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Although most of the studies presented in the literature are focused on MgAl2O4 formation and its 
role on alumina-based refractories performance, ZnO has been reported as a promising spinel inducer. 
Aiming to investigate the influence of ZnAl2O4 (ZA) and MgAl2O4 (MA) generation on the properties 
of alumina-based castables, three vibratable compositions containing calcium aluminate cement or 
hydratable alumina as binders and 1 wt% of silica fume, were evaluated in this work. Flexural strength, 
apparent porosity, hot elastic modulus, corrosion cup-tests, thermodynamic simulations, were carried 
out to analyze the performance of such ceramics. The results indicated that ZnAl2O4 was mainly formed 
above 800 °C, favoring an earlier sintering of the samples. Besides that, the softening of the castables 
was observed above 1200 °C, which resulted in the elastic modulus decay of the samples during 
their first heating cycle due to the formation of SiO2-rich liquid phase in the resulting microstructure. 
Cement-free samples obtained after calcination (600 °C for 5h) presented enhanced corrosion resistance 
when placed in contact with molten slag at 1500°C. Although, silica fume addition to the castables 
negatively affected their corrosion performance, it helped to counterbalance the expansion associated 
with the spinel and calcium aluminates formation.
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1. Introduction
The search for solutions to improve productivity and 

minimize costs and environmental impacts has motivated 
various efforts in the refractory field to improve the performance 
of these ceramics. In this sense, spinel-containing products 
have received special attention due to their outstanding set of 
physical and chemical properties, including high refractoriness 
and resistance to chemical attack1-3. The most usual spinel 
phases incorporated into refractory compositions are those 
containing iron, magnesium, aluminum, and chromium (FeFe2O4, 
FeAl2O4, MgFe2O4, MgAl2O4, MgCr2O4). However, due to 
the carcinogenic nature of Cr6+, environmental concerns have 
moved towards replacing chromium-containing refractories 
with less harmful alternative materials2,4.

Although many investigations presented in the literature 
are focused on MgAl2O4 (MA) formation and its role on 
alumina-based refractories performance2,5-7, ZnAl2O4 (ZA) 
or gahnite has been reported as a promising alternative, 
as this compound is non-toxic, harmless to nature and its 
formation can take place at lower temperatures than MA8-12. 
ZnAl2O4 formation takes place through the following 
mechanism: (i) a solid solution of zinc oxide in aluminum 
oxide is formed in the 600 °C to 700 °C temperature range, 
(ii) a disordered spinel structure is generated between 
700 °C and 800 °C, and (iii) this structure is converted into 

an ordered one at temperatures above 800 °C11,12. Therefore, 
such transformations may also favor an earlier sintering of the 
refractories, resulting in improved mechanical performance 
mainly above 800 °C11.

Small contents of Zn(OH)2 and basic zinc carbonate 
(0 to 0.66 wt%) added to high-alumina calcium aluminate 
cement-bonded castables can result in samples with higher 
flexural strength and lower susceptibility to crack generation 
and spalling, because ZA formation increases the number of 
sintering necks in the refractory matrix, improving ceramic 
bonding11,13. Additionally, this phase may affect the diffusion 
pathway between Al2O3 and CA (CaO.Al2O3) phase, hindering 
its reaction to form CA2 (CaO.2Al2O3) and, subsequently, 
CA6 (CaO.6Al2O3) grains at higher temperatures, thereby 
slightly reducing the permanent linear change (PLC) of the 
samples at 1550 °C11,13.

However, the in situ generation of MgAl2O4 and calcium 
aluminates in refractories is accompanied with a large volume 
expansion (e.g., up to 8.4 vol% for MgAl2O4 formation)10,14,15. 
As pointed out by some authors11,13,16,17, ZA generation in small 
amounts in alumina-based castables gives rise to micropores, 
whereas functionally optimum quantities of 21 wt% create 
undesirable expansion and porosity, increasing vulnerability to 
slag infiltration. Knowing that Zn2+ diffusivity is much higher 
than Al3+, ZA formation will take place mainly by a one-way 
migration of ZnO (or Zn2+ ions) to Al2O3 creating an extreme 
scenario of Kirkendall effect18,19. This phenomenon can lead *e-mail: analuz@ufscar.br
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to pores formation mainly along the ZnO-ZnAl2O4 interface, 
in contrast to MA spinel formation in which pores are found 
on both sides of the MgO-Al2O3 junction17-20. Hence, the 
microstructure disruption during ZnAl2O4 generation is more 
intense than MgAl2O4 formation, creating longer diffusion 
paths for ions/atoms and negatively affecting the mechanical 
properties of the castables.

