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A B S T R A C T   

This paper addresses the development of a novel microporous MgO-based (MPMB) thermal insulator whose 
temperature-resistant microporous structure was engineered for the introduction of controlled packing flaws 
amongst their highly asymmetric and porous particles during compacting by uniaxial pressing. Hard-burnt MgO, 
dolomite, and TiO2 particles were dry-mixed with expanded aluminum phyllosilicate and fibers before being 
sprayed with a colloidal silica dispersion. The mixture was uniaxially pressed as 400 × 100 × 20 mm boards and 
dried at 120 ◦C. Samples were thermally treated at different temperatures (120-1100 ◦C) for the evaluation of 
their physical properties (compression strength, rigidity, permanent dimensional thermal variation, solid density, 
total porosity, pore diameter distribution, and thermal conductivity), crystalline phases, and microstructure. The 
microporous microstructure generated during pressing was not significantly affected by thermal treatments up to 
1100 ◦C and the samples’ thermal conductivity, total porosity, and compression strength varied between 0.20 
and 0.14 W (m K)− 1, 54–56%, and 29-15 MPa in the 200-1000 ◦C temperature range.   

1. Introduction 

Microporous refractory ceramics are effective barriers against un
desired heat exchange at temperatures above 300 ◦C due to a useful 
combination of characteristics [1–8]. Their microstructure contains 
pores with a designed balance between volumetric fraction (50–80%), 
diameter distribution (0.5–5 μm), geometry, and degree of intercon
nection (ideally isolated spheres) [9–16] Taylor-made to scatter and 
block different types of heat waves. On the other hand, the solid ceramic 
phase surrounding such functional pores shows significant corrosion and 
densification resistance for avoiding microstructure changes, extending 
materials’ service life, and preventing maintenance operations [17–24] 
In comparison to ceramic fiber-based insulators, microporous re
fractories show straightforward manufacturing and installation and su
perior thermo-mechanical properties and produce no hazardous 
particulate debris [25–31]. They also show lower thermal conductivity 
and diffusivity above 700 ◦C at which heat loss by infrared radiation 
becomes the dominant mechanism [32–40]. 

The fabrication of microporous refractories usually involves the use 
of a porogenic additive for the production of a large number of pores 
with the desired characteristics and a densification-resistant mechanism 
for preventing microstructure and properties changes during long pe
riods of use at high temperatures [41–46]. Based on such a strategy, 

several studies developed combinations of raw materials and processing 
techniques, resulting in microporous ceramic structures. As an example, 
the addition of excess of water [47–49], ice templating [50–52], organic 
particles (e.g., starch [53–55], chitosan [56], alginic salt [57], and 
synthetic polymers [26,27,31,41,58–62]), or foams [28,33,40,63–68] to 
stable particles’ suspension produces cellular ceramics whose total 
porosity levels can be as high as 90%. On the other hand, aqueous dis
persions of α-Al2O3 containing solid inorganic porogenic agents (α-Al 
(OH)3 [18,21,56,69–71], SiO2 [44,47,72–76], Mg(OH)2 [21,23,29, 
77–81], CaCO3 [46,82–84]), and binders (ρ-Al2O3, calcium aluminate 
cement [85,86]) form castable systems which evolve to microporous 
refractories of α-Al2O3, Al9Si3O13, MgAl2O3, and CaAl12O19 after sin
tering, respectively. Since such compounds are intrinsically 
densification-resistant, they are good candidates for applications that 
require long exposures to high temperatures [87]. 

All aforementioned porogenic mechanisms share a common char
acteristic, i.e., their activation requires a certain level of heating to 
generate pores and achieve minimal handling strength. Consequently, 
careful heating schedules are necessary for preventing cracks related to 
volatile withdrawal [41,49,58,59,85] and the level of thermal insulation 
is not as high as possible in the initial stages. To overcome such draw
backs, this study investigated the use of a different porogenic strategy 
based on the generation of controlled packing flaws amongst refractory 
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particles for the production of a microporous MgO-based (MPMB) 
thermal insulator. Mixtures of different MgO-based raw materials con
taining a significant fraction of intra-particle pores and 
aluminum-silicate-based-ones comprised of highly asymmetric particles 
were shaped as boards by uniaxial pressing assisted by a bonding spray 
of colloidal silica. Compared to the other porogenic methods presented, 
such a strategy showed energy-saving straightforward processing, since 
the structures produced require no previous thermal treatment to attain 
sufficient strength and porosity. 

