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Abstract

Refractory castables used in fluid catalytic converter (FCC) risers should present suitable particle erosion and thermal shock resistances at
temperatures below 900 1C. Considering that calcium aluminate cement (CAC)-bonded refractories usually start their densification above
1200 1C, the use of sintering additives to induce faster densification is a promising technological alternative. Therefore, this work addresses the
evaluation of mullite-based castables containing a boron-based sintering additive and CAC and/or hydratable alumina as the binder sources. Hot
elastic modulus, cyclical thermal shock, hot modulus of rupture and cold erosion resistance measurements were carried out to evaluate the
compositions. According to the attained results, adding 1.5 wt% of the evaluated sintering additive to the designed castables led to a remarkable
increase of the hot modulus of rupture (maximum of 40.4 MPa at 800 1C for the CAC-containing refractory) and high erosion resistance
(1.5–2.9 cm3) after pre-firing at 800 1C for 5 h. Moreover, the combination of CAC and hydratable alumina gave rise to an improved refractory
(M–2CAC–2HA–S) showing a transient liquid formation at an increased temperature, high thermal shock resistance (no E decay after 8 thermal
cycles, ΔT¼800 1C) and high mechanical strength at 800 1C and 1000 1C.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The growing demand for refractory castables with designed
properties has brought about continuous technological devel-
opment involving the simultaneous understanding of particle
size distribution, the use of additives (inducing better disper-
sion of particles in aqueous medium [1,2], speeding up the
compositions' densification [3,4], etc.) and the binders' perfor-
mance [5–8].

Refractory castables applied in risers for petrochemical fluid
catalytic converters (FCC, Fig. 1) are commonly exposed to
temperature fluctuations and mainly to high speed catalyzer
particles [9]. Therefore, thermal shock and particle erosion
resistances are some of the main requirements for this applica-
tion. Additionally, these castables should present optimized
properties around 800 1C but, depending on the working
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conditions, some regions of the refractory lining can reach
peaks of temperature close to 1200 1C. Hence, as most
commercial cement-bonded castables show densification only
at temperatures above 1200 1C, a different composition
approach should be designed to match the refractory's perfor-
mance requirements for the petrochemical industries [3].
Considering the increasing interest in the development of

refractories presenting optimized hot mechanical strength in
the range of 800–1200 1C, as well as the necessity for using
less dense compositions due to the risers´ geometry (the
height/diameter ratio usually ranges between 30 and 50 times
[9]), there is a continuous motivation for the design of novel
castable formulations to better fulfill those needs, maintaining
high erosion and thermal shock resistances.
In order to attain refractories with enhanced properties at

high temperatures, calcia-free binders [i.e., hydratable alumina
(HA), colloidal silica and colloidal alumina] containing
castables have been developed [3,10,11]. For densification at
temperatures close to 800 1C, previous studies [3,4] pointed
out that an interesting alternative based on using sintering
ghts reserved.
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additives led to liquid formation and, consequently, faster
densification of refractories containing CAC or colloidal
binders (silica or alumina). Nevertheless, selecting these
additives should be tailored, as a liquid phase can result in
refractoriness drawbacks. High alumina and mullite composi-
tions containing calcium aluminate cement and 2 wt% of a
boron-based sintering additive, for instance, presented remark-
able hot mechanical strength, thermal shock and erosion
resistances at 800 1C. Nevertheless, above this temperature,
the presence of a liquid phase resulted in a significant decrease
of the hot modulus of rupture of those materials [4].

Various studies have shown that HA bonded castables
present high refractoriness. However, similar to CAC, it does
not provide good mechanical strengths at temperatures below
1200 1C [11–14]. Based on these aspects, the aim of this work
was to evaluate mullite refractory castables designed for
petrochemical applications containing a boron-based sintering
additive and CAC and/or hydratable alumina (HA) as the
binder sources. Hot elastic modulus tests (using the bar
resonance method) were carried out in order to follow the
phase transformations in dried (110 1C for 24 h) and fired
(1000 1C for 5 h) samples with and without a holding time
of 5 h at 1000 1C. Furthermore, apparent porosity, hot modulus
of rupture, erosion resistance and XRD quantitative analysis
of the crystalline phases contained in the samples were
also performed for a better understanding of the refractories'
behavior.
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. 1. Typical features of a petrochemical fluid catalytic converter unit —
CU [9].
2. Experimental

