile strength values were attained for
samples cured for 168 hours at 50 °C,
whereas for those dried at 110 °C, the
electrosteric additives presented a better mechanical performance.
The highest tensile strength of castables
in the presence of the CA when dried at
50 °C cannot be related to the efficient
dispersion of their particles, as it involved higher water consumption for
processing. Moreover, the CA containing castables presented higher porosity
as shown in Fig. 3. Thus, another factor
must be rendering the increase in the
tensile strength at 50 °C. For the curing
condition [unsaturated environment or
ventilated conditions at 50 °C], part of
the water content was lost resulting in
the castables drying. This fact can lead
to important consequences on the
binder’s hydration reaction and properties [20].
Water loss as a function of curing time
for castables containing Alphabond 300
in the presence of different additives is
shown in Fig. 4. CA containing castables presented the highest water loss
values with curing time, most likely related to the inhibit binder hydration,
which leads to free water in the structure. Consequently, the higher water
loss in the CA containing castables
caused heterogeneities, such as large
pores and flaws as those observed on
zero cement castables [21] and shown
in Fig. 5. The migration of fine particles
during drying, driven by the action of
capillary forces, seems to be the main
reason for the formation of such heterogeneities. On the other hand, this
process promoted a better interparticle
packing, resulting in a denser structure
in most regions of the samples, besides
the large internal pores left. This could
explain the greater strength develop-
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Water loss, 50 C (%)

4

1,4
1.4

CA

1,2
1.2

3

FS10

A) CA

1,0
1.0

FS60

2

0,8
0.8
0,6
0.6

1

0
0

24

48

72

96

120

144

168

0.4
0,4

24h

0.2
0,2

168h

192

0,0
0
0

Fig 4 Water loss as a function of the curing time for
castables containing Alphabond 300 in the presence
of different dispersants

ment observed for the CA containing
castables, whose measurements were
also affected by the mechanical test applied (diametral compression), which is
less influenced by the surface defects.
Drying at 110 °C favored the mechanical strength development of the samples prepared with the electrosteric additives, FS10 and FS60 (Fig. 2). These
additives did not inhibit the binder hydration process and under such drying
conditions an increase in the gel concentration and a faster crystallization of
these hydratable phases are responsible
for the mechanical strength attained
[22, 23]. For the CA containing compositions, curing at 110 °C has brought
small effects on the mechanical
strength.

3.3 Drying Behavior
The dewatering of a moistened porous
medium under normal conditions is carried out in stages driven by different
transport mechanisms [24–26]. Initially,
water evaporates adiabatically from the
surface of the body at a constant rate. In
this step, the evaporation rate is greatly
influenced by external conditions, such
as temperature and partial vapor pressure. In an isothermal environment, the
evaporation rate remains constant as
long as the transport forces keep the
water flux from the inner parts to the
sample’s surface. However, as drying is
carried out, the evaporation front eventually recedes into the interparticle
voids, when the water transport, initially carried out by fluid flow, is driven by
vapor diffusion along the increasingly
longer path lengths. This process is characterized by gradual mass-loss rate de-

refractories

WORLDFORUM

Fig. 5 Castables containing Alphabond 300
in the presence of citric acid, pointing out
the large pores and flaws throughout the
sample, after curing at 50 °C

crease over time.
To ensure both complete withdrawal of
moisture and decomposition of hydratable phases, the dry-out of refractory
castables must be conducted at a temperature above the normal boiling point
of water. Therefore, in the range from
room temperature to 100 °C, the drying
process usually occurs at a constant
heating rate instead of isothermal condition, and the drying stages undergo
remarkable changes. The influence of
continuous heating on the drying kinetics of castables prepared with Alphabond 300 in the presence of different additives, as a function of curing
time, is shown in Fig. 6. In the first
stage, which takes place from room
temperature up to 100 °C, the main drying mechanism is the evaporation of
free water. As the castable continues to
be heated, the temperature at the liquid/vapor interface eventually reaches
boiling point, and the second important
drying stage begins. At this step, the
generation of steam is substantially enhanced by increasing the castable temperature and becomes the main driving
force for the flux of mass exiting the
body. In the third stage, the decomposition of the binder hydrated phases
(chemically bonded water) takes place.
The hydration process of ρ-alumina results in the formation of hydrated phases: boehmite (AH) and mainly bayerite
(AH3). During heating, these phases lose
their combined water (dehydration) and
the corresponding temperature can be
measured by thermogravimetric analysis

1 (2009) [1]

Drying rate (%/min)

Curing time (h)

200

400

600

800

1,4
1.4
1,2
1.2

B) FS10

1,0
1.0
0,8
0.8
0,6
0.6
24h

0,4
0.4

168h

0,2
0.2
0,00
0

200

400

600

800

1,4
1.4
1,2
1.2

C) FS60

1,0
1.0
0,8
0.8
0,6
0.6
24h

0.4
0,4

168h

0.2
0,2
0
0,0
0

200

400

600

800

Sample temperature ( oC)
Fig 6 Drying rate as a function of the sample temperature for castables prepared with Alphabond 300
containing different additives, previously cured at
50 °C for 24 and 168 h