Silica fume is another important component usually 
found in the matrix composition of spinel-containing 
castables. For MA-based refractories, SiO2 is known to 
counterbalance the volumetric expansion associated with 
the spinel formation, by the generation of low-melting point 
phases in Al2O3-CaO-SiO2 system, such as anorthite (CaO.
Al2O3.2SiO2 or CAS2) and gehlenite (2CaO.Al2O3.SiO2 or 
C2AS)21. Knowing that the eutectic temperature of ZnO with 
SiO2 is 1432 °C19, which should favor liquid phase sintering 
and affect the mechanical properties of the refractories at 
high temperature, this paper investigated the role of silica 
fume in high alumina ZnO-containing castables and aimed 
to highlight the importance of the phase transformations 
understanding to design refractory castables with better 
performance.

2. Experimental

2.1. Evaluated compositions and their processing 
steps

Vibratable alumina-based castables containing ZnO and 
silica fume were designed considering the Alfred’s particle 
packing model and distribution coefficient (q) equal to 0.2622. 
Tabular alumina (α-Al2O3 aggregates, d < 6 mm, Almatis, 
Germany), reactive and calcined aluminas [α-Al2O3, CL370 with 
specific surface area (SSA) = 3.0 m2/g, and CT3000SG with 
SSA = 7.2 m2/g, both from Almatis, Germany], magnesium 
oxide (dead-burnt, α-MgO, M30-B, d < 212 μm, SSA = 1.1 m2/g, 
RHI-Magnesita, Brazil), zinc oxide (analytical reagent grade, 
ZnO, d < 20 μm, SSA = 2.8 m2/g, LabSynth, Brazil) and silica 
fume (971U, amorphous SiO2, Elkem, Norway) were selected 
as raw materials. The addition of 6 wt.% of hydratable alumina 
(HA, comprised mainly by θ and other metastable Al2O3 phases, 
Alphabond 300, SSA = 187 m2/g, Almatis, Germany) to AZAS 
and AZMAS (Table 1) as binder was analyzed, as the former 
composition would favor the ZnAl2O4 and mullite formation 
during the samples’ thermal treatments, whereas the latter would 
induce the generation of ZnAl2O4, MgAl2O4 or even a complex 
spinel structure and silicates. AZCS composition, on the other 
hand, contained 6 wt.% of calcium aluminate cement (CAC, 
Secar 71, containing Al2O3 > 68.5 wt% and CaO < 31.0 wt%, 
SSA = 1.1 m2/g, Imerys Aluminates, France), which should 
favor the generation of ZnAl2O4, calcium aluminates and 
silica-containing phases in the castable’s microstructure after 
firing. A fixed amount 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 (MgAl2O4 and/or 
ZnAl2O4) in the evaluated compositions, which is similar to 
the previously reported formulations taken as reference16.

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 rheometer device23. It was stablished 
a standard mixing procedure, where the dry powders were 
stirred initially for 1 min (rotation speed = 20 rpm). After that, 
distilled water was gradually incorporated into the mixture 
and the wet mixing was carried out for approximately 3 min 
with 45 rpm. A final processing stage was also implemented, 
by applying high mixing rotating speed (~ 55 rpm) for 1 min 
to guarantee a suitable homogenization of the selected raw 
materials.

The water demand was adjusted to obtain mixtures with 
vibratable flow values around 150% (ASTM C 144524). 
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 fresh 
castables was also analyzed via ultrasonic measurements at 
room temperature (~ 23 °C) for 24 h, using the UltraTest 
device, IP-8 measuring system (Germany).