Four self-flowing mullite based castables were designed
according to Alfred's packing model (q=0.21) [15]. The
compositions comprised coarse synthetic mullite (Mulcoa 70,
Al2O3¼69 wt% and SiO2¼27 wt%, Treibacher, USA) as
aggregates, calcium aluminate cement (CAC, Secar 71, Ker-
neos, France) or hydratable alumina (HA, Alphabond 300,
Almatis, USA) as binders, reactive aluminas (CL370C and
CT3000SG, Almatis, USA) and a boron-based additive
(do45 μm, S, under patent application) in order to speed up
the densification of the refractories in the usual temperatures
for petrochemical applications (∼800 1C for FCC risers) [3,4].
A sintering additive-free composition (M–4CAC) was also
prepared and tested as a reference. Table 1 presents further
details of the formulated castables.
The castable dispersion was carried out by adding 0.2 wt%

of a polycarboxylate based dispersant (Basf, Germany), lead-
ing to 5.8–6.2 wt% water content for suitable shaping (free-
flow values¼62–68%). The compositions were prepared in a
rheometer especially developed for refractory castables, by
adding the mixing water using a two-step procedure [16].
After the mixing step, prismatic samples (150 mm� 25

mm� 25 mm) were molded, cured at 50 1C for 24 h in a
humid environment (relative humidity¼80% for castables
containing CAC: M–4CAC, M–4CAC–S and M–2CAC–
2HA–S, whereas the M–4HA–S samples were kept in
a chamber without humidity control), dried at 110 1C for
another 24 h, followed by firing at 600, 800, 1000 and 1200 1C
for 5 h in electrical furnace (Lindberg Blue, Lindberg
Corporation, USA).
Hot modulus of rupture (HMOR) tests were carried out at

600 1C, 800 1C, 1000 1C and 1200 1C (using samples pre-fired
for 5 h at the same testing temperature) in HBTS 422
equipment (3-point bending test, Netzsch, Germany) based
on the ASTM C583-8 standard. The apparent porosity of the
fired samples was measured by the Archimedes method
(ASTM C380-00), using kerosene as the immersion liquid.
Cold erosion resistance measurements were also performed
(using samples fired at 600, 800 and 1000 1C for 5 h),
following the ASTM C704 standard (1 kg of no. 36 grit
silicon carbide to erode samples 10 cm� 10 cm� 2.5 cm
thick, leading to a weight loss that was converted to a
volumetric one).
Table 1
General information of the castable compositions.

Raw materials Compositions (wt%)

M–CAC M–4CAC–S M–

4HA–S
M–2C
AC–2HA–S

Mullite aggregates (d≤3 mm) 84.5 83.5 85.5 83.5
Reactive aluminas 11.5 11.0 9.0 11.0
Calcium aluminate cement 4.0 4.0 – 2.0
Hydratable alumina – – 4.0 2.0
Sintering additive (d≤45 μm) – 1.5 1.5 1.5
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Some prismatic samples were ground (dpo45 μm) in a
tungsten carbide mill (AMEF, model AMP1-M, Brazil) and
analyzed using the X ray diffraction technique (Bruker
equipment, model D8 Focus, Germany, with CuKα radiation
[λ¼1.5418 Å] and nickel filter, using 40 mA, 40 mV, and
scanning step¼0.02 for 2θ between 4 and 801). The Rietveld
method (Topas 4.2 software, Bruker) was used to analyze the
XRD results in order to evaluate the amount of phases
comprising the fired samples.

Pre-fired refractories (800 1C for 5 h) were subjected to a
total of 10 thermal shock cycles (ASTM C1171-91). The
samples were placed into a furnace chamber previously heated
at 825 1C and kept at this temperature for 15 min. After that,
they were withdrawn and cooled in air for another 15 min,
leading to thermal gradients of roughly 800 1C. This procedure
was considered as one full cycle. The damage caused by the
thermal changes was evaluated by the elastic modulus mea-
surements at room temperature (bar resonance, ASTM C 1198-
91) as a function of the thermal cycles (0, 2, 4, 6 and 8).

Hot elastic modulus tests were also carried out in the
prismatic samples after previous processing steps (curing at
50 1C for 24 h and drying at 110 1C for 24 h, or after pre-firing
at 1000 1C/5 h). The bar resonance method (which is based on
sample excitation and detecting the correspondent vibration
spectrum using piezoelectric transducers [17]) was also used in
these analyses. The measurements were conducted in the 30–
1000 1C range with a heating rate of 2 1C min−1, with or
without a holding time of 5 h at the maximum temperature.

