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Abstract

In situ spinel (MgAIl>O4, ZnAl204, etc.) formation in alumina-based castables has been
pointed out as a key issue in the refractory area, as it may enhance the mechanical properties
and corrosion resistance of such materials. Nevertheless, the generation of these compounds is
usually accompanied by a large volume expansion, which may induce crack formation in the
resulting microstructure. Aiming to investigate the influence of zinc and magnesia spinel
generation on the properties of alumina-based castables, three vibratable compositions,
containing calcium aluminate cement or hydratable alumina as binders, were designed and
characterized in this work. Different experimental tests were carried out to analyze the produced
samples, such as: cold flexural strength, apparent porosity, hot elastic modulus, assisted
sinterability, corrosion cup-tests, etc. According to the results, ZnAl>O4 was mainly formed
above 800 °C, favoring an earlier sintering of the samples. The addition of high amounts of
ZnO or MgO (3 wt% to 9.4 wt%) to the castables resulted in the expansion of the samples
during their first thermal treatment up to 1500 °C, reaching dL/Lo values equivalent to
1.16 % up to 2.35 %. Thermodynamic simulations indicated that spinel phase presented higher
chemical stability when in contact with the evaluated synthetic slag at 1500 °C. Depending on
the corrosion cup-test procedure (free or under constraint), different results of the slag infiltrated
area were obtained (13.7 % to 20.5 %) and, the combination of two different spinel phases
(MgAl;0O4 and ZnAl;04) in a castable composition resulted in a refractory with enhanced

corrosion behavior when the tests were carried out under constraint.
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1. Introduction

Various efforts have been made in the refractory field to develop castable products with
improved performance that could withstand the harsh operational conditions of industrial
processes. Thus, not only the selection and combination of suitable raw materials, but also the
processing methods and the microstructural changes during the first heating step of such
materials are important aspects that should be carefully addressed.

The in situ generation of spinel phases (i.e., MgAI>O4, ZnAl,O4, etc.) in alumina-based
castable compositions has been investigated by many researchers [1-10], as these compounds
play an important role in increasing the mechanical behavior as well as the slag corrosion
resistance of such ceramic systems. Regarding its crystalline structure, as reported by Bi et al.
[11], the oxygen anions in AB204 spinel (where A and B are cations with valence 2+ and 3+,
respectively) present face-centered-cubic (fcc) close packing. The unit cell contains 32 oxygen
anions, 16 octahedral cations, and 8 tetrahedral cations in the normal spinel structure. A%*
cations occupy the tetrahedral vacancies and the B3* cations are in the octahedral ones.
However, in the inverse-spinel structure, the A?* and one-half of the B3* cations occupy the
octahedral vacancies, and the remaining one-half of the B3* cations are in the tetrahedral ones.
Such a complex structure results in interesting features, as the spinel phase can trap Mn?*, Fe?*
and Fe®* ions in its structure via solid solutions. Consequently, spinel-containing refractories
usually present enhanced corrosion resistance as the withdrawal of these ions from the slag may
result in a silica-rich viscous liquid, which will not easily infiltrate into the ceramic lining
porosity [12-14].

Most of the studies presented in the literature are focused on the investigation of MgAI,O4
formation and its role on alumina-based refractories performance [2,3,9,15-17]. Zinc aluminate

spinel (ZnAl>O4) has received less attention, although it has a high melting temperature (1950



°C), regular thermal expansion coefficient (7 x 10 °C in the 25 °C - 900 °C range) and good
resistance to acids and alkali [6,18]. Additionally, theoretical studies carried out by Xu et al.
[19,20] have reported the likelihood of tailoring some properties of ZnAl.Os-based ceramics
by changing the stoichiometry of this phase, which may expand its application.

ZnAl,O4 formation takes place through the reaction between ZnO and Al,O3 generating
(i) a solid solution of zinc oxide in aluminum oxide in the 600 °C to 700°C temperature range,
followed by (ii) a disordered spinel structure between 700 °C and 800 °C, which will be
converted into an ordered one at temperatures above 800 °C [6,21]. Therefore, such
transformations may also favor an earlier sintering of the refractories, resulting in improved
mechanical performance at intermediate temperatures (> 700 °C) [6]. Additionally, zinc oxide
has the ability to speed up the formation of calcium aluminate phases (i.e., CaAl:07, CaAl1201s,
etc.) and MgAIl>Os (MA) in Al03-CaO-MgO containing compositions [22,23]. Wang et al.
[22] pointed out that ZnO accelerated the formation of MA phase at high temperatures in Al,Osz-
MgO-CaCOs3 ceramics by replacing Mg?* by Zn?* in the spinel grains to give rise to a uniform
(Mg1xZnx)Al>204 solid solution. Besides that, ZnO addition affected the evolution of CaAl12019
grains from plate-like to equiaxed structures, which favored an easier development of the MA
grains and improved the densification of the prepared specimens [22].