Aiming to identify the likely phases developed in the 
microstructure of the designed castables, simplified mixtures 
(comprising fine raw materials and better representing the 
matrix of the refractories, Table 2) were prepared and evaluated 
via X-ray diffraction measurements and thermodynamic 
calculations (with the help of FactSage software, version 6.4, 
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 with dwell time of 5 h and 
using heating rate of 1°C/min in a Lindberg Blue electric 
furnace. X-ray diffraction tests of the ground samples were 
carried out using D8 Focus equipment (Bruker, Karlsruhe, 
Germany) and with CuKα radiation [λ = 1.5418 Å], nickel 
filter, 40 mA, 40 mV, 2θ = 4º - 80º and scanning step = 0.02º.

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

Raw materials (wt. %) AZAS AZMAS AZCS
Tabular alumina (d < 6 mm) 79.6 81.3 79.6
Calcined alumina (CL370) 2.0 2.0 1.0
Reactive alumina (CT3000SG) 2.0 2.0 3.0
Dead-burnt magnesia (d < 212 μm) - 3.0 -
Zinc oxide (d < 20 μm) 9.4 4.7 9.4
Calcium aluminate cement (Secar 71) - - 6.0
Hydratable alumina (Alphabond 300) 6.0 6.0 -
Silica fume (971U) 1.0 1.0 1.0

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

Raw materials (wt. %) AZAS AZMAS AZCS
Tabular alumina (d < 200 μm) 44.9 49.5 44.9
Calcined alumina (CL370) 8.1 8.1 5.4
Reactive alumina (CT3000SG) 2.7 2.7 5.4
Calcium aluminate cement (Secar 71) - - 16.2
Magnesia (d < 212 μm) - 8.1 -
Hydratable alumina (Alphabond 300) 16.2 16.2 -
Zinc oxide (d < 20 μm) 25.4 12.7 25.4
Silica fume (971U) 2.7 2.7 2.7
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2.2. Characterization of the prepared castable 
samples

The influence of the phase transformations on the castablesʼ 
elastic modulus (E) behavior was analyzed according to 
the ASTM C 1198-9125 standard using the bar resonance 
technique (Scanelastic equipment, ATCP, Brazil. In such 
measurements, wide frequency scanning is performed to 
excite and capture the natural resonance frequencies of the 
castables. The elastic modulus is calculated based on the 
resulted vibration spectrum applying Pickett equations, 
which correlates the elastic modulus, the natural vibration 
frequencies, and the sample dimensions. For the fundamental 
flexural frequency of a rectangular bar, the Young’s modulus 
is given by the following equation26:

2 3
130.9465 fmf LE x xT

b t
= 	 (1)

where, E is the Young’s modulus (Pa), m the mass (g), b 
the width (mm), L the length (mm), t the thickness (mm), ff 
the fundamental resonance frequency of the bar in flexure 
(Hz), and T1 the correction factor for fundamental flexural 
mode to account for the finite thickness of the bar, Poisson’s 
ratio, and others. Tests were carried out using dried (110 °C 
for 24h) bar samples (150 mm x 25 mm x 25 mm) in the 
30 °C - 1400 °C temperature range with heating and cooling 
rates of 2 °C/min.

Permanent dimensional change (PLC, ASTM C113-1427) 
of bar samples (150 mm x 25 mm x 25 mm) was determined 
by measuring the specimens’ length before and after firing at 
800 °C, 1000 °C, 1200 °C and 1500 °C for 5 h. Cold mechanical 
strength measurements were carried out via 3-point bending 
tests (ASTM C133-9728) on cast prismatic castables’ samples 
(150 mm x 25 mm x 25 mm) obtained after drying at 110 °C 
for 24h and firing at 800 °C, 1000 °C, 1200 °C and 1500 °C 
for 5 h and using a universal mechanical device (MTS-810, 
Material Test System, USA). The apparent porosity of such 
materials was also determined based on the procedure described 
by ASTM C830-0029 and using kerosene as the immersion 
liquid. A total of five samples was analyzed for each selected 
condition and the presented values are the average result with 
their respective calculated standard deviation.

