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Abstract

When refractory castables are submitted to continuous thermal changes, crack nucleation and/or propagation can take place resulting

in a loss of mechanical strength and overall degradation of such materials. This work evaluates the thermal shock damage cycling of

high-alumina and mullite refractory castables designed for petrochemical application. Hot elastic modulus analyses were carried out

after 0, 2, 4, 6, 8 and 10 thermal cycles (DT¼800 1C) in order to investigate the microcracking evolution due to the temperature changes.

Additionally, apparent porosity, hot modulus of rupture, erosion and work of fracture measurements were also performed. According

to the attained results, it was detected at which temperature range the stiffening or embrittlement took place in the mullite-based

refractory (M-SA) microstructure. Nevertheless, the damage induced by the thermal shock tests was not permanent, as further increase

of the elastic modulus results was observed for all evaluated samples after annealing. On the other hand, the alumina-based composition

containing a sintering additive (TA-SA) presented enhanced mechanical strength, high thermal stability and E values. Simulations

indicated that refractories with high E values (�140 GPa, such as those attained for alumina-based castable) showed a reduced amount

of stored elastic strain energy even under severe thermal stresses, which seems to be a key aspect for the engineered design of thermal

shock resistance materials.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Refractory castables are usually subjected to severe
thermo-mechanical stresses, derived from an association
of thermal shock, erosion, corrosion and mechanical
impact [1–4]. The performance of such materials is tem-
perature dependent and their response is affected by many
factors (physical properties, phase transformations, reac-
tions between the castables constituents, and others) which
take place during firing and in service.

Assessing the refractory castable property degradation
due to thermal stresses can be attained by quenching
selected specimens out of a furnace at high temperatures
into water, liquid metal, oil, fused salts or air [5–7]. This
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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procedure leads to crack nucleation and/or propagation,
spoiling the castables’ mechanical strength. Additionally,
as the crack formation has a major effect on the Young’s
modulus (E) of these materials, measuring such a property
with the help of non-destructive techniques (sonic reso-
nance, ultrasonic echography, transient vibration, internal
friction and damping attained by resonance methods, etc.)
may provide useful information to follow the progress of
the thermal shock damage level [6,8–10].
In general, the engineering design of refractory castables for

applications presenting marked temperature changes are
mainly based on (1) the thermoelastic approach to evaluate
the thermal stress level for fracture initiation, and (2) an energy
balance concept to minimize thermal shock damage [11,12].
Furthermore, it is suggested that to attain the latter require-
ment, the castable could present crack initiation under severe
service conditions, but limited amount of crack propagation
[13,14]. These materials usually show lower brittleness, which
ll rights reserved.
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can be a suitable requirement for many applications. It must
be highlighted that the refractory materials brittleness can be
defined by the ratio of the stored elastic strain energy at crack
initiation and its work of fracture [14].

Some authors [13] also state that a decrease of brittleness
is mainly attained by a reduction of strength and, there-
fore, stronger refractories should not be the best option.
The fracture stress (sf) and the overall Young’s modulus
(E) (including the porosity) are properties that directly
depend on the processing steps, after selecting the initial
raw materials. Decreasing the refractory strength will
result in a cascade negative effect on the elastic modulus
and, consequently, affecting the thermal shock behavior.

High-alumina refractory castables are commonly used in
risers for petrochemical fluid catalytic converters (FCC).
In this kind of application, the working life of these
materials will depend on their performance under tem-
perature cycling and high speed particle erosion. However,
although high-alumina castables attain the erosion resis-
tance required, they do not usually show suitable densifi-
cation and thermal shock behavior at temperatures close to
800 1C (FCC working condition). Calcium aluminate
cement (CAC)-bonded compositions usually start their
densification at temperatures above 1200 1C [15]. There-
fore, to attain a high performance at temperatures where
CAC does not show its optimized properties, sintering
additives leading to liquid formation and, consequently,
faster densification are an interesting technological alter-
native [16]. Nevertheless, selecting these additives should
be tailored, as a liquid phase can result in refractoriness
drawbacks.

As recently reported by Braulio et al. [16,17], due to the
presence of a transient liquid phase derived from a boron-
based compound (inducing densification without deteriorating
the materials’ high-temperature properties), remarkable hot
mechanical properties for in situ spinel-forming and colloidal-
bonded refractory castables could be attained.

Considering these aspects, the aim of this work is to
evaluate the in situ thermal shock damage cycling of high-
alumina and high-mullite refractory castables designed for
petrochemical applications containing a boron-based sin-
tering additive able to speed up the system densification at
Table 1

General information of the castables compositions.

Compo

TA

Raw materials

Tabular alumina (dr6 mm) 79.0

Mullite aggregates (dr3 mm) –

Reactive aluminas (CL370C and CT3000SG) 17.0

Calcium aluminate cement (Secar 71) 4.0

Sintering additive (dr45 mm) –

Properties

Water content (wt%) 4.4

Free-flow (%) 7273
lower temperatures. Hot elastic modulus tests (using the
bar resonance method) were carried out in order to follow
the phase transformations and microcrack generation
progress in dried samples (110 1C for 24 h) and after
thermal shock cycling (0, 2, 4, 6, 8 and 10 with DT=800 1

C). Furthermore, apparent porosity, hot modulus of
rupture, erosion resistance and fracture energy measure-
ments were also performed for a better understanding of
the castables’ behavior.
2. Experimental

High-alumina and high-mullite self-flowing castables were
designed according to Alfred’s packing model (q=0.21) [18].
The compositions comprised coarse tabular alumina (dr6
mm, Almatis, USA) or synthetic mullite (Mulcoa, Treibacher,
Brazil) as aggregates, calcium aluminate cement (CAC, Secar
71, Kerneos, France) as a binder, reactive aluminas (CL370C
and CT3000SG, Almatis, USA) and a boron-based additive
(do45 mm, SA, under patent application) in order to speed
up the densification of the refractories in the usual tempera-
tures for petrochemical applications (�800 1C for FCC risers)
[17]. Additionally, two sintering additive-free compositions
(TA and M) were prepared and tested as reference materials.
Although previous works [19,20] investigated the use of

high cement content (8–12 wt%) in refractory composi-
tions for such application, the erosion resistance of those
materials were rarely below 5 cm3. Moreover, the addition
of high amounts of CAC usually leads to other drawbacks
during the first heat-up stage, as the steam (generated due
to the dehydration of the cement phases) may become
pressurized within the ceramic structure, occasionally
causing cracking or even explosive disintegration of the
products. Thus, as will be discussed in the following
section of the present paper, the use of a sintering additive
allows a possible decrease of the cement content without
spoiling the mechanical strength and erosion resistance of
the developed castables. Table 1 presents further details of
the formulated castables, the water content added during
the mixing step and the measured free-flow values.
sitions (wt%)

TA-SA M M-SA

77.0 – –

– 84.5 83.5

17.0 11.5 10.5

4.0 4.0 4.0

2.0 – 2.0

4.4 5.5 5.5

7072 6474 6073



Fig. 1. (a) The test fixture and sample dimensions (all dimensions in mm) for the wedge splitting test, (b) cross-section of the sample, passing through

notch and lateral grooves, and (c) the geometry and dimensions of the sample (all measures are presented in mm) [24].
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The castable dispersion was carried out by adding
0.2 wt% of a polycarboxylate based dispersant (Basf,
Germany). The compositions were dry-homogenized for
1 min and mixed for an additional 4 min in a rheometer
specially developed for refractory castables, by adding the
mixing water using a two-step procedure [21,22].

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 humidity=80%) and dried at
110 1C for 24 h, followed by firing at 600, 800, 1000 and
1200 1C for 5 h in an 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 at the same testing
temperature) in HBTS 422 equipment (3-point bending
test, Netzsch, Germany) based on the ASTM C583–8
standard. The erosion resistance measurements of pre-
fired castable samples (800 1C for 5 h) were also per-
formed, 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).

Concerning the thermal shock tests, pre-fired refrac-
tories (800 1C for 5 h) were subjected to a total of 10
heating and cooling cycles (ASTM C1171–91). The sam-
ples 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 measurements at room temperature
(bar resonance, ASTM C 1198–91) as a function of the
thermal cycles (0, 2, 4, 6, 8 and 10).

In order to perform in situ analysis of the microstruc-
tural transformations and the thermal shock damage
cycling, hot elastic modulus tests were 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, and after pre-
firing at 800 1C/5 h and subjected to 0, 2, 4, 6, 8 and 10
thermal cycles). The bar resonance method (which is based
on sample excitation and detecting the correspondent
vibration spectrum using piezoelectric transducers [23])
was also used in such analyses. The measurements were
conducted in the 30–1000 1C range with a heating rate of
2 1C min�1.
The apparent porosity of the samples attained after 0, 2,

4, 6, 8 and 10 thermal cycles was measured by the
Archimedes method (ASTM C380–00), using kerosene as
the immersion liquid. Due to its enhanced performance in
the thermal shock experiments, TA-SA pre-fired samples
(800 1C/5 h, samples dimension as presented in Fig. 1) with
a notch and lateral grooves along the crack propagation
plane were also prepared for wedge splitting tests [24]. In
order to carry out the stable crack propagation measure-
ments, the castable was placed in an appropriate holder
together with the device containing the supports, the
rollers and the wedge (wedge angle¼101).
This set was adapted on MTS equipment (MTS 810),

where the experiments were performed using a 50 kN load
cell and crack opening displacement (COD device) at a
constant speed (i.e., the rate was fixed at 0.01 mm min�1).
The fracture energy values (gwof) were attained by the
following equation:

gwof ¼
1

2A

Z
PMdd ð1Þ

where, A is the projected area of the fracture surface, PM is
the vertical load applied by the testing machine, and d is
the displacement of the machine’s actuator. The value of
the integral

R
PMddis determined by the total area under

the corresponding load-displacement curve.

3. Results and discussion

3.1. Thermo-mechanical and thermal shock damage cycling

evaluation

Fig. 2 shows the hot modulus of rupture (HMOR) and
the eroded volume of the designed castable samples. Lower



600 800 1000 1200
0

10

20

30

40

50

H
ot

 m
od

ul
us

 o
f r

up
tu

re
 (M

Pa
)

Temperature (°C)

 TA  TA-SA  M  M-SA

TA TA-SA M-SAM
0

2

4

6

8

10

12

14

Er
od

ed
 v

ol
um

e 
(c

m
3 )

Fig. 2. (a) Hot modulus of rupture (HMOR) for samples pre-fired for 5 h at the same testing temperature (600, 800, 1000 or 1200 1C) and (b) eroded

volume for samples pre-fired at 800 1C for 5 h.
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Fig. 3. In situ elastic modulus evolution as a function of the temperature (heating and cooling cycles up to 1000 1C): (a) for alumina-based compositions,

with or without sintering additive (SA), and (b) for mullite-based castables, with and without sintering additive (SA). The evaluated samples were

previously cured at 50 1C for 24 h and dried at 110 1C for another 24 h.
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mechanical strength values were observed for castables TA
and M (additive-free compositions, Fig. 2a) mainly
between 600–1000 1C, which is the temperature range
where the cement hydrates have already been decomposed
[25]. HMOR increase only took place at 1200 1C for TA
samples, where calcium aluminate phases were formed (CA
and CA2, C¼ CaO and A¼Al2O3. X ray diffraction
[XRD] profiles, confirming the presence of such compo-
nents in the selected sample, are not shown here). Castable
M, on the other hand, showed roughly the same mechan-
ical strength results at 1000 and 1200 1C (7.6 MPa). This
feature highlights the late densification of these composi-
tions, pointing out that plain CAC is not the most suitable
binder system for low temperature applications of both
high-alumina and mullite refractory castables.

By adding the sintering additive to the cement-
containing castables, the densification was anticipated
and TA-SA and M-SA showed their maximum HMOR
values at 800 1C and 1000 1C, respectively. Considering
that the FCC risers working condition is close to 800 1C,
the designed castables presented excellent mechanical
strength for this application which was reflected in the
very low erosion values attained (Fig. 2b). Nevertheless, it
was also observed that when increasing the testing tem-
peratures above 1000 1C, the hot mechanical strength
rapidly decreased as a consequence of liquid formation
(Fig. 2a).
Aiming to evaluate the densification effect induced by

the sintering additive, in situ E analyses up to 1000 1C were
carried out for dried samples. Fig. 3 presents the elastic
modulus results attained during the first thermal cycle for
the four designed castables. Additionally, for the TA-SA
and M-SA samples, a second heating cycle was also
performed.
The alumina-based compositions (TA and TA-SA)

presented higher E values (96–102 GPa) after drying at
110 1C when compared to the mullite ones (M and M-SA,
61–62 GPa). All compositions featured a characteristic
decrease of the elastic modulus in the 200–400 1C tem-
perature range (1st heating cycle) due to the cement-
hydrates decomposition [25]. Moreover, no major changes
in the E results betwen 400–1000 1C and during cooling
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were detected for the TA and M castables, indicating that
no densification and further microstructural transforma-
tions took place.

Conversely, castable TA-SA presented an E increase
between 600–900 1C, pointing out the sample’s sintering
and densification. Above 900 1C, the elastic modulus
decreased due to the formation of liquid that started
reducing the castable hot mechanical properties. This E

drop is due to the remaining liquid in the composition, as
no dwell time at 1000 1C was carried out in this test. Later,
it will be shown that this liquid crystallizes for holding
times higher than 5 h at 800 1C. While cooling, the TA-SA
elastic modulus presented a marked increase up to roughly
a constant value (�137 GPa), which is related to the
material’s stiffening [26]. For the second heating cycle in
the same sintering additive containing sample (TA-SA),
the E values showed a similar profile to the first one.
However, the cooling cycle was slightly different mainly
below 350 1C, as the thermal expansion mismatch of the
present phases resulted in microcracks and a final elastic
modulus value (121 GPa) lower than the initial one at
room temperature (137 GPa).

For the mullite-based composition containing the sinter-
ing additive (M-SA, Fig. 3b), the elastic modulus increased
in the 600–750 1C range (1st heating cycle), mainly due to
the sample densification process induced by the SA reac-
tions with the castable’s components (mullite, alumina and
calcia). While cooling, the M-SA elastic modulus also
presented a major increase (�103 GPa) and, during the
second thermal cycle, this sample kept its enhanced
performance presenting some E changes only in the 600–
1000 1C temperature range due to the structure softening.

Based on the final elastic modulus results after two
thermal cycle measurements (Fig. 3), castable TA-SA
showed higher E values (121 GPa) than the M-SA compo-
sition (�103 GPa). The high mechanical performance
attained for the TA-SA samples at 800 1C (Fig. 2a) led
to a concern regarding its thermal shock behavior, as
strong materials, in general, result in catastrophic thermal
shock failures owing to their ability to store high elastic
energy. However, TA-SA pre-fired samples (800 1C/5 h)
showed a very high initial elastic modulus (�13777 GPa)
and, more relevant than that, almost no decrease in the
elastic modulus as a function of the number of thermal
cycles (0–10 cycles, Fig. 4). When compared to the
additive-free composition (TA), a major difference was
observed and the measured E values for samples TA were
2.5 fold lower than the TA-SA ones after two or more
cycles. Such a distinct performance reinforces the impor-
tance of the selected sintering additive.

The mullite-based castables, on the other hand, showed
high initial elastic modulus (M-SA¼9773 GPa) and
almost no E change for the M composition after two
thermal cycles (Fig. 4). Additionally, no significant differ-
ence between the M and M-SA samples results after 10
cycles was observed. In order to better understand the
TA-SA and M-SA behavior, additional in situ elastic
modulus analyses were carried out for samples pre-fired
at 800 1C for 5 h and submitted to 0, 2, 4, 6, 8 and 10
thermal shock cycles. Fig. 5 shows the E curves as a
function of the temperature for the selected compositions.
Again castable TA-SA showed higher thermal stability,

as the elastic modulus values were kept in the range of
108–127 GPa, resulting in the superposition of the attained
curves (Fig. 5a). After pre-firing the TA-SA samples at
800 1C for 5 h, the liquid phase previously identified in this
composition during their first heating cycle (Fig. 3a) was
consumed, giving rise to Al4B2O9, Al18B4O33 and
CaAl2B2O7 phases (according to additional XRD tests)
and, consequently, inhibiting further E decay. The same
trend was not observed for the mullite-based castable (M-
SA) and a significant decrease of the initial E values after
each analyzed cycle was detected. Based on Fig. 5b, some
general features can also be highlighted:
(1)
 from 30 up to 700 1C: the E increase after the thermal
shock should be related to the crack closing effect.
(2)
 from 700 1C up to 800 1C: the presence of a low amount
of liquid phase mainly affected the performance of
the M-SA samples analyzed after 0 and 2 cycles
(E decrease) in this temperature range. Nevertheless,
no deterioration of the castables’ thermal properties is
expected to take place at the working conditions of the
FCC equipments, as high HMOR values were attained
at 800 1C and 1000 1C (Fig. 2).
(3)
 from 800 1C down to 580 1C: during the first step of the
cooling cycle, an increase in the elastic modulus was
observed for the thermal shocked samples. This E

variation is related to the usual stiffening of the
material when the temperature drops due to the
increase in the liquid phase viscosity.
(4)
 from 580 1C down to room temperature: the decay of E

values after 2 quenching cycles is associated with the
development of flaws (i.e., opening of the cracks
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Fig. 5. In situ elastic modulus evaluation up to 800 1C (heating and cooling cycles) for: (a) TA-SA and (b) M-SA samples attained after different thermal

shock cycles. Both castables were pre-fired at 800 1C for 5 h.

Table 2

Initial and final E values results attained after the evaluated thermal cycles (DT¼800 1C) for the M-SA castable.

Cycles Einitial (GPa) Efinal (GPa) Percentual elastic

modulus variation (%)

0 101 99 �2

2 58 78 þ34

4 30 55 þ110

6 28 63 þ96

8 22 31 þ41

10 11 34 þ209
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partially closed during the beginning of the heating
cycle or new crack formation) induced by the thermal
expansion mismatch among the phases comprising the
castable’ samples. Nevertheless, an important aspect to
be pointed out is that the damage caused by the
temperature changes were not permanent, as a further
increase of the elastic modulus results (due to crack
healing and other mechanisms) could be observed for
those samples (Efinal4Einitial, as shown in Table 2).
Considering the E evolution as a function of the
thermal cycles, it can be observed that the M-SA
thermal cycling damage is reduced after a heating cycle
(annealing effect).
Regarding the apparent porosity results as a function of the
thermal cycles, no statistical change in the pore volume
content (%) was observed for the TA-SA and M-SA samples
(Fig. 6a) between the 2nd and 10th thermal cycle. According
to the model proposed by Rossi [27] to predict the elastic
modulus behavior of composites materials, this property can
be extensively influenced by the shape of pores/flaws or
inclusions contained in the final microstructure. Rossi stated
that depending on the c/a ratio (where a is the spheroidal
radius of the flaw/inclusion and c is the major axis parallel to
the stress vector) a marked E decrease can be detected even for
low porosity content changes (i.e., c/a¼0.01 curve, Fig. 6b).
Hence, crack coalescence (leading to changes in the
shape and length of the flaws) might be the main factor
responsible for the reduction of the M-SA samples’ elastic
modulus initial values after 2, 4, 6, 8 and 10 thermal shock
cycles, although the porosity has barely changed.
Based on the attained results, one important question

still remains ‘‘how can the TA-SA refractory (with high E

and sf) present such a remarkable thermal shock resis-
tance?’’. In order to answer this question, some extra
thermo-mechanical and fracture energy measurements, as

well as simulations of the stored elastic strain energy 1
2

s2
f

E

� �
behavior in the castable samples were carried out.
3.2. Additional evaluation of the TA-SA castable samples

Some additional samples were prepared, pre-fired at
800 1C for 5 h and submitted to HMOR (at 200, 400, 600
and 800 1C) and wedge splitting tests for a better under-
standing of its mechanical behavior at lower temperatures
and to estimate the fracture surface energy necessary for
the material’s failure, respectively. Fig. 7a shows that
TA-SA castable showed an outstanding performance
(43–48 MPa) between 200–800 1C. HMOR values were
sixfold higher than the vibratable castable currently used
in Brazilian FCC units (43 vs 7 MPa at 800 1C). The difference
between the results shown in Fig. 2a and Fig. 7a is that for the
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former, the samples were fired for 5 h at the testing tempera-
tures (600–1200 1C), whereas for the latter, they were all pre-
treated at 800 1C/5 h and tested at 200, 400, 600 and 800 1C.

Moreover, based on the load-displacement curve (Fig. 7b)
and the further analysis of the samples fractured surface, the
good cohesion of the castable matrix, the strong matrix-
aggregate bond and the transgranular crack propagation were
evident, although the fracture energy (gwof¼95.471.8 J m�1)
value was not as high as expected. The crack propagation
within the grains (transgranular fracture) usually leads to low
thermal shock resistance due to its limited contribution to the
fracture energy and the absence of crack deflection [24].
However, it is believed that the strong matrix-aggregate bond
in the TA-SA samples resulted in high E levels, which could be
an important characteristic to enhance the thermal stability of
this refractory.

The simulation of the elastic strain stored energy 1
2

s2
f

E

� �
in

the castable samples as a function of E and sf (Fig. 8)
indicated that refractory materials presenting low Young’s
modulus (i.e., 20 GPa) should store high elastic energy levels in
their structure, especially when they are submitted to high
thermal stress (s420MPa). Therefore, if the crack initiation
is not avoided, then most likely the material failure should
take place, as a significant amount of elastic energy must be
dissipated. On the other hand, refractories with high E values
(�140 GPa, as castable TA-SA) display low elastic strain
energy value even under severe stresses (s�50MPa, Fig. 8),
which seems to be a key aspect for the engineered design of
thermal shock resistance materials. Thus, although the litera-
ture states that stronger refractories (presenting high mechan-
ical strength) are not always suitable, it can be assumed that
they might be good options, as long as they present very high
E values and if erosion resistance is an additional requirement.
4. Conclusions

The use of a sintering additive to speed up the refractory
densification at lower temperatures seems to be a suitable
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alternative to develop novel compositions for the FCC
petrochemical units. The mullite castable composition
(M-SA) showed interesting behavior under thermal shock
cycling, as the damage induced by the temperature changes
was not permanent and a further increase of the elastic
modulus results could be observed (Efinal4Einitial) after
‘‘annealing’’. Crack nucleation and coalescence seemed to
be the main factor for the embrittlement of these samples.
Conversely, the evaluated high-alumina-based castable
(TA-SA) showed remarkable mechanical strength, thermal
stability and high E values. Based on the calculated results
of the elastic strain stored energy in the castable samples, it
can be assumed that stronger refractories (with high
mechanical strength) can be good options to be applied
in environments presenting sudden temperature changes,
as long as the material presents very high E values.

Furthermore, as presented in this work, the combined
use of thermal shock experiments and hot elastic modulus
measurements can be an important procedure to assess the
thermo-mechanical performance of complex refractory
castable compositions, pointing out the critical tempera-
ture range where such materials would be more susceptible
to flaw generation and mechanical degradation.
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