However, the in situ generation of ZnAl,0s, MgAI>O4 and calcium aluminates in
refractories is accompanied with a large volume expansion [24-26]. Li et al. [6] stated that zinc
carbonate or hydroxide could be used as alternative materials to suppress volume expansion
and improve the ceramics’ volume stability, as the decomposition of such compounds during
the specimens first heating would give rise to micropores in the refractory structure, providing
space to counter-balance the expansion related to the formation of spinel and calcium aluminate
compounds at high temperatures. Nevertheless, both recent investigations [6,8], considering the

addition of Zn(OH), and basic zinc carbonate in refractory castables, only analyzed the



incorporation of small contents of these additives (0 to 0.66 wt%) in high-alumina calcium
aluminate cement-bonded castables.

Based on these aspects and knowing that previous studies [15,27] highlighted that the
optimal spinel content to improve the slag resistance and wear mechanisms of Al>Os-MgO
refractories would be in the 20 wt% - 25 wt% range, this work addressed the evaluation of
alumina-based castables containing higher amounts of ZnO and/or MgO (3 wt% — 9.4 wt%) as
precursor materials for spinel formation. Hydratable alumina and calcium aluminate cement
were selected as binders and the samples’ characterization were carried out to infer the influence
of the phase transformations on the thermo-chemical-mechanical performance of such materials

at high temperatures.

2. Experimental

2.1 — Evaluated compositions

Three vibratable castables (Table 1) were designed considering the Alfred’s particle
packing model and distribution coefficient (q) equal to 0.26 [28]. A fixed amount of binder (6
wt%) and the equivalent content of zinc oxide or a mixture of zinc and magnesium oxides were
selected to give rise to a total of approximately 21 wt% of spinel phases (MgAl.O4 and/or

ZnAl>Oy), after firing these refractories at high temperatures.

Table 1 — General aspects of the designed castables evaluated in this work.

Raw materials (wt. %0) AZA AZC AZMA
Tabular alumina (d < 6 mm) 796 796 813
Calcined alumina (CL370) 3 2 3
Reactive alumina (CT3000SG) 2 3 2

Magnesia (d < 212 um) - - 3
Zinc oxide (d < 20 pm) 94 94 4.7




Calcium aluminate cement (Secar 71) - 6 -
Hydratable alumina (Alphabond 300) 6 - 6

Tabular alumina (aggregates, d < 6 mm, Almatis, Germany), reactive and calcined
aluminas (CL370 and CT3000SG, Almatis, Germany), magnesium oxide (dead-burnt, M30-B,
d < 212 um, RHI-Magnesita, Brazil) and zinc oxide (analytical reagent grade, d < 20 um,
LabSynth, Brazil) were selected as raw materials. The addition of hydratable alumina (HA,
Alphabond 300, Almatis, Germany) to AZA and AZMA (Table 1) as binder was analyzed, as
the former composition would favor only the ZnAl,O4 formation during the samples’ thermal
treatments, whereas the latter would induce the generation of ZnAl>O4, MgAI,O4 or even a
complex spinel structure, (Mg1-xZnx)Al204. A third castable (AZC) was also evaluated, but in
this case calcium aluminate cement (CAC, Secar 71, Imerys Aluminates, France) was
incorporated as binder into the mixture. Thus, AZC should present ZnAl,O4 and calcium

aluminates in its microstructure after firing.

2.2 — Processing steps and characterization of the prepared samples

The preparation of the designed compositions consisted of initially adding 0.2 wt% of a
polyethylene glycol-based dispersant (Castament FS 60, Basf, Germany) to the dry-powders
and then a dry and wet homogenization steps were carried out in a home-made rheometer device
[29] with further incorporation of distilled water to the materials. The water demand for each
tested composition was adjusted (to be presented in Table 5) to obtain vibratable flow values
(ASTM C 1445) around 150 %. The molded samples were cured at 30 °C for 24 h and dried at
110 °C for another 24 h. The setting behavior of the prepared castables was also analyzed via
ultrasonic measurements at room temperature (~ 23 °C) for 24 h, using the UltraTest device,

IP-8 measuring system (Germany).



Permanent dimensional change (PLC, ASTM C113-14) of bar samples (150 mm x 25 mm
x 25 mm) was carried out based on measurements of the specimens’ length before and after
firing at 800 °C, 1000 °C, 1200 °C and 1500 °C for 5 h. A total of 5 specimens were analyzed
for each selected condition to identify the influence of the expected phase transformations on
the castables’ final dimension. Additionally, the linear dimensional change (assisted
sinterability — AS) and thermal stability (refractoriness under load - RUL) of the castables were
monitored in situ up to 1500 °C. For this purpose, cylindrical specimens (height and external
diameter = 50 mm and central inner diameter = 12.5 mm) were prepared according to 51053
DIN standard and calcined at 600 °C for 5 h (AS) or pre-fired at 1500 °C for 5 h (RUL). The
calcined samples were submitted to a heating rate of 3 °C/min up to 1500 °C and kept under a
compressive load of 0.02 MPa for the AS measurements. For the RUL tests, the castables fired
up to 1500 °C for 5 h were analyzed under a compressive load of 0.2 MPa and a heating rate of
5 °C/min.