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). During the tests, 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 h under a heating 
rate of 2 °C/min. A total of 3 samples were analyzed for 
each studied condition and the chemical composition of the 
selected slag is shown in Table 3.

After cooling, the corroded samples 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 in30. 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). The employed procedure consisted 
of firstly reacting 100g of slag with 100g of the castable 
and the resulting liquid was then considered as input in the 
following calculation step, when it was reacted again with 
more 100g of the castable. The simulations were carried out 
successively until the slag saturation was reached31.

3. Results and Discussion

3.1. Flowability and curing behavior
Table 4 presents the water demand and flowability of the 

evaluated compositions during their processing steps. AZAS 
and AZMAS castables required higher liquid content (5.0-
5.2 wt.%) during their preparation when compared with the 
cement (CAC)-bonded material (AZCS), which is explained 
by the high specific surface area (187 m2/g) and reactivity 
of the selected binder (hydratable alumina)32. Besides that, 
8.3 up to 10% of additional water were incorporated into the 
mixtures containing 1wt.% of silica fume to obtain vibratable 
flow values close to the ones measured for the equivalent 
silica-free formulations16.

Ultrasonic measurements were carried out at room 
temperature (~ 23 °C) to analyze the setting and curing 
behavior of the samples. Figure 1 compares the results obtained 
for the refractory compositions with (AZAS, AZMAS and 
AZCS) and without (AZA, AZMA and AZC) silica fume. 
The hydratable alumina-bonded castables presented faster 
hardening, as depicted by the increase of the ultrasonic wave 
propagation velocity detected after 2 hours. Although the 
cement-bonded compositions (AZC and AZCS) presented 
a slower setting (velocity increase around 4-10 h) in the 
evaluated conditions, the greater velocity values measured 
after 24 h of curing indicate that such material should present 
better green mechanical strength levels.

Regarding the role of silica in the setting behavior of the 
castables, this oxide is one of the most applied anti-hydration 
additives in MgO-containing castables due to its low cost and 

Table 3. Chemical composition of the selected synthetic slag.

Oxides (wt%) SiO2 TiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 F

Slag 28.8 0.6 10.7 1.2 42.7 7.2 0.6 1.6 6.2

Table 4. Water demand and vibratable flow obtained for the 
evaluated castables.

Compositions Water content (wt%) Vibratable flow (%)
AZAS 5.0 149

AZMAS 5.2 156
AZCS 4.4 159
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effectiveness33-39. In general, when amorphous and reactive 
silica is exposed to high alkaline environments (i.e., as the 
ones associated with MgO and calcium aluminate cement-
containing compositions), it partially dissolves, leading to 
the formation of silicic acid. This acid can be attracted to the 
alkaline components, inducing the generation, for instance, of 
magnesium-silica-hydrated gels on the magnesia’s surface39,40. 
Such phase transformations might limit the magnesia and 
CAC hydration, which explains the shift of the wave velocity 
increase to longer times, resulting in a delay of AZMAS and 
AZCS castable’s setting (Figure 1). 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 materials41,42.

3.2. Phase transformations as a function of the 
temperature

Figure  2 shows the elastic modulus (E) evolution of 
ZnO-containing compositions as a function of temperature 
during their first heating up to 1400 °C. 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.,41,42) and, consequently, all E profiles presented 
a decay of the measured values mainly in the 200 °C - 800 °C 
temperature range [region (i)].

The CAC-bonded castable (AZCS) presented higher 
elastic modulus for all temperature ranges, pointing out 
that this binder resulted in better strengthening than HA. 
The beginning of the sintering process (with the increase 
of the samples’ stiffness) could be identified mainly above 
800 °C for all analyzed compositions, which can be related 
to the high Zn2+ mobility, favoring the formation of sintering 
necks and bridges at lower temperatures11,13,19. Besides that, 
E decay was noticed above 1200 °C mainly for AZAS and 
AZMAS castables [Figure 2, region (ii)] due to the formation 
of SiO2-rich liquid phase in the samples’ microstructure, 
as indicated in Table 5. Such behavior (softening at high 
temperature) was not detected for the equivalent silica-free 
compositions16, which highlights the influence of this oxide 
in the thermomechanical performance of the refractories.