3. Results and discussion

Fig. 2 shows the hot modulus of rupture (HMOR) and
apparent porosity results of the pre-fired samples.

Comparing the M–4CAC and M–4CAC–S performance,
lower mechanical strength values were attained for the former
(additive-free refractory) between 600 and 1000 1C, which
highlights the late densification of this material. Conversely,
the addition of the boron-based sintering additive (S) to the
other compositions has led to a marked increase in the samples
´ mechanical strength mainly at 800 1C and 1000 1C (Fig. 2a).
HA containing compositions achieved their highest mechanical
strength at 1000 1C, whereas castable M–4CAC–S showed a
continuous decrease of HMOR values above 800 1C. Such
behavior indicates the lower refractoriness of the cement-
bonded material especially after adding the sintering additive,
resulting in the formation of a B2O3-containing liquid phase in
the refractory structure [3].

Few changes in the apparent porosity levels of the M–4CAC
samples were detected in the evaluated temperature range
(Fig. 2b). On the other hand, the other compositions presented
a drop of the volume pore content mainly above 600 1C.
It must be pointed out that even with the decrease of the
apparent porosity, the M–4CAC–S, M–4HA–S and M–2CAC–
2HA–S castables still showed a marked decay of the hot
mechanical strength, which most likely is related to the action
of the sintering additive, inducing the formation of a liquid
phase at high temperature.
In order to better explain the castables' behavior, it is necessary
to understand the phase transformations taking place in the
samples structure. Nevertheless, there are some experimental
difficulties for the evaluation of boron-containing systems, as
the reactions may include B2O3 volatilization at high tempera-
tures, the high viscosity of borosilicate melts inhibits their
tendency for crystallization and such light element (B) is difficult
to be detected by EPMA [18]. Moreover, the CaO–Al2O3–B2O3

and CaO–Al2O3–SiO2–B2O3 systems are not well known based
on the experimental point of view. The only available CaO–
Al2O3–B2O3 phase diagram (Fig. 3a) presented in the literature
was studied by Schaefer and Kuzel [19]. According to their
analyses, two ternary compounds CaO �Al2O3 �B2O3 (CAB) and
2CaO �Al2O3 �B2O3 (C2AB) can be formed and they should melt
incongruently at 1015 1C and 800 1C, as shown in Eqs. (1) and
(2), giving rise to solid and liquid phases.

CaO⋅Al2O3⋅B2O3-9Al2O3⋅2B2O3 þ L ð1Þ

2CaO⋅Al2O3⋅B2O3-CaO⋅2Al2O3 þ L ð2Þ
Based on the quantitative XRD analysis of the M–4CAC–S

castable fired at 600 1C, 800 1C, 1000 1C and 1200 1C for 5 h
(Fig. 4a), the main identified crystalline phases were mullite,
corundum, 2Al2O3 �B2O3 (Al4B2O9 or A2B) and 9Al2O3 � 2B2O3

(Al18B4O33 or A9B2).
It is believed that those aluminum-borates should be formed

at high temperatures most likely due to the interaction between
the reactive alumina and mullite fine grains with the sintering
additive in the samples' matrix. Minor contents of SiO2,
CaAl2Si2O8 (anorthite) and CAB were also detected. Addi-
tionally, as reported in the proposed phase equilibrium
diagrams in the Al2O3–B2O3 system (Fig. 5) [21–23], A2B
and A9B2 can be found accompanied by a liquid phase above
470 1C. Hence, the formed boron-based liquid might be the
reason for spoiling the M–4CAC–S mechanical performance
mainly at high temperatures.
Regarding the M–4HA–S composition, the absence of CaO

in this castable allows a direct comparison of the attained
phase evolution (XRD results—Fig. 4b) and the ternary
Al2O3–SiO2–B2O3 phase diagram (Fig. 3b). Additionally, the
main ternary invariant reactions that can take place in this
system throughout the heating stage are shown in Table 2.
According to those reactions, the liquid phase itself or its

interaction with other components may generate new solid
phases such as aluminum-borates (A2B or A9B2) and silica or
mullite. These transformations indicate that even when a
boron-containing liquid was formed in the hydratable
alumina-bonded castables (M–4HA–S and M–2CAC–2HA–
S), this phase is consumed, leading to the formation of other
solid components, which explains the higher mechanical
strength attained at 1000 and 1200 1C for these refractories
(Fig. 2a). As shown in Fig. 4b and c, high contents of A2B and
A9B2, as well as other aluminum-borates [AlBO3, Al5(BO3)6]
were identified in the fired M–4HA–S and M–2CAC–2HA–S
samples.
Nevertheless, the lower HMOR values attained for the