The influence of the phase transformations on the castables’ elastic modulus (E) behavior
was analyzed according to the ASTM C 1198-91 standard using the bar resonance technique
(Scaneastic equipment, ATCP, Brazil), which is based on the sample excitation and detection
of the correspondent vibration spectrum, via piezoelectric transducers [30]. Tests were carried
outin the 30 °C - 1400 °C temperature range with heating and cooling rates of 2 °C/min. Aiming
to identify the likely phases developed in the microstructure of the designed castables and their
influence on the obtained E profiles, simplified mixtures based on more reactive components
(d <200 um, Table 2), better representing the matrix of the refractory castables, were prepared
and evaluated via X-ray diffraction measurements and thermodynamic calculations (with the
help of FactSage software, version 6.4, developers CRCT (Canada) and GTT (Germany)).
Firstly, the dry powders were mixed with distilled water (20 wt%) for approximately 5 min at

room temperature. The obtained suspensions were molded as cylindrical samples (30 mm x 30



mm) and kept at 30 °C for 24 h. After that, a drying step was conducted at 110 °C for another

24 h and the specimens were fired at 1000 °C, 1200 °C or 1500 °C for 5 h.

X-ray diffraction tests of the ground samples were carried out using D8 Focus equipment
(Bruker, Karlsruhe, Germany) and with CuKa radiation [A = 1.5418 A], nickel filter, 40 mA,
40 mV, 20 =4° - 80 ° and scanning step = 0.02°. Rietveld simulations were also performed using
the Topas software (version 4.2, Bruker, Germany) to estimate the amount of each phase
contained in the fired samples, ensuring Goodness of Fit (GOF) < 1.02 and weighted profile R-

factor (RWP) < 1.3 %.

Table 2 — Matrix (d <200 um) components of the castable’s compositions.

Raw materials (wt. %) AZA AZC AZMA
Tabular alumina (d < 200 pum) 449 449 49.5
Calcined alumina (CL370) 8.1 54 8.1
Reactive alumina (CT3000SG) 54 8.1 54

Calcium aluminate cement (Secar 71) - 16.2 -

Magnesia (d < 212 pm) - - 8.1
Hydratable alumina (Alphabond 300) 16.2 - 16.2
Zinc oxide (d <20 um) 254 254 12.7

Corrosion cup tests were conducted with cylindrical samples (with an external d = 50
mm, h =50 mm and a central inner role with 20 mm in diameter and 25 mm deep), which were
divided into two groups (calcined and pre-fired ones, as they were heated up to 600 °C and
1500 °C for 5 h, respectively) and subjected to two distinct corrosion procedures (samples were
free to expand or kept under constraint), as pointed out in Table 3. A total of 3 samples were
analyzed for each studied condition and the chemical composition of the selected slag is shown

in Table 4.

Table 3 — Corrosion procedures for the evaluation of the refractory castables.



Thermal treatment of
the castables’ before
the corrosion tests

Free samples

Samples under constraint

600 °C for5h

1500° C for5h

The inner cup of the
castables were filled in
with 8 g of synthetic
slag and the set
(refractory + slag
powder) was placed in
an electrical furnace
and heated up to 1500
°C for 2 hunder a
heating rate of 2 °C /
min.

After their initial thermal treatment (600 °C or
1500 °C), 3 cylindrical samples of each
composition were placed in a polymeric mold
with the following dimensions: 230 mm x 114
mm X 64 mm. An alumina based castable
(containing 6 wt% of hydratable alumina as
binder) was prepared and cast around the
cylinders. After curing (30 °C for 24 h) and
drying (110 °C for 5 h) steps, the obtained
blocks (containing the castables’ cylinders in its
structure) were also calcined at 600 °C for 5 h
before placing the slag powder in the inner cup
of the AZA, AZC and AZMA refractory
samples. The corrosion experiments were
carried out at 1500 °C for 2 h under a heating
rate of 2 °C / min in an electric furnace.

Table 4 — Chemical composition of the selected synthetic slag.

Oxides | i, | Tio. | AkOs | Fe:0s | CaO | MgO | K:0 | SOs F
(Wt%)
Slag | 288 0.6 107 12 427 72 0.6 16 6.2

After cooling, the corroded samples (free or under constraint) were cut and had their cross

sections observed using the Image J 1.42q software (Wayne Rasband, National Institutes of

Health, USA) for the determination of the relative infiltrated area of the castable, as described

in [31]. Additionally, thermodynamic calculations were carried out to predict the phases that

should be formed during the initial slag-castable interaction, in the equilibrium condition at

1500 °C, using the FactSage software (version 6.4, databases = FactPS and FToxid, and the

Equilib calculation modulus).