(dewatering tests). The AH3 usually decomposes between 210 and 300 °C,
whereas for the AH, this process is carried out at higher temperatures (400550 °C) [27].
When citric acid is present (Fig. 6A), the
absence of the decomposition peak of
the hydrated phases is clear, which
matches with its retarding effect. Mass
loss is detected when free water is present (~100 °C), although most of the
drying step has occurred with the curing
time. Moreover, it is observed that the
height of this peak varies little with increasing the time (24 to 168 h), matching the data shown for water loss with
the curing step (Fig. 4). Increasing the
water loss with the curing time means
that the amount of water to be withdrawn on drying is reduced.
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CA

20
15

FS60

10
5

A)

0
0

24

48

72

96

120

144

168

192

Curing time (h)
2,5
2.5

2,0
2.0

FS60

1.5
1,5

Drying rate (%/min)

1.0
1,0

CA
B) 24 h

0.5
0,5
0
0,0
0

200

400

600

800

2,5
2.5
2.0
2,0

1.5
1,5

1,0
1.0

FS60
0.5
0,5

C) 168 h

CA

0
0,0
0

200

400

600

800

Sample temperature (oC)

Fig. 7 Water loss as a function of the curing time (A)
and drying rate as a function of the sample temperature (B and C) for samples prepared with aqueous
suspensions of Alphabond 300 (20 vol %) containing
CA and FS60, cured at 50 °C for different times

On the other hand, when the FS10 and
FS60 additives are used, the hydrated
phase decomposition peaks are observed (Fig. 6B and C). The first peak
(~200 °C) can be attributed to the decomposition of AH3, whereas the peak
above 400 °C is due to the dehydration
of AH. Thus, the use of these additives
induces a faster development of hydratable phases, in addition to the reduction
of castables water/binder ratios. It could
also be stated that these additives contribute to reducing castable demolding
times. The higher content of hydratable
phases in the presence of FS60, as well
as the water loss on curing, was confirmed by the dewatering curves for
samples prepared with water suspensions of Alphabond 300 using citric acid
and FS60 as additives (Fig. 7).
108

The amount of water previously lost after 24 h of curing, for CA (Fig. 7A), is
approximately three times higher than
that in the presence of FS60, which was
reflected in the height of the first peak
observed in the Fig. 7B. On the other
hand, after 168 h of curing, the difference to the first peak is almost insignificant (Fig. 7C), which can be correlated
to the fact that the water amount previously withdrawn during curing is nearly
the same for both additives (Fig. 7A).
This aspect is also noticed by the retarding effect of citric acid on the formation
of AH3 and AH hydratable phases. The
dewatering curves were also compared
to those attained in the absence of additives (Fig. 8). When no additive was
used in the castable processing only one
very intense peak was detected, which
can be correlated to free water (~100°
C). This indicates that most of the water
added to the castable processing was
not used for the formation of hydratable
phases. On the other hand, if the binder
particles are well dispersed by the additives, the water consumption for the formation of hydratable phases rises, resulting in less free-water withdrawn
during drying. Stabilization mechanisms
by additives involve adsorption of their
molecules on the particle surface to
form both steric and electrical layers
that inhibit the close contact among the
particles [28]. However, for the binder,
the coating of surface particle by the additive makes its reaction with water
more difficult. This agrees with the retarding effect of hydration mechanism
rendered by citric acid. This type of additive presents short-chain molecules
which coats the particles´ surface more
efficiently when compared to the polymeric additives that, in turn, present
long-chain molecule and efficient steric
effect, such as for the FS10 and FS60.

1,4
1.4
1,2
1.2

A) 24h

1,0
1.0

Drying rate (%/min)

Water loss (%)

25

0,8
0.8

no
no aditivo
additive
AC
CA

0.6
0,6

CD
FS10
CS
FS60

0.4
0,4
0.2
0,2
0
0,0

0

200

400

600

800

1,4
1.4
1,2
1.2

B) 168h

1,0
1.0
no aditivo
additive
AC
CA
CD
FS10
CS
FS60

0,8
0.8
0.6
0,6

0,4
0.4
0.2
0,2

0,0
0
0

200

400

600

Fig 8 Drying rate as a function of the sample temperature for castables prepared with Alphabond 300
with or without additives, after curing at 50 °C for
24 and 168 h. 6 mass % of water was added for the
composition with no additive

tarding effect on the hydration mechanism of Alphabond 300. This effect results in a higher amount of free water
which is easily lost during the curing
time in an unsaturated environment at
50 °C.
This water loss causes heterogeneities
and generates large pores and flaws in
the sample, due to migration of fine particles driven by the action of capillary
forces. The presence of these flaws explains the higher apparent porosity and
the lower tensile strength after drying at
110 °C. Polymeric additives, in turn, present a high steric effect due to their
longer-chain molecule. In the presence
of these additives the formation of AH
and AH3 was favored. Therefore, they
can result in a better dispersion and hydration of Alphabond 300 and consequently better mechanical properties
and less explosion likelihood on drying.

4 Conclusions
The dispersion of hydraulic binder particles rules the hydratable phase development. However, the surface coating of
its particles by the additive inhibits the
hydration reaction. This behavior explains why the citric acid rendered a re-

800

Sample temperature (oC)
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