M–4HA–S samples at 800 1C should be related to the
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Fig. 2. (a) Hot modulus of rupture (HMOR) and (b) apparent porosity of the evaluated castables after pre-firing treatment at 600, 800, 1000 and 1200 1C for 5 h.
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Fig. 3. (a) Isothermal section of the Al2O3–B2O3–CaO system at 800 1C, and (b) liquidus surface in the Al2O3–B2O3–SiO2 system [20].
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intermediate phases [AlBO3, B2O3 and Al5(BO3)O6] still
present in the castable microstructure after the pre-firing
treatment. With the increase of the firing temperature, those
components should be consumed and induce the generation of
a larger amount of the A2B, A9B2 phases at 1000 and 1200 1C
(as shown in Fig. 4b), improving the castable performance.

Concerning the cold erosion resistance of the compositions,
the faster densification of the castables (due to the addition of
the sintering additive) resulted in very low eroded volumes for
the M–4CAC–S, M–4HA–S and M–2CAC–2HA–S samples
fired at 800 and 1000 1C for 5 h (Table 3).

Aiming to evaluate the densification effect induced by the
sintering additive and the binders role in the refractories
properties, in situ E analyses were also carried out up to
1000 1C for dried (110 1C for 24 h) and pre-fired (1000 1C/5 h)
samples. Fig. 6 shows the elastic modulus evolution attained
during three thermal cycles for the four designed compositions.
An additional analysis of the first heating/cooling cycle of the
pre-fired materials was also performed.
Although the CAC-bonded compositions presented higher

initial E values (varying from 48 to 68 GPa), they showed the
usual decrease of this property between 200 and 400 1C (1st
heating cycle) due to the cement hydrates decomposition [2].
No major changes in the attained curves of the additive-free
samples above 400 1C, during cooling and also along the 2nd
and 3rd cycles were detected (Fig. 6a), indicating that no
densification took place up to 1000 1C. Moreover, the result
for the pre-fired M–4CAC castable showed a similar behavior,
as an overlap of the curves can be observed.
On the other hand, samples M–4CAC–S and M–2CAC–

2HA–S (Fig. 6b and d) presented an elastic modulus increase
from 600 1C up to 1000 1C, mainly due to the samples´
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Table 2
Ternary invariant reactions in the Al2O3–B2O3–SiO2 system [18].

Temperature
(ºC)

Invariant reactions Composition
(Al2O3, B2O3, and
SiO2) (wt%)

1770 Al2O3 þ L-Al18B4O33 þmullite 69.4, 23.0, and 7.7
1128 Al18B4O33 þ L-Al4B2O9 þmullite 1.8, 9.0, and 8.6
810 Mulliteþ L-Al4B2O9þSiO 2 ðquartzÞ 0.1, 66.3, and 33.6
438 L-Al4B2O9þSiO 2 ðquartzÞ þ B2O3 0, 93.0, and 7.0

Table 3
Eroded volume of the pre-fired castables as a function of the temperature.

Temperatura (1C) Eroded volume (cm3)

M–4CAC M–4CAC–S M–4HA–S M–2CAC–2HA-S

600 10.370.8 6.670.7 13.273.3 8.470.6

800 9.671.2 2.970.1 1.670.2 1.770.4

1000 9.570.5 2.870.1 1.970.1 2.370.3
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sintering and densification. During cooling, a marked E
increase up to roughly a constant value (∼96–100 GPa) was
also observed, which is related to the material's stiffening.
It can be noticed that such castables showed more significant
rigidity gain during the beginning of the cooling cycles than
the M–4HA–S (Fig. 6c). Most likely, this behavior is
associated to the higher liquid amount expected to be formed
for the CAC-bonded sintering additive-containing castables.
Therefore, when the temperature decreased, the higher liquid
viscosity resulted in these E values changes. For the 2nd, 3rd
heating cycles of the dried samples and the 1st cycle of the pre-
fired ones, M–4CAC–S and M–2CAC–2HA–S kept their
enhanced performance presenting some elastic modulus
changes only in the 700–1000 1C temperature range due to
the structure softening on heating or hardening on cooling
(Fig. 6b and d).