3. Results and Discussion




3.1 — Flowability and curing behavior

Table 5 shows the water demand and flowability values obtained for the designed
castables after their processing step. The hydratable alumina (HA)-containing compositions
(AZA and AZMA) required higher liquid content (4.6 wt% - 4.8 wt%) when compared with the
cement (CAC)-bonded material (AZC), which is explained by the high specific surface area
(around 150-200 m?/g [32]) and reactivity of the former binder. Nevertheless, all castables
presented similar vibratable flow values (in the range of 151 % to 158 %), providing a suitable

casting of the samples.

Table 5 - Water demand and vibratable flow obtained for the evaluated castables.

Compositions Water content (wt%o) Vibratable flow (%0)
AZA 4.6 151
AZC 40 153
AZMA 4.8 158

The binders’ action affected the setting and curing behavior of the samples, as pointed
out in Fig. 1. The ultrasonic measurements were carried out at room temperature (~ 23 °C) and,
initially, the HA-based materials presented faster setting, as depicted by the more significant
increase of the ultrasonic wave propagation velocity detected after approximately 2 hours.
However, AZA and AZMA also showed a further drop of the measured velocity (in the 5.5 to
8 h range), which might be related to the shrinkage of the samples (resulting in a slightly
detachment of the sensors) or the generation of flaws (i.e., microcracks, voids, etc.) in the
refractory microstructure, mainly for the MgO-containing composition due to Mg(OH):
formation. With the advance of curing time, the final velocity values obtained for AZA and

AZMA were half of the one collected for the CAC-containing castable (AZC, Fig. 1).



Therefore, although the cement-bonded composition presented a slower setting (velocity
increase around 4 h - 8 h) in the evaluated conditions, the greater ultrasonic velocity values
obtained after 24 h of curing indicate that such material should present better green mechanical
strength levels. The distinct performance of the HA and CAC-bonded materials is directly
related to the binders’ reaction mechanisms and the hydrated phases (crystalline or gel-like
compounds) formed in such materials. More details of such transformations can be found in

[33,34].
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Figure 1 — Curing behavior of the castables as a function of time at room temperature (~ 23 °C).

3.2 — Samples’ properties as a function of the temperature

Aiming to identify the effects associated with the in situ generation of ZnAl204, MgAl;04
and calcium aluminates in the evaluated refractories, the castables’ dimensional stability was
analyzed after firing and cooling bar samples at different temperatures (permanent linear

change, Fig. 2a) or following their expansion via the assisted sinterability technique (Fig. 2b

and 2c).

10



15

PLC (%)

-1.0

dL/L, (%)

T / @ 0.025
[ w a
: ‘ — AZA o (0)
! 00204 a7c 1135°Cc 1292°C
£ —— AZMA
£ 0.015+
g 1034°C
g 00104
I
< 0.005
K=l
2 0.000-
®©
3
2§ -0.005 -
-0.010 4
T T T / T -0.015 T T T
800 1000 1200 1500 300 600 900 1200 1500
Firing temperature (°C) Temperature (°C)
25 ;
—— AZA '
—— AZC :
204 — AZMA :
1.5 ;
1.0 :
0.5
()
00 T T T T T T T T T T
300 600 900 1200 1500 03 06 09 12 15 18 21
Temperature (°C) Time (h)

Figure 2 — (a) PLC and (b, c) in situ linear expansion of the castables as a function of the

temperature.

Fig. 2a indicates that AZA samples expanded after thermal treatments at 800 °C, 1000 °C

and 1200 °C for 5 h, reaching values ranging from 0.06 % up to 0.32 %. Nevertheless, when

heating the same composition at higher temperature (1500 °C), a small decrease of the measured

expansion was observed (0.18 %), which can be explained by the sintering and densification of

the microstructure under such a condition. Despite using the same binding system, AZMA

refractory showed shrinkage of the pieces when firing them at lower temperatures (800 °C and

1000 °C, Fig. 2a) and an increase in their linear dimension could be detected only above 1200
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°C. Shrinkage of around 0.32 % was identified for the AZC samples fired at 800°C, whereas a
more significant expansion (0.90 % and 0.87 %) could be detected mainly at high temperatures
(1200 °C and 1500 °C, respectively).

The same trend identified in the permanent linear change measurements carried out at
1500 °C (final measured expansion = AZC > AZMA > AZA) was also seen via the sinterability
technique (AS). Fig. 2b (first derivative of the dL/Lo profiles shown in 2c¢) highlights the earlier
expansion (around 800 °C - 900 °C) of AZA and AZC compositions, whereas AZMA samples
presented a significant change in their dimensions mainly above 1100°C. The expansion rate
peaks for each evaluated castable were identified at 1034°C (AZA), 1135°C (AZC) and 1292°C
(AZMA). Besides that, Fig. 2c points out that, in all studied cases, the maximum dL/L, values
were reached close to 1400 °C - 1430 °C. After that, a small but continuous decrease of the
sample’s dimension was detected up to the end of the test, resulting in final results equivalent
to 1.16 %, 1.90 % and 2.35 % for AZA, AZMA and AZC, respectively (Fig. 2c). According to
Braulio et al. [35,36], high alumina castables containing 6 wt% of MgO (with in situ formation
of approximately 21 wt% of MgAI.O4) may present a maximum expansion level of 1.95 %
(binder-free refractory, as magnesia was responsible for reacting with water and generating
Mg(OH)2 phase during curing step) for the AS tests, whereas the addition of 6 wt% of CAC to
the same composition resulted in dL/Lo close to 3 % at 1500 °C and under the same conditions
as the ones analyzed in the present work. Thus, although high expansion values were obtained
for the ZnO-containing refractories, these results are in tune with the data presented in the

literature for other systems [35,36].

This behavior is related to the phase transformations that can take place in the refractories’
microstructure during their first thermal treatment. Table 6 shows the estimated amount of the
crystalline compounds contained in the matrix fraction (Table 2) of the evaluated materials,

when analyzing simplified compositions (more reactive components of the castables, with
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particle size < 200 um) after firing at 1000 °C, 1200 °C and 1500 °C for 5 h. X-ray diffraction

measurements and Rietveld calculations were carried out for each analyzed sample, resulting

in the data presented below.

Table 6 — Estimated amount of the phases (wt%, obtained via Rietveld calculations) generated

in the matrix composition of the designed castables.

Rietveld Calculations
Compositions Tem?fcr‘;‘t“re Al‘zd Na,Al»Oz | ZnO | ZnAl,Os | CaAlO; | CaAl,0, | MgO | MgALO,
1000 55.1 18 12 | 419
AZA 1200 324 12 - 66.3
1500 324 - - 67.6
1000 605 1.9 89 | 286
AZC 1200 212 - - 65.8 131
1500 22 - - 66.8 174 136
1000 53.6 2.0 03 | 324 - - 117
AZMA 1200 50.6 16 - 349 - - 7.9 49
1500 348 - - 379 - - - 274

XRD JCPDS files: a-Al,O5 = 81-1667; Na,Al,;,034 = 31-7263; ZnO = 79-206; ZnAl,O, = 74-1136; CaAl,O; = 76-706; CaAl;,0:9 = 84-1613;

MgO = 87-651; MgAl,O, = 75-1798.

Corundum (a-alumina), Na2Al22034 (B-alumina), ZnO and ZnAl>O4 spinel (generated in
situ) could be identified in all evaluated compositions after firing at 1000 °C (Table 6).
Moreover, periclase (MgO) was still detected in AZMA samples at this temperature, pointing
out the need of higher thermal energy levels to induce MgAIl>O4 formation in the selected time
frame (5 hours) applied during the thermal treatments. The calculated Gibbs free energy for
ZnAl;O4 and MgAI>O4 formation (Eg. 1 and 2) confirms the greater likelihood of the former
reaction product to be found in the designed compositions at 1000 and 1200°C, whereas
magnesium aluminate spinel generation becomes more favorable when increasing the
temperature (Table 7). Although, Eq. 2 leads to negative AG values, MgAIl,O4 formation still

depends on the interaction of the initial raw materials and the kinetic aspects associated with
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this transformation. Hence, the lack of this phase in AZMA samples fired at 1000 °C indicates

that the thermodynamic equilibrium was not achieved in the experimental tests.

Zn0 + Al,0, —» ZnAl,0, ()

Table 7 — Calculated Gibbs free energy for the spinel phases formation at high temperatures.

AG (kJ/mol)
Compounds 1000 °C 1200 °C 1500 °C
ZnAlOq -36.61 -35.30 -33.33
MgAl,O; -31.49 -32.98 -35.43

All ZnO was consumed for ZnAl,O4 formation when firing the samples at 1200 °C (Table
6). Besides that, CaAl:O7 (CA2) and MgAl,04 was generated in AZC and AZMA compositions,
respectively. The expansive features of these phases’ formation justify the significant increase
of the samples’ linear dimension in such conditions, as pointed out in Fig. 2. However,
unreacted MgO was still present in AZMA, indicating that a complete MgAIl,O4 formation was

not accomplished at 1200 °C.