While cooling the castables, the previously formed liquid 
loses its mobility, resulting in a significant elastic modulus 
increase of the samples (Figure 2). Only AZCS castable 
showed E change (decrease) below 700 °C, pointing out 

Figure 1. Curing behavior of the castables as a function of time at 
room temperature (~ 23 °C). AZA, AZMA and AZC results were 
previously presented by Pinto et al.16.

Figure 2. In situ hot elastic modulus of the designed castables 
containing ZnO and 1 wt% of silica fume (AZAS, AZCS and 
AZMAS). Samples were cured at 30 °C for 24 h and dried at 110 °C 
for another 24 h before testing.

Table 5. Predicted phases (wt%, obtained via thermodynamic simulations) generated in the matrix composition of the designed castables.

Thermodynamic simulations

Compositions Temperature (°C) α-Al2O3 Na2Ca3Al16O28 NaAlSi3O8 Mg4Al10Si2O23 NaAlSiO4 CaAl2Si2O8 Ca2AlSi2O7 CaAl12O19 Mullite Liquid Spinel (ss)

AZAS

1000 36.80 - - - - - - - 5.58 - 57.62

1200 33.61 - - - - - - 7.21 0.81 58.37

1500 29.62 - - - - - - - 7.01 1.77 61.60

AZMAS

1000 37.75 - 1.78 7.79 - - - - 1.06 - 57.22

1200 34.21 - - - - - - - 6.65 1.54 57.61

1500 28.28 - - - - - - - 6.13 2.21 63.38

AZCS

1000 28.51 3.21 - - - 0.73 10.35 - - - 57.21

1200 - - - - 1.23 3.40 3.04 34.20 - - 58.13

1500 - - - - - - - 27.33 - 14.18 58.49
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that a mismatch of thermal expansion coefficients among 
the distinct phases formed might have led to the samples’ 
microcracking. The following sequence was obtained regarding 
the E values after the thermal treatment up to 1400 °C: 
121 GPa (AZCS) > 102 GPa (AZMAS) > 80 GPa (AZAS).

Thermodynamic simulations were carried out to predict 
the phase transformations that should take place in the 
refractories structure at high temperatures (> 1000 °C). 
Table 5 indicates that all ZnO and MgO are expected to be 
consumed at 1000 °C, giving rise to spinel phase (which is 
a non-stoichiometric one) and its amounts varies around 
57.22 to 63.38 wt.% in the evaluated temperature range.

The addition of silica fume to the compositions favors 
the formation of mullite (Al6Si2O13), silica-containing 
compounds (i.e., NaAlSi3O8, Mg4Al10Si2O23, NaAlSiO4, 
CaAl2Si2O8 and Ca2AlSi2O7) and liquid. The latter affected 
the elastic modulus evolution of the castables (Figure 2), and 
AZCS composition should contain the highest amount of this 
phase at 1500 °C (14.8wt.%) when compared to the other 
analyzed formulations. Besides that, all alumina should be 
consumed for the formation of NaAlSiO4, CaAl2Si2O8 and 
Ca2AlSi2O7, CaAl12O19 (CA6) and spinel (ss) in AZCS in the 
1000-1500 °C range.

Although CA6 generation was predicted to take place 
at 1000 °C by the simulations, the X-ray diffraction results 
indicated that such a phase is only formed at higher 
temperatures (Figure 3). The experimental data pointed out 
that corundum (α-alumina), Na2Al22O34 (β-alumina), ZnO 
and ZnAl2O4 spinel (generated in situ) could be identified 
in AZAS and AZCS compositions after firing at 1000 °C. 
Moreover, CA (CaAl2O4 – derived from the CAC addition) 
and periclase (MgO) was still detected in AZCS and AZMAS 
samples, respectively, at this temperature, pointing out the 
need of higher thermal energy levels to induce CA6 and 
MgAl2O4 formation in the selected time frame (5 hours) 
applied during the thermal treatments.

The calculated Gibbs free energy for ZnAl2O4 (ZA) and 
MgAl2O4 (MA) formation (-36.61 kJ/mol and -31.49 kJ/mol, 
respectively) confirms the greater likelihood of the former 
reaction product to be found in the designed compositions 
at 1000 °C, whereas magnesium aluminate spinel generation 
becomes more favorable when increasing the temperature 
(ZA = -33.33 kJ/mol and MA = – 35.43 kJ/mol at 1500 °C). 
The lack of MA in AZMA samples fired at 1000 °C indicates 
that the evaluated castables did not reach the equilibrium 
as predicted by FactSageTM 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.

All ZnO was consumed for ZnAl2O4 formation when 
firing the samples at 1200 °C (Figure 3). However, unreacted 
MgO was still present in AZMAS, indicating that a complete 
MgAl2O4 formation was not accomplished at 1200 °C. 
Alumina is the limiting reagent in the AZCS 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 
CA2, CA6 and the other silica-containing phases predicted 
by the thermodynamic calculations at 1200 °C. Moreover, 
it is reported that ZA formation might inhibit the diffusion 
pathway between Al2O3 and CA, hindering its reaction to 
form CA2 and, subsequently, plate-shaped CA6 grains13.

Raising the firing temperature from 1200 °C to 1500 °C did 
not result in significant changes in AZAS phase composition 
(Figure  3). However, AZMAS still presented corundum, 
ZnAl2O4 and MgAl2O4 phases and small peaks of β-alumina 
and periclase (P) in its composition at 1500 °C. On the other 
hand, corundum consumption was identified for AZCS, 
giving rise to CaAl12O19 (CA6) and gehlenite (Ca2AlSi2O7).

Some differences in the identified phases via XRD 
(Figure 3) could be observed when comparing to the results 

Figure 3. XRD profiles of the matrix samples (d < 200 μm) of the evaluated castables after firing at 1000, 1200 and 1500°C for 5h. XRD 
JCPDS cards: A (α-Al2O3) = 78-2426; β (Na2Al22O34) = 31-7263; Z (ZnO) = 79-206; ZA (ZnAl2O4) = 74-1136; P (MgO) = 87-651; MA 
(MgAl2O4) = 75-1798; C (CaAl2O4 = 70-134); H (CaAl12O19) = 84-1613; G (Ca2AlSi2O7) = 79-1725.
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predicted by the thermodynamic calculations (Table 5), 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.), that influence 
the reactions rate at the selected temperatures.

These microstructural changes may also explain the 
properties evolution of the designed castables (aggregates 
+ matrix fraction, Table 1). The permanent linear change 
(PLC, Figure 4a) was analyzed after heating and cooling bar 
samples at different temperatures to infer the dimensional 
stability of the refractories. AZAS samples expanded after 
thermal treatments between 800 °C and 1200 °C (reaching 
values ranging from 0.04% up to 0.67%), but the sintering 
and densification of the microstructure led to the shrinkage 
(-0.027%) of the pieces fired at 1500 °C. Branson12 reported 
that ZnAl2O4 formation takes place in a one-way transference 
of ZnO through Al2O3. The quick unidimensional diffusion 
of ZnO may result in the samples expansion due to the 
Kirkendall effect18,19. Such a transformation may explain 
the increase in the linear dimension of AZAS samples from 
800-1200 °C. Nevertheless, Borges et al.17 also highlighted 

that the formation of MgAl2O4 induces an expansion of ~ 
8.4 vol%, whereas for ZnAl2O4 a shrinkage of ~ 0.25 vol% 
is expected. Consequently, adding ZnO instead of MgO as 
a spinel inducer tends to result in a lower overall expansion 
of the castables after firing at high temperatures.

AZCS refractory showed shrinkage of the pieces when firing 
them at 800 °C and an increase in their linear dimension could 
be detected up to 1500 °C, reaching PLC values around 0.92% 
(Figure 4a). ZnAl2O4 and calcium aluminates (CA, CA2 and/or 
CA6) generation is responsible for the greater expansion of this 
castable. On the other hand, a continuous increase of AZMAS 
samples linear dimension could be detected, which is associated 
to the formation of the spinel phases (ZnAl2O4 and MgAl2O4).

Table 6 points out the influence of silica in the dimensional 
stability of the refractories, comparing the PLC results obtained 
in this study with the ones collected for the equivalent silica-
free castables16. As this additive leads to liquid generation 
at high temperature in the evaluated systems (Table 5), in 
general, this phase contributed to counterbalance the expansion 
associated with the spinel and calcium aluminates formation, 
reducing the overall expansion (negative values presented 
in Table 6) measured for the ZnO-containing refractories.

Table 6. Comparison of the permanent linear change (PLC) of the evaluated refractories with the silica-free castables presented by Pinto et al.16.

Compositions
Difference between the PLC values obtained for the studied castables and the ones without SiO2 addition

800°C/5h 1000°C/5h 1200°C/5h 1500°C/5h
AZAS -0.023% -0.232% -0.251% -0.157%
AZCS +0.302% +0.033% -0.654% +0.044%

AZMAS +0.087% -0.005% -0.008% -0.301%

Figure 4. (a) Permanent linear change (PLC), (b) cold flexural strength and (c) apparent porosity of the dried and fired castable samples.
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Figure 4b indicates that AZAS and AZMAS refractories 
presented higher porosity (from 13.9 to 17.1% and 12.0 to 
15.9%, respectively) than AZCS (from 5.6 to 15.6%), which 
can be related to the higher water demand of these materials 
during their processing steps, Table 4, as well as the formation 
and further decomposition of the gel-like hydrated phases 
derived from the hydration of HA41,42. Although a significant 
Kirkendall effect is expected during ZA nucleation (which 
will create porosity), the expansive MgAl2O4 formation 
should also act as an additional mechanism to increase the 
volumetric pore content of AZMAS refractory. Therefore, 
even though similar porosity values were achieved for the 
compositions containing ZnO or ZnO+MgO after firing at 
1500 °C, the distribution and morphology of the pores can 
vary significantly17-20, affecting the mechanical properties, 
as pointed out in Fig. 4c.

The CAC-bonded samples (AZCS) 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. The ZnAl2O4, CA, CA6 and gehlenite 
formation (Fig. 3) in the microstructure of AZCS enhances 
the flexural strength of this material (Figure 4c), whereas 
spinel generation (both ZA and MA) is the main responsible 
for improving the mechanical behavior of AZMAS after 
firing at 1500 °C.

3.3. Corrosion and thermodynamic simulations
To analyze the influence of the in situ spinel formation 

on the corrosion resistance of the evaluated 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. 
Figure 5 shows the calculated slag infiltrated area after 
measuring the samples’ region where liquid penetration 
took place.

Except for the calcined AZMAS samples, all silica-
containing compositions presented higher slag infiltration 
compared to the SiO2-free refractories (Figure 5). As liquid 
should be formed in the matrix fraction of AZAS, AZCS 
and AZMAS at 1500 °C (as pointed out in Table 5), this 
phase may be incorporated by the slag, making easier the 
infiltration of the latter into the refractories’ microstructure. 
In general, the pre-firing treatment of these samples also 
affected negatively their corrosion behavior (Figure  5b), 
leading to an increase in the measured slag infiltration area, 
when comparing them to the ones calcined at 600 °C for 5h. 
Considering the expansive generation of CA6, MgAl2O4 and 
ZnAl2O4 and their effects (i.e., changes in samples dimension 
after the heating procedure, as shown in Figure 4a), most 
likely the molten slag was able to find more available paths 
that favored its penetration in a greater extended manner in 
the castable fired structure (Figure 5c).

Figure 5. Slag infiltrated area when evaluating (a) silica-free (adapted from Pinto et al.16) or (b) silica-containing (1 wt.%) castables. 
The samples were calcined at 600 °C for 5h or fired at 1500 °C for 5 h before testing. The corrosion cup experiments were carried out at 
1500 °C for 2 h. (c) Photographs of the calcined and pre-fired AZMAS samples after the corrosion tests. The red dashed lines point out 
the extent of the slag infiltration into the castables’ microstructure.
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Aiming to better understand the phase transformations 
during the corrosion tests of the refractories, thermodynamic 
simulations were also carried out to provide some insights 
on which phases should be dissolved / formed during the 
slag-refractory interaction at 1500 °C. Figure 6 indicates that 
as the slag reacts with the ZnO-containing castables, and 
the composition of the liquid changes up to its saturation, 
until the stage where the thermodynamic results show that 
the refractories should not be chemically further attacked 
by the slag.