When only hydratable alumina was used as the binder
source, a continuous and steeper E increase was observed
between 700 and 1000 1C during the 1st heating treatment of
the dried M–4HA–S castable, indicating that some phase
transformations (i.e., formation of aluminum-borates, as shown
in Fig. 4b) should result in the material's sintering. The elastic
modulus also varied at the beginning of the cooling step
(changing from 74 to 89 GPa). Additionally, this composition
showed the highest thermal stability, as the rigidity of the
samples was kept in the range of 79–91 GPa throughout the
evaluation of subsequent thermal cycles (Fig. 6c).

The in situ E modulus measurements for the sintering
additive-containing castables (dried samples) with a holding
time of 5 h at 1000 1C indicated that there is a substantial
increase in the rigidity of the refractories in their first heating
treatment, but few changes in their behavior could be detected
during the dwell time (Fig. 7). All materials showed similar
final elastic modulus (∼98 GPa).

In order to analyze the stability of the designed castables
after cyclical thermal shocks (0–8 cycles with ΔT∼800 1C,
which is the working temperature of the refractories applied in
FCCU), some additional elastic modulus measurements were
carried out at room temperature. According to Fig. 8, besides
the high mechanical performance attained for the M–2CAC–
2HA–S and M–4HA–S castables at 800 1C and/or 1000 1C
(Fig. 2a), those refractories showed almost no decrease in the
elastic modulus as a function of the number of thermal cycles.
Comparing the M–4CAC–S to the additive-free composition
(M–4CAC), high initial elastic modulus and a continuous
decrease in the E values for this former were observed.
In general, it is accepted that strong materials result in
catastrophic thermal shock failures owing to their ability to
store high elastic energy [4]. The elastic strain stored energy is
described by the following expression: ðð1=2Þðs2f =EÞÞ.
Both castables (M–4CAC–S and M–4HA–S) displayed

similar initial E values (94.678.1 GPa for the CAC-bonded
material and 87.772.8 GPa for the HA-bonded one) in the
beginning of the thermal shock tests (0 cycle). However,
considering that the M–4CAC–S samples presented higher
HMOR values at 800 1C (40.473.4 MPa) than the M–HA–S
(16.370.9 MPa) ones, it can be concluded that the former
castable should store higher elastic energy levels in its
structure, especially when such refractory is submitted to high
thermal stress. Thus, the mechanical strength of the M–4CAC–S
will play a major role to define the amount of the elastic strain
stored energy that will be dissipated as surface energy, leading
to flaws generation. This fact explains why the cement-bonded
composition displayed better HMOR performance, but lower
thermal shock resistance.
Therefore, based on the attained results, the blend of

calcium aluminate cement and hydratable aluminas as the
binders sources allowed the development of an improved
refractory (M–2CAC–2HA–S) that showed high hot mechan-
ical strength in a broader temperature range (800–1200 1C),
low erosion resistance and high thermal stability.

4. Conclusions

The use of a boron-based sintering additive to speed up the
refractory densification at lower temperatures seems to be a
suitable alternative to develop novel compositions for the FCC
petrochemical units. Despite the experimental difficulties for the
evaluation of boron-containing systems, the in situ elastic modulus
measurements indicated that above 600 1C some reactions should
take place in the samples structure inducing sintering and
densification. Quantitative XRD tests also showed that the main
crystalline phases contained in the fired M–4CAC–S, M–4HA–S
and M–2CAC–2HA–S materials were mullite, corundum and
aluminum-borates (i.e Al4B2O9 and Al18B4O33) respectively. The
formation of these boron-based phases in the presence of a
transient liquid seems to be the main effect for the faster
densification and enhanced performance of the designed composi-
tions after firing at 800 1C, 1000 1C and 1200 1C.
Although the use of hydratable alumina+sintering additive

in the designed M–4HA–S refractory resulted in good thermo-
mechanical properties, this binder does not induce the
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formation of strong bonds after firing the material at inter-
mediate temperature (600 1C and 800 1C), leading to lower hot
mechanical strength levels. The combination of calcium
aluminate cement and hydratable alumina proved to be the
best option for the development of high performance mullite-
based refractory, as it resulted in a remarkable hot mechanical
strength, thermal shock and erosion resistance with high
refractoriness and E values in a broader temperature range
(600–1200 1C). Therefore, not only the selection of a suitable
sintering additive, but also the use of a single or a blend of
binders should be considered in order to attain engineered
compositions for the petrochemical field.
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