2. Experimental 

Hard-burnt magnesia (α-MgO, RHI-Magnesita, Brazil), coarse calcitic 
dolomite ((Mg.Ca)CO3. Ouro Branco, Brazil), polymeric fibers (Poly
propylene, Fitesa, Brazil), expanded aluminum phyllosilicate ((Mg,Fe2+, 

Fe3+)3(Al,Si)4O10(OH)2.4H2O, MSL, Brazil), and titanium dioxide (TiO2, 
rutile, Synth, Brazil) were initially dry-mixed and sprayed with colloidal 
silica (30 wt% of solids, FO830, Nouryon, Brazil) before being shaped as 
400 × 100 × 12 mm flat boards by uniaxial pressing (50 MPa, 60 s) 
(Table 1). The boards (Nanoxtherm, Fibertechnich, Brazil) were then 
dried overnight at 120 ◦C and sliced as 100 × 40 × 12 mm prisms, for 
measurements of total porosity and permanent thermal dimensional 
variation, and as 12 × 12 × 12 mm cubes, for cold crushing and drying 
tests. 

The drying behavior of green humid freshly pressed samples of 
approximately 100 g was evaluated in tailor-made thermogravimetric 
equipment [85,86] that monitors temperature and mass changes of 
samples placed in an electric furnace every 10 s. The samples were 
heated up to 700 ◦C (2 ◦C.min− 1 heating rate) and the instantaneous 
percent mass loss (W, wt%) and mass loss rate (dW/dT, wt%.◦C− 1) were 

Table 1 
Characteristics of the raw materials employed to produce the microporous MgO-based (MPMB) composition tested.  

Characteristics Raw materials 

Hard-burnt magnesia Calcitic dolomite Expanded aluminum phyllosilicate TiO2 Colloidal silica Polymeric fibers 
a Composition (wt%) MgO 98.3 42.4 15.8 0.00 0.00 – 

CaO 0.72 54.7 7.00 0.00 0.00 – 
Al2O3 0.18 0.35 26.4 0.00 0.00 – 
SiO2 0.18 1.70 43.3 0.00 99.0 – 
Na2O 0.16 0.33 4.70 0.01 1.00 – 
K2O 0.25 0.20 0.80 0.00 0.00 – 
Fe2O3 0.21 0.32 2.00 0.00 0.00 – 
TiO2 0.00 0.00 0.00 99.9 0.00 – 

Average diameter (μm) 6.3 28.9 202 0.08 0.02 25 μm 
Surface area (m2.g− 1) 1.2 0.8 194 180 212 – 
b Solid density (g.cm− 3) 3.5 2.8 1.9 4.2 2.1 0.99 

Ratio at the MPMB (wt%) 74.8 4.5 10.0 0.6 10.0 0.1  

a After calcination at 1000 ◦C for 5 h. 
b after drying at 120 ◦C overnight. 

Fig. 1. SEM images of the as-received raw materials employed: a) hard-burnt MgO, b) calcareous dolomite, c-d) expanded aluminum silicate.  
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calculated by Equations (1) and (2), respectively: 

W= 100% × [(MInicial – MInst) / (MInicial – MFinal)] (1)  

(dW/dT)T = (WT+10 – WT− 10)
/
(TT+10 – TT− 10) (2)  

where MInicial is the sample’s mass after casting and before the curing 
period, MInst is the instantaneous mass for a certain temperature (T), and 
MFinal is the mass at the end of heating [21,41,58,59,86–89]. 

Samples for the evaluation of physical properties remained at 120 ◦C 
± 1 ◦C for 24 h. Such conditions also maximize the binding action of 
colloidal silica and reduce the risks of damage by MgO excessive hy
droxylation and explosive spalling during the first heat-up [88,89]. After 
drying, the samples were thermally treated at 200–1100 ◦C for 3 h (1 ◦C. 
min− 1 up to 400 ◦C, 1 h; 2 ◦C.min− 1 up to maximum temperature, 3 h 
hold; 5 ◦C.min− 1 cooling rate up to 800 ◦C and 10 ◦C.min− 1 down to 
room temperature). 

Dried green (G) and sintered (St) samples were measured (length, L, 
width, W, and thickness, T, in cm) and weighted (M, g). Their total 
porosity (TP, %) was calculated by Equation (3) using solid density (ρ) 
values attained by Helium pycnometry in equivalent compositions after 
grinding (DParticle ≤ 100 μm). 