A higher amount of resulting liquid (when compared 
to the silica-free compositions) was obtained after AZAS, 
AZCS and AZMAS interaction with the original molten slag. 
Corundum was consumed by reacting with CaO, derived 
from the liquid (Table 3), to give rise to CaAl12O19 (CA6). 
Spinel (ZnAl2O4 and/or MgAl2O4) was the most resistance 
phase to the slag attack at 1500 °C, as it is not dissolved 
in the liquid formed with the selected slag. Besides that, 
the lower slag infiltration in the silica-free refractories 

(Figure 5a) might be related to the greater amount of CA2 and 
CA6 phases precipitated in such systems (Figure  6). Previous 
studies31,43 highlighted that tabular alumina aggregates may 
react with a high-CaO slag and generated calcium aluminate 
layers as an indirect dissolution product at the interface. 
These compacted layers act as a protective barrier against 
further infiltration, providing excellent slag corrosion indexes 
for the silica-free MgO-containing castables. Therefore, 
the same transformations are expected to take place in the 
ZnO-containing compositions presented here.

Few changes in the content of phases could be identified 
when comparing the thermodynamic results predicted for 
the AZAS and AZMAS castables (Figure 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. 

Figure 6. Predicted phases obtained via thermodynamic calculations for the interaction between the silica-free castables (AZA, AZC and 
AZMA) and the silica-containing ones (AZAS, AZCS and AZMAS) with a synthetic slag at 1500 °C and pressure = 1 atm.
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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 and such subjects should 
be explored in a forthcoming paper by the authors.

4. Conclusions
According to the obtained results, the binder (hydratable 

alumina or calcium aluminate cement) as well as the incorporation 
of silica fume into the evaluated compositions resulted in 
significant changes in the castables’ rheology, physical and 
thermo-mechanical performance. Greater water content was 
required for the preparation of the SiO2-containing mixtures 
when compared to silica-free equivalent refractories. Besides 
that, the presence of this oxide affected the magnesia and 
CAC hydration during curing step, shifting the setting time 
of AZMAS and AZCS castables to longer periods.

On the other hand, ZnAl2O4 generation was mainly identified 
above 800 °C, which favored an earlier sintering of the samples. 
Based on the hot elastic modulus measurements, a SiO2-rich 
liquid phase was generated in the resulting microstructure 
of the castables above 1200°C and their softening could be 
identified during their first heating cycle. This aspect played an 
important role in the corrosion resistance of the refractories, 
as the formed liquid was incorporated by the slag during the 
corrosion experiments, making easier the infiltration of the 
latter into the solid structure. The generation of lower contents 
of calcium aluminate phases in the slag-refractory interface 
might also have an impact on the corrosion performance of 
the silica-containing compositions, as pointed out by the 
thermodynamic calculations.

Spinel phase proved to be an important component of 
the castables’ microstructure, as it presents higher chemical 
stability (based on the thermodynamic simulations) when in 
contact with the selected slag at high temperatures. AZAS and 
AZMAS samples presented enhanced corrosion resistance 
when they were only calcined (600 °C for 5h) prior to the 
tests, which led to various phase transformations to take place 
in their microstructure along with the interaction of such 
refractories with the molten slag at 1500 °C. On the other hand, 
considering the expansive generation of CA6, MgAl2O4 and 
ZnAl2O4, most likely the molten slag was able to find more 
available paths to infiltrate in the structure of the pre-fired 
samples during the corrosion tests. Further investigations 
are still required to better analyze the distribution of the 
formed phases and the interaction of the slag-refractory at 
the interface of the designed castables and this should be 
explored in a forthcoming paper by the present authors.
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