Raising the firing temperature from 1200 °C to 1500 °C did not result in significant
changes in AZA phase composition (Table 6). On the other hand, corundum consumption was
identified for AZC, giving rise to CaAl,07 (CAz) and CaAl12019 (CAs). In this case, alumina is
the limiting reagent in the matrix fraction and, when considering the overall refractory
composition (comprised by aggregates and fine components), it is expected that the remaining
CA: phase should also react with the coarse tabular alumina particles to generate mainly CAs
at 1500 °C. Hence, the high content of ZnAl,O4 and calcium aluminates (CA> and/or CAs)
phases is responsible for the greater expansion of AZC castable (Fig. 2). AZMA only presented

corundum, ZnAl;04 and MgAl,04 phases in its composition at 1500 °C, where the sum of the
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spinel contents (65.3 %) was similar to the one of ZnAl>O4 found in AZA and AZC (67.6 %
and 66.8 %, respectively). Although ZnAl,O4 and MgAI,O4 were evaluated with the Rietveld
analyses as separated compounds, they actually could be found as a
[(Mg1xZnx)Al>04] solid solution. Nevertheless, the present study did not identify any peak
position displacement (which could indicate at first the formation of this complex spinel) and

further investigation is required.

When comparing the amount of the estimated phases contained in the castables’ matrix
samples (Table 6) with the results predicted by the thermodynamic calculations (Table 7), some
differences in the obtained values could be observed, which is related to the fact that the latter
represents a thermochemical equilibrium condition without taking into consideration the
physical aspects of the raw materials (their particle size, scattering in the resulting
microstructure, etc.) and kinetic ones, that influence the reactions rate at the selected
temperatures. No unreacted ZnO and MgO are expected to be found at 1000°C and 1200°C,
when firing AZA and AZMA compositions, as indicated in Table 7. Besides that, all alumina
should be consumed for the formation of CA», CAs and spinel(ss) in AZC in the 1000-1500°C
range. Although CAs generation is predicted to take place at 1000°C, the X-ray diffraction

results indicated that such a phase is only formed at higher temperatures (Table 6).

The total amount of predicted spinel phase (which is a non-stoichiometric one) varies
around 57.22 to 63.90 wt.% in the evaluated temperatures (Table 8). On the other hand, the
experimental results, shown in Table 6, pointed out slightly higher contents for this phase at
1500°C (from 65.8 to 67.6%) and a reduced amount of this compound when the samples were
fired mainly at 1000°C. Thus, the evaluated castables did not reach the equilibrium as predicted
by FactSage and, to achieve this condition, the prepared samples should be kept at higher

temperatures for longer times to allow all phase transformations to be completed.
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Table 8 — Predicted phases (wt%, obtained via thermodynamic simulations) generated in the

matrix composition of the designed castables.

Thermodynamic simulations
Estimated amount
of each main phase
. Temperature a- . Spinel contained in
Compositions C) AbLOs NaAlwOwu | CaAlsO7 | CaAl12019 (s9) spinel) (%)
ZnAl204 | MgALO4
1000 40.80 1.58 - - 57.62 100 -
AZA 1200 40.05 1.58 - - 58.37 100 -
1500 36.57 1.58 - - 61.88 100 -
1000 - 1.26 10.61 30.62 57.50 100 -
AZC 1200 - 1.26 10.97 29.71 58.06 100 -
1500 - 1.26 12.55 25.64 60.54 100 -
1000 41.17 1.58 - - 57.22 62.35 37.65
AZMA 1200 40.76 1.58 - - 57.66 62.47 37.53
1500 34.52 1.58 - - 63.90 61.47 38.53

*Although different than the B-alumina detected in the experimental results (Table 6), NaAl;4O14 is the only equivalent phase available in

FactPS and FToxid databases.

Aiming to investigate the influence of the mentioned transformations on the
thermomechanical performance of the castables, in situ hot elastic modulus measurements were
also carried out from room temperature up to 1400 °C. Fig. 3 shows the elastic modulus (E)

profiles of the dried samples.

16



—o— AZA —<— AZC —m— AZMA

T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 3 — In situ hot elastic modulus of the designed castables containing ZnO (AZA, AZC
and AZMA) and a reference composition containing 94 wt% of alumina and 6 wt% of MgO

(AM). Samples were cured at 30 °C for 24 h and dried at 110 °C for another 24 h before testing.

AZC showed the highest initial elastic modulus (142 GPa, Fig. 3) compared to the HA-
bonded (AZA and AZMA) castables, indicating the enhanced performance of calcium
aluminate cement in providing higher green mechanical strength development after curing and
drying steps. Knowing that all compositions comprised hydraulic binders, heating the
refractories above 110 °C led to the decomposition of the generated hydrates (i.e., aluminum
hydroxides, magnesium hydroxide, etc., [33,34]). Consequently, all E profiles presented a
decay of the measured values mainly in the 200 °C - 600 °C temperature range. The beginning
of the sintering process (with the increase of the samples’ stiffness) could be identified above
800 °C for ZnO-containing (AZA, AZC and AZMA) samples, attesting that ZnAl,0, formation
induced an earlier improvement of the thermomechanical performance of such materials, as
pointed out in the literature [22]. After reaching the maximum tested temperature (1400 °C),

few changes in the castables’ elastic modulus were observed during the cooling step, and the
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following sequence was obtained regarding the E values after the thermal treatment: 121 GPa
(AZC) > 70 GPa (AZMA) > 48 GPa (AZA). No thermal expansion mismatch between the

generated phases, indicated by a drop in the E values during cooling, was detected.

Based on the E results at 1400 °C (Fig. 3), it was expected that ZnO-containing samples
should not present a great deformation at high temperatures due to the limited liquid phase
formation predicted for such systems. This performance was attested after subjecting the
prepared compositions to refractoriness under load (RUL) measurements (results not shown
here), as only expansion and no deformation was detected for the designed refractories up to

1500°C.

Fig. 4 shows the cold flexural strength and apparent porosity of AZA, AZC, AZMA
castables after their drying and firing at different temperatures. The CAC-bonded samples
presented higher cold mechanical resistance in all evaluated conditions, which is explained by
the action of the cement in the development of a more efficient binding effect than hydratable
alumina. Although the decomposition of the CAC-based hydrates tends to increase the porosity
level of AZC samples when subjecting them to high thermal treatments (> 110 °C, Fig. 4b), the
ZnAl>O4 and calcium aluminate generation (Table 6) in the microstructure enhances the flexural
strength of this material (Fig. 4a). In general, AZA and AZMA refractories presented higher
porosity, which can be related to the higher water demand of these materials during their
processing steps, Table 5, as well as the formation and further decomposition of the gel-like
hydrated phases derived from the hydration of HA [33,34]. Moreover, the increase of the
flexural strength of the HA-bonded castables was mainly observed above 1000 °C, due to spinel

(ZnAly04 and MgAl>O4) formation.
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samples.

MgO addition to AZMA tends to induce Mg(OH), formation during the castable’s
processing steps, which might also explain the higher water demand (Table 5) for the
preparation of this refractory. While heating such material, magnesium hydroxide will
decompose (up to 400 °C [30]), releasing water vapour and leading to an increase in the overall
porosity level (Fig. 4b). Consequently, at higher temperatures (> 800 °C), the formed ZnAl;04
and MgAIl,O4 phases should be accommodated in the resulting microstructure, which will

influence the overall expansion and enhance thermomechanical behavior.

3.3 Corrosion and thermodynamic simulations
Aiming to analyze the influence of the in situ spinel formation on the corrosion resistance
of the castables, cup-tests were carried out at 1500 °C for the calcined (660 °C for 5 h) and pre-

fired (1500 °C for 5 h) samples. Additionally, two different conditions were tested: (i) the
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samples were kept free (as usual) during the corrosion measurements or (ii) under constraint,
with limited freedom to expand during the heating process and when in contact with the molten
slag (see Section 2 for further details). Fig. 5 indicates the calculated slag infiltrated area after

measuring the samples’ region where liquid penetration took place.
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Figure 5 — Calculated slag infiltrated area when evaluating (a) calcined (600 °C for 5 h) or (b)
fired (1500 °C for 5 h) castables, considering samples’ free or under constraint. The corrosion

cup tests were carried out at 1500 °C for 2 h.

When no restriction to the samples’ expansion was imposed during the corrosion
measurements (named here as “free”, Fig. 5), AZA castable was the one that presented the best
performance regardless of its previous thermal treatment (calcined or pre-fired), whereas
AZMA showed the highest liquid infiltration, especially when the in situ spinel formation took
place in the refractory microstructure during the corrosion test (Fig. 5a). Considering the
generation of MgAl>O4 and ZnAl>O4 and their effects (i.e., significant changes in AZMA
dimension during heating, as shown in Fig. 2), most likely the molten slag was able to find
more available paths that favored its penetration in a greater extended manner in the castable

structure. Moreover, MgAl,O4 formation could only be detected when firing the AZMA
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matrix’s samples above 1200 °C (Table 6), which indicates that not all MgO and Al,Os might
have had the chance to fully react during the tests of the calcined AZMA material, as the
corrosion measurements were carried out at 1500 °C for 2 h. On the other hand, the pre-firing
treatment enhanced the corrosion behavior of the AZC and AZMA free samples (Fig. 5b),
resulting in a decrease in their slag infiltration area (changing from 17.8% to 16.9% and 18.3%
to 17.1%, respectively), when comparing them to the ones calcined at 600°C for 5h.

Regarding the corrosion behavior of the castables when they were kept under constraint,
AZC was the one that presented the worst performance for both evaluated conditions (calcined
or pre-fired samples, Fig. 5a and 5b). Similar infiltrated area values were obtained for AZA and
AZMA calcined refractories (16.6 % and 16.2 %, respectively) and the latter also showed an
increase of the liquid penetration in the pre-fired specimens (17.3 %, Fig. 5b). Hence, the lack
of freedom to expand affected in some extend the corrosion resistance of the evaluated
castables. Some authors [37,38] highlight that refractories subjected to a geometrically
constrained environment might present densification of their microstructures when exposed to
high temperatures, which prevent further slag infiltration and corrosion during use, although
these statements might change for other systems. Nevertheless, further investigations are still
required to better analyze such aspects, as well as the distribution of the formed phases and the
interaction of the slag-refractory at the interface of these materials.

Thermodynamic simulations were carried out to provide some insights on which phases
should be formed during the slag-refractory contact at 1500 °C. Fig. 6 points out some diagrams
where all likely proportions between the refractory composition and the slag were studied as a
function of the reaction rate <A> at 1500 °C. The reaction rate <A> was defined by the ratio:
(R)/[(S) + (R)] with (S) + (R) = 1 (R is the refractory and S the slag). More details of the

simulation procedure can be found elsewhere [39].
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Figure 6 — Predicted phases obtained via thermodynamic calculations for the interaction
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pressure = 1 atm.

In all graphs, the predicted overall refractory composition (comprising aggregates and
fine raw materials) at 1500 °C is presented on the right Y axis of the figure (when <A> is
equivalent to 1). According to Fig. 6, the ZnO-containing compositions should present
corundum, spinel(ss) and beta-alumina in their microstructure at high temperature. Besides that,
AZC also presents CAs (as previously pointed in the XRD results and the simulations regarding
the matrix components, Tables 6 and 7, respectively) due to the use of calcium aluminate

cement in such composition. After interacting with the molten slag, corundum is consumed by
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reacting with CaO, derived from the liquid (Table 4), to give rise to CaAl12019 (CAs). Spinel
(ZnAl204 and/or MgAl04) is the most resistance phase to the slag attack at 1500 °C, as it is
not dissolved in the liquid formed with the selected slag and its presence was identified in all
compositions even when changing the reaction rate <A> parameter.

Few changes in the content of phases could be identified when comparing the
thermodynamic results predicted for the evaluated castables (Fig. 6), which indicates that from
a chemical point of view, the compositions should present a similar corrosion behavior.
However, other physical aspects are also important (i.e., samples’ porosity, presence of cracks
or flaws in the microstructure, etc.) as they influence the slag penetration rate and, consequently,
the refractories’ dissolution, as well as further precipitation of new phases, such as the predicted
CAs. The experimental corrosion measurements highlighted that the liquid infiltration area
varied from 13.7 % to 20.5 % in the analyzed conditions, but further microstructural analyses
of the corroded samples (mainly the slag-refractory interface) are still required to better
understand the distribution and morphology of the phases contained in such materials. Such

subjects should be explored in a forthcoming paper by the authors.

4. Conclusions

Based on the presented results, the following conclusions might be pointed out:

e Depending on the selected binder (hydratable alumina or calcium aluminate
cement), distinct water content was required during the castables preparation to
reach a suitable flowability level. Hence, such an aspect is important to be
considered as not only distinct phases will be formed in the refractories’

microstructure during their curing and heating treatments, but also the addition of
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higher liquid content of AZA and AZMA increased their porosity and negatively

affected the obtained mechanical strength values.
The addition of high amount of ZnO or MgO (3 wt% to 9.4 wt%) to the castables
resulted in the expansion of the samples during their first thermal treatment up to
1500 °C, reaching values of dL/Lo equivalent to 1.16 %, 1.90 % and 2.35 % for AZA,
AZMA and AZC, respectively. This behavior is associated with an expansive
reaction that takes place during heating, due to the formation of ZnAl,04, MgAIl;O04,
CA2 and CAgs in such materials. Based on the in situ elastic modulus and assisted
sinterability tests, ZnAl>Os was mainly formed above 800 °C, favoring an earlier
sintering of the samples.
No liquid phase formation was predicted to be found in the designed compositions
up to 1500 °C, as well as no deformation of the samples was identified in the
refractoriness under load tests, indicating that such materials present high thermal
stability and are suitable for applications at high temperatures.
Among the phases present in the ZnO-containing castables, spinel phase is an
important one, as it presents higher chemical stability (based on the thermodynamic
simulations) when in contact with the selected slag at high temperatures. Depending
on the corrosion cup-test procedure (free or under constraint), different results of the
slag infiltrated area were obtained (13.7 % to 20.5 %). AZA and AZC castables
presented better corrosion resistance when they were free to expand during the
measurements, regardless of the thermal treatment of the samples (calcined or pre-
fired). On the other hand, AZMA (which contains MgAl.O4 and ZnAl,O4 phases in
its structure) showed enhanced corrosion behavior when the tests were carried out
under constraint. Further investigations are still required to better analyze the

distribution of the formed phases and the interaction of the slag-refractory at the
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interface of the designed castables and this should be explored in a forthcoming paper

by the present authors.
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