TP (%)= 100% × {1 – [(M) / (L×W×T× ρ)]} (3) 

Equation (4) calculated the samples’ permanent thermal dimen
sional variation (TDV, %): 

TDV (%)= 100 × [(LSt – LG) / LG] (4) 

Their compression strength (CS, MPa, Equation 10) was calculated 
by Equation 5 and an MTS 810 TestStar II tensile tester at a 2 N s− 1 

loading rate: 

CS (MPa)= F / (L×W) (5)  

where F (in N) is the maximum load before rupture. Each value of total 
porosity, compression strength, and permanent thermal dimensional 
variation is the average result of the testing of five samples, whereas the 
error bars represent their standard deviation. 

The samples’ thermal conductivity was measured by calorimetric 
method (ASTM C-201, “Standard Test Method for Thermal Conductivity 
of Insulating Firebrick”), in the 200-1000 ◦C temperature range for 100 
× 40 × 20 mm boards previously fired for 5 h at each particular tem
perature [10–13,17,25,36,37]. 

Samples’ pore size distribution (green-dried, and sintered at 1000 ◦C 
and 1100 ◦C) was assessed by mercury intrusion porosimetry (Pore
Master 33, Quantochrome Instruments, USA; mercury surface tension 
equal to 0.480 N.m-1; 130◦ contact angle and pressure applied to range 
between 0.0014 and 210 MPa). 

The phases and microstructures formed after each thermal treatment 
were evaluated in equivalent samples by X-ray diffraction (crushed 
samples, DPart < 100 μm, Rotaflex RV 200B, Rigaku-Denki Corp., Japan, 
λ = 0.14506 nm, in the 2θ range from 10 to 70◦ at a 0.5◦.min− 1 scan rate, 
against standard JCPDS files), X-ray dispersive spectroscopy (Shimadzu, 
EDX 720, Japan, after calcination at 1000 ◦C for 5 h), stereo optical 
microscopy (Zeiss, SteREO Discovery V8, with a camera for image 
acquisition AxioCam ERc5s, Germany), and scanning electron micro
scopy (fractured surfaces, FEI 7500F, Netherlands, equipped with an 
energy dispersive spectrometer, Apollo, EDAX, USA, for EDS mapping), 
respectively. 

3. Results and discussion 

3.1. Raw materials and green-dried samples 

The raw materials employed in this study showed significant dif
ferences in their microstructure. Whereas hard-burnt MgO (Fig. 1a) and 
dolomite (Fig. 1b) particles are coarse and irregularly shaped, the 
expanded phyllosilicate ones (Fig. 1c and d) displays a typical highly 
asymmetric lamellar geometry with a certain level of intra-particle 
porosity. The submicrometric pores of hard-burnt MgO particles origi
nated during the calcination of magnesite (MgCO3) [89] and those of 
dolomite resemble cracks and fractured surfaces created due to milling. 
The phyllosilicate ones contain inter-lamellar voids longer than 20 μm 
and thicker than 1–5 μm formed due to partial dehydroxylation pro
cesses occurred under hydrothermal conditions before extraction [2,3, 
90,91]. 

The total composition of the flat boards attained after pressing and 
drying at 120 ◦C (Fig. 2a and b) contained MgO, SiO2, and CaO as their 
major components (77 wt%, 14.4 wt%, ad 3.7 wt%, respectively), and 
Al2O3 (2.8 wt%), Na2O (0.7 wt%), K2O (0.3 wt%), Fe2O3 (0.4 wt%), and 
TiO2 (0.7 wt%) in smaller quantities as impurities from de main raw 
materials (except TiO2, which was intentionally added) (Table 2). They 
exhibited a two-phase microstructure (Fig. 3a) with different pop
ulations of pores (Fig. 4a). The follicular phase comprises lamellar 
particles of expanded phyllosilicate (Fig. 3b and 5a) aligned perpen
dicularly to the pressing direction and their large quantity of inter- 
lamellar voids (detailed in Fig. 1d) corresponds to the population of 
pores whose diameters range between 2 and 8 μm. On the other hand, 
the granular phase (Fig. 3c) surrounds the follicular one and contains 
irregular thicker particles of MgO, dolomite, and thin crystals of xonolite 

Fig. 2. Stereoscopic images of cross-section of the as-produced MPMB thermal 
insulator. White arrows indicate the direction of uniaxial pressing. 

Table 2 
Composition of the system (theoretical and after pressing and drying at 120 ◦C).  

Oxides from raw 
materials 

a Total composition of the system (wt%) 

Theoretical (green- 
dried) 

XRF (green- 
dried) 

EDS (green-dried,  
Fig. 3) 

MgO 77.0 74.4 78.2 
CaO 3.70 4.51 3.20 
Al2O3 2.80 3.90 2.10 
SiO2 14.4 15.5 14.8 
Na2O 0.70 0.89 1.10 
K2O 0.28 0.12 0.15 
Fe2O3 0.38 0.21 0.18 
TiO2 0.74 0.47 0.27  

a The carbon content from polymeric fibers and dolomite was not considered 
in this analysis. 
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Fig. 3. SEM images detailing a) overall two-phase microstructure containing b) follicular and c) granular regions and their elemental composition (d) oxygen, e) 
silicon, f) magnesium, g) aluminum, h) calcium, i) sodium). White arrows indicate the direction of uniaxial pressing. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. a) Discrete and b) cumulative pore size distribution for MPMB samples 
thermally treated at 120 ◦C, 1000 ◦C, and 1100 ◦C. 

Fig. 5. XRD patterns for MPMB samples thermally treated from 120 ◦C up to 
1100 ◦C. List of symbols: P = Periclase (α-MgO, PDF = 1–1235); C = Calcite 
(CaCO3, PDF = 1–837); ✱= Magnesium aluminum iron silicate hydrate ((Mg, 
Fe2+,Fe3+)3(Al,Si)4O10(OH)2.4H2O), PDF = 2.21); X = Xonolite (Ca6Si6O17

⋅(OH)2, PDF = 2–598); Q = Quartz (SiO2, PDF = 2–471); K = Magnesian 
muscovite ((K,Mg,Al)Si4O10(OH)2, PDF = 21.993); M = Potassium aluminum 
silicate hydroxide hydrate (KAl4(SiAl)8O20(OH)4.5H2O, PDF = 7–330); W =
Wollastonite (CaSiO3, PDF = 2–689); L = Lime (CaO, PDF = 17–912); ⋄ =
β-Wollastonite (CaSiO3, PDF = 3–626); S= Cristobalite (SiO2, PDF = 2–278); T 
= Brokite (TiO2, 29–1360). 
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(Ca6Si6O17⋅(OH)2) (Fig. 5a). Whereas xonolite crystals were formed in 
situ due to the reaction between colloidal silica and calcium sources 
[92–94], the other phases present were periclase, from hard-burnt MgO, 
and calcite and quartz (as an impurity), from dolomite. These particles’ 
inner pores and the packing flaws amongst them comprised the second 
population of thin pores (0.3–0.5 μm). The elemental analysis (Fig. 3d–i) 
also revealed part of the colloidal silica particles formed a continuous 
non-crystalline coating over all surfaces available (Fig. 3e), explaining 
the high concentration of sodium, which is an impurity in colloidal sil
ica, in the finer parts of the granular phase (Fig. 3i). 

Interestingly, although the major component of the structure is hard- 
burnt MgO and a significant amount of water was added to the 

composition during mixing and pressing, no substantial evidence of Mg 
(OH)2 formation (e.g., volumetric expansion, cracks, or crumbling) was 
observed during or after drying. Such an unusual effect is related to the 
fact colloidal silica and other amorphous silica sources exert a strong 
anti-hydroxylation action upon MgO particles due to the formation of a 
thin and highly stable protective coating of magnesium silicate hy
droxide hydrate [95–97]. 

Non-structural thermal insulators, such as blocks of compacted 
ceramic fibers, loose-fill insulators, and fired-chamotte bricks typically 
present total porosity, compression strength, and thermal conductivity 
levels ranging between 30 and 50%, 1–10 MPa, and lower than 0.2 W 
(m K)− 1, respectively [6]. Green-dried samples displayed similar total 
porosity (54%, Fig. 6a) and significantly higher strength before any 
thermal treatment (28 MPa, Fig. 6b). Such an unusual result is related to 
two effects. First, the gelling of colloidal silica during curing and drying 
produced tight connections amongst particles at the same time no hy
droxylated compound was produced to fill the inter-particle voids [67, 
98,99]. Second, the large content of small intra-particle pores (3.1 μm, 
Fig. 4b) caused no deleterious effects on strength [70]. Another inter
esting aspect is, differently from other studies in which porogenic 
mechanