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Abstract

The drying behavior of a hydratable alumina-bonded (HAB) refractory castable was evaluated by thermogravimetric tests and
compared with an ultra-low cement composition (CAC). The key properties of monolithic refractory dry-out performance, such as
fluid permeability and mechanical strength, were also determined. The results showed significant differences among the drying
profiles ascribed to the distinct hydrated binding phases, which affect the castables’ physical properties to a differing extent. The

consequences of these features on the explosive spalling tendencies of the compositions are discussed.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Substantial advances in monolithic refractory tech-
nology over the last decades have led not only to
important innovations in castable preparation and
application processes! but also to significant improve-
ments in product performance, in response to the con-
stantly increasing service conditions imposed mainly by
the steel and foundry industries. In this context, reduc-
tions in the CaO content of high-alumina and alumina-
silica formulations have been sought to enhance ther-
momechanical resistance by diminishing the formation
of less refractory phases,' = which, in turn, have led to
the development of ultra-low cement and no-cement
castables, as well as Ca-free hydratable alumina binders.*

Because ultra-low binding, low-water containing
castables are commonly produced with fine reactive
powders and have improved particle-packing design,
they generally display low porosity and permeability
levels, which has led to spalling problems during the
dewatering stage. Therefore, several studies’™® have
focused on the drying behavior and related features of
the widely used calcium aluminate cement (CAC) based
monolithics, whereas little research has involved the
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dry-out and explosive spalling behavior of hydratable
alumina-bonded (HAB) refractory castables. The lack
of detailed data, allied to the evidence from industry,
which reports that this type of composition presents an
even more complex dewatering process than CAC con-
taining products, may have contributed to restrict the
application of Ca-free hydratable alumina binders.

2. Hydratable alumina as a refractory binder

Hydratable aluminas are generally produced via flash
calcination of gibbsite, resulting mainly in a high-sur-
face area transition phase called rho-alumina.!®!! The
binding ability of rho-alumina derives from its parti-
cular characteristic of undergoing rehydration when in
contact with water (or water vapor). During hydration,
a thick layer of gel is formed, part of the gel subse-
quently crystallizing into traces of boehmite and major
quantities of bayerite.!>!3> The remaining gel phases
have been identified as boehmite gel or pseudo-boeh-
mite (a poorly crystallized boehmite), together with a
totally amorphous gel, and may represent up to 60% of
the final hydrated phases, depending on the hydration
temperature and pH.!'3!# Interlocking bayerite crystals
and gel confer green mechanical strength on the refrac-
tory structure by filling pores and interfacial defects and
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by forming honeycomb structures on the surface of
aggregates,'? attaching adjacent grains to each other
and to the surrounding matrix.

On the other hand, calcium aluminate cement tech-
nology relies on the hydration capacity, primarily of
CA! and secondly of CA,, to rapidly yield various cal-
cium aluminate hydrated phases (CAH;y,, C,AHg and
C3;AHg) and alumina hydrates (gibbsite and gel).!>~!7
These hydrated phases are strongly influenced by the
curing temperature, varying from CAH;, and alumina
gel (IT'<15 °C) to C3AHg and crystalline AHj;
(T>40°C),">"7 leading to diverse spalling tendencies in
similar CAC compositions cured at different tempera-
tures. When minor quantities of binder are employed,
few or no modifications are needed in the formulation,
mixing and application practices when replacing CAC
with  HAB.* However, the considerable differences
between the hydraulic binding phases may affect the
castables’ physical properties unequally, thereby causing
distinct drying behaviors.

Castable dewatering profiles are very difficult to assess
due to the large size of refractory pieces in real situa-
tions. Therefore, the drying process is optimized based
entirely on pragmatism and on trial and error. This has
prevented refractory drying schedules from keeping up
with the major advances and innovations achieved in
other areas of monolithics processing, causing dry-out
to continue being a costly and time-consuming step.
Precise mass loss and temperature data, obtained by an
accurate thermogravimetric technique applied to small
castable specimens, may be extrapolated to industrial
drying situations, aiding refractory producers and con-
sumers to design suitable heating curves. These sche-
dules allow not only for the safe removal of water and
preservation of the products’ physical integrity, but also
the reduction of turnaround times in drying chambers
(for pre-cast pieces) and linings (for in-situ applications).

Considering these circumstances, the present work
investigates the drying behavior of HAB castables,
highlighting their properties (regarding the drying per-
formance) compared with those of CAC castables. For
this purpose, permeability and mechanical measure-
ments, along with several thermogravimetric (TG) tests,
were conducted on compositions based on the various
hydraulic binders. The reasons for the particular explo-
sive spalling tendency of HAB formulations were also
investigated.

3. Experimental procedure
Two castable compositions (98 wt.% alumina and 2
wt.% binder) were designed based on different hydraulic

binding agents, with particle size distributions adjusted

' Stands for: C=CaO; A =Al,03; H=H,0.

to theoretical curves based on Andreasen’s packing
model, with a distribution coefficient (¢) of 0.21. The
mixtures were composed of matrix powders (calcined
A1000 SG and A3000 FL aluminas, 23 wt.%, dpax < 100
um), aggregate grains (white fused aluminas, grades 4/
10, 8/20, 10/36, 20/40 and 200F, 75 wt.%, dy.x<4.5
mm) and hydraulic binder: calcium aluminate cement
(CA-14) for the CAC composition and hydratable alu-
mina (Alphabond-200) for the HAB composition. Both
castables were mixed with 4.50 wt.% of water (dry
basis) and dispersed with citric acid (LabSynth, Brazil).
The alumina and binder raw materials were supplied by
Alcoa Brazil and USA.

The castable compositions were molded into 4.0 cm
diameter by 4.0 cm high cylinders for the drying and the
mechanical tests, and into 7.5 cm diameter by 2.2 cm
thick disks for permeability measurements. The samples
used to measure the actual sample temperature during
the drying tests were molded with a K-type thermo-
couple located at the center of the cylinder’s upper sur-
face (2 mm depth). All the bodies were cured in the
molds at 50 °C for 48 h.

The drying tests were performed in a TG device com-
posed of an electric furnace (with no forced air stream)
coupled to a digital scale. The temperature and mass
data were computer-recorded at 5-s intervals through-
out the tests. Results correlating the sample’s tempera-
ture with its mass loss profile were obtained using data
from two tests conducted with the same heating pro-
gram on specimens of the same batch (one for mass data
and the other for temperature acquisition). Basically,
two different types of heating schedules were applied,
the first consisting of continuous heating from room
temperature to 800 °C at different rates (10 and 20 °C/
min). The second procedure was based on a dwell time
at a constant temperature, with the sample heated from
room temperature to 110 °C at a rate of 5 °C/min and
then held at that temperature for 500 min (sufficient
time for constant mass to be reached).

The parameters analyzed in the drying tests were Wy
and dWjy/dt, representing the cumulative fraction of
water loss and the specimen’s drying rate, respectively.
W4 was calculated as:

Wa(%) = 100 x (MM_fM> 1)

where M is the instantaneous mass recorded at time
during the heating stage, M, is the initial mass and M is
the final mass of the tested sample. In this study, Wy
varied from 0 to 4.5%, which corresponded to the total
casting water added (W4= W4 when M= My). The
experimental drying rates dWg/dt were obtained by the
derivation of Wy curves as a function of time.

In order to assess the dehydration profiles of the
binding phases, specimens of each composition were
dried in silica gel prior to the thermogravimetric tests
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(specimens referred to as CAC-MF? and HAB-MF).
Samples for permeability and mechanical evaluations
were also previously dried in silica gel. In this case,
however, the moisture was removed primarily to pre-
vent any influence of free water on the measurements.
Room temperature permeability tests were performed
on two bodies for each composition. The experiments
evaluated the easiness of airflow through the sample’s
thickness by measuring the exit air velocity in response
to the variations of the inlet pressure applied. The per-
meability constants k; and k, were obtained by fitting
the experimental data using Forchheimer’s equation.?

P} — P} U P\ 2
1 o_ (X . ~ > 2
2PL <k1>v + <k2>v“ ( )

where P; and P, are the absolute inlet and outlet air
pressures, respectively; vg is the fluid velocity; L the
sample thickness; p the fluid viscosity; and p the fluid
density. The parameters k; and k, are, respectively, the
Darcian and non-Darcian permeability constants.

Mechanical tests were conducted according to the
ASTM (C496-90 standard (Splitting Tensile Strength of
Cylindrical Concrete Specimens) in a MTS device (MTS
Systems, Model 810, Minneapolis, MN) on six dried
samples of each castable composition.

4. Results and discussion
4.1. Physical properties

Table 1 lists the results of the main physical properties
relating to the drying characteristics of HAB and CAC
compositions. The permeability parameters (k; and k»)
were strongly affected by the kind of binder used, while
the mechanical strength was influenced to a lesser
extent.

The CAC castable displayed a six-fold greater k; and
a 115-fold greater k, than the HAB samples. This sub-
stantial difference between the castables’ permeability
levels resulted from the characteristics of the hydrated
binding phases present in each type of refractory. The
binding phases in the CAC composition were exclu-
sively C3AHg and gibbsite (as it was cured at 50 °C),

Table 1
Permeability constants (k; and k,) and mechanical strength (o) of the
castables based on different hydraulic binders cured at 50 °C

Castable Type ki (1071 m?) k> (10715 m) o (MPa)
CAC 2.36+0.46 19.6£3.68 2.03£0.29
HAB 0.38+0.07 0.17£0.02 1.25£0.17

2 MF, moisture free.

whereas in the HAB samples, bayerite was the major
crystalline phase, in addition to gel phases (pseudo-
boehmite and totally amorphous gel). It is worth noting
that pH values exceeding 9.5 were found to strongly
favor the formation of gel during rho-alumina hydra-
tion,!'* and the measured pH of the HAB formulation in
this work indicated a variation from 9.40 (immediately
after mixing) to 9.85 (after 90 min). Therefore, gel pha-
ses probably represent a significant fraction of the
hydrated phases in HAB castables.

Gelatinous alumina phases are very efficient in clog-
ging pores and interfacial defects,” causing severe
obstructions to internal fluid flow. Moreover, the parti-
cular features of the binders’ particle size distributions
have been reported® to influence the thickness of the
porous zone at the interfaces. The smaller particles of
Alphabond 200 (dsp=2.6 um, doy=>5.4 um) provided
better packing around the aggregates than CA-14 par-
ticles (dso =13 pm, dgg= 50 pm), since the former binder
was assumed to exert a less intense wall effect than the
latter. After hydration, these regions, which already
displayed a denser structure (compared to CAC), were
filled with gel, resulting in the significant difference
between the castables’ permeabilities.

Based on the lower permeability of HAB bodies, their
porosity could reasonably be presumed to be lower,
implying a higher mechanical strength than that of the
cement-based composition. However, the results of this
work revealed that the CAC castable was 62.4% stron-
ger than the HAB formulation. This fact possibly has to
do with the texture of hydrated binding products and
their intrinsic mechanical strength. Further investigations
are required to clarify this effect.

4.2. Drying behavior

Fig. la illustrates the drying profiles of CAC and
HAB castables in response to a 10 °C/min heating rate.
Curves (i) and (ii) show the drying rates (dWy/dt) as a
function of the sample temperature for the as-cured
CAC and HAB specimens. Both curves present two
main peaks corresponding to the evaporation (from
room temperature to 100 °C) and ebullition of free
water, respectively.® The second peak also includes the
dehydration of a considerable portion of the binding
phases (from 100 to 250-350 °C), revealed by curves (iii)
and (iv), which refer to CAC and HAB moisture-free
samples. Additionally, the water losses occurring after
the second main peak relate to the final stages of bind-
ing phase dehydration, as evidenced by the very similar
dewatering behavior of as-cured and moisture-free
samples within the temperature ranges of 250-600 °C
for CAC and 350-600 °C for HAB.

The drying profiles of the MF-samples indicated that
dehydration of the diverse binding phases of CAC and
HAB occurred in the same temperature range. However,
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the former composition showed three main dehydration
peaks, depicted in curve (iii), while the latter showed a
more continuous band of water loss, evidenced in curve
(iv). The first two peaks (177 and 230 °C) in the CAC-
MF curve were associated with crystalline gibbsite,
which loses most of its molecules as water between 180
and 300 °C,!%-1° although the most intense mass loss
occurs at 230 °C.!'7 The third peak, appearing at around
300 °C, was probably caused to some extent by gibbsite
dehydration but primarily by the decomposition of
C;AH;g crystals between 240 and 370 °C.!'%!7 The next
mass loss, at temperatures above 400 °C, was inferred
for the final stages of gibbsite decomposition.'® On the
other hand, the drying pattern of the HAB binding
phases was composed of different dehydration effects
presenting two small broad peaks (195 and 285 °C).
Psecudoboehmite decomposes in two temperature ran-
ges, mainly from 100 to 180 °C and, to a lesser degree,
at 400-500 °C,'® while totally amorphous alumina gel
probably dries at around 100 °C.'>!7 Crystalline bayer-
ite and boehmite dehydrate, respectively, at around
300 °C and between 450 and 550 °C.!%12.18 The presence
of the abovementioned crystalline phases was confirmed
by X-ray analysis.

A comparison of curves (i) and (ii) in Fig. 1 reveals
that, due to the considerable difference between the
castables’ permeabilities, the intensity of the HAB
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(i) HAB
(i) CAC-MF
(iv) HAB-MF
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Fig. 1. Drying behavior of green castables bonded with CAC and
HAB subjected to continuous heating: (a) Rate of 10 °C/min from
room temperature up to 800 °C. Curves (iii) and (iv) refer to moisture
free (MF) samples. (b) A more aggressive heating rate (20 °C/min) was
applied to evaluate the explosive spalling occurrence.

evaporation peak was lower than that of the CAC dry-
ing profile, indicating that a larger amount of free water
remained available for vapor pressurization during the
ebullition stage. The low permeability of the HAB sam-
ples not only restricted the evaporation process but also
affected the second peak, causing it to shift to higher
temperatures as the release of steam was adversely
affected. Hence, greater pressure gradients (i.e., higher
temperatures) were required to expel the water vapor
from the bulk of the solid at the same rate as from the
CAC bodies. The HAB ebullition peak occurred at 36 °C
above that of the respective CAC composition (215 and
179 °C), indicating a drying condition involving a
greater risk of explosive spalling, since this increase in
the peak temperature can double the maximum vapor
pressure (Py) from 1.0 to 2.0 MPa, according to
Antoine’s equation,® as shown in Fig. 2.

The level of Py at 215 °C, calculated by Antoine’s
equation (2.0 MPa) in the aforementioned situation,
was higher than the measured mechanical strength of
the HAB castable (1.25 MPa). Nevertheless, it should be
noted that the castable’s structure was not impermeable,
which meant that steam was continuously released from
the solid during heat-up, causing the body’s internal
pressure to be lower than the Py predicted by Antoine.
Explosion occurs when the pressure developing inside
the castable structure—caused by steam being generated
faster than it can be released from the bulk of the
solid—reaches the body’s maximum tensile strength.
Because vapor generation and heating rates are directly
correlated, explosive spalling did not occur at a 10 °C/
min ramp, but the application of a higher rate, as in
Fig. 1b, resulted in explosive spalling.

When subjected to a 20 °C/min heating rate, both
specimens presented higher peaks than at 10 °C/min,
since the velocity of steam generation was greater and,
consequently, the likelihood of pressurization as well.
Moreover, in this case, the HAB drying profile was cri-
tically influenced by the permeability, further restricting
the evaporation stage and dangerously removing a lar-
ger quantity of free-water at higher temperatures, since

6.0 | | T W,

]

100 150 200 250
Sample Temperature (°C)

Fig. 2. Maximum vapor pressure as a function of temperature
according to Antoine’s equation.
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the ebullition peak also shifted further upward. This
resulted in strong explosive spalling at 256 °C, accom-
panied by the release of a large amount of energy, as
evidenced by the “pulverization” of the HAB sample.
As Fig. 2 illustrates, the maximum vapor pressure at
256 °C is 4.4 MPa, which is higher than the mechanical
resistance of the HAB castable. Therefore, the impor-
tant features of Antoine’s relationship are both the
absolute value of the maximum calculated Py and the
exponential increase of pressurization potential as a
function of the temperature. The shifting effect caused
by structures with low permeability can be extremely
dangerous in terms of explosive spalling, because a
slight increase in temperature above 150 °C causes
a major rise in pressure.

On the other hand, the CAC sample, which had a
much higher permeability and considerably greater
mechanical strength than HAB, did not suffer explosive
spalling since it released vapor more easily (which was
confirmed by the higher dWWy/dt in the evaporation stage
and the lower temperature of the ebullition stage) and
its stronger bonds withstood the mechanical stresses.

The most commonly employed practical solution for
the safe dry-out of refractory castables is based on the
application of heating schedules designed with dwell
times at different temperatures to separately remove
physically and chemically bonded water contents. These
schedules are considerably less harmful to a product’s
integrity than rapid continuous heating but are more
time-consuming and costly. According to this metho-
dology, Fig. 3 depicts the drying behavior of HAB and
CAC castables when subjected to a constant-tempera-
ture drying procedure. The very low permeability dis-
played by HAB bodies negatively affected the drying
process, although there was no significant pressure
build-up but a considerable delay for the complete
removal of moisture compared to the CAC sample. As a
result, the HAB castable took 66.6% more time to lose
95% of its total free-water content than the CAC-based
sample.

4 -
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Fig. 3. Drying behavior of castables subjected to a dwell time of 500
minutes at 110 °C.

The optimization of HAB composition drying sche-
dules is limited by the risk of pressurization (when faster
heating rates are applied) and by time-consuming, low-
risk moisture removal (when lengthy constant-tempera-
ture treatments are applied). The use of this class of
binder will depend on a cost—benefit relationship
between the time/energy cost of the dewatering process
and thermomechanical improvements.

5. Conclusions

The spalling tendency observed in the HAB refractory
castable originated from its low permeability, which was
ascribed to gel-like phases that make up a considerable
portion of the hydrated phases in Ca-free specimens.
The consequence of these gel-like phases on the drying
behavior was to shift the removal of free water to higher
temperatures (than in CAC bodies) and, consequently,
to increase the steam pressure and the likelihood of
explosive spalling under fast continuous heating. When
subjected to a constant-temperature drying procedure,
the HAB sample took considerably longer than the
cement-based body to lose the physically absorbed
water content. The CAC castable was found to be much
more permeable and considerably stronger than HAB,
releasing vapor more easily and showing a stronger
structure to withstand the pressure build-up, which
explains the low tendency for explosive spalling of
cement containing compositions cured at 50 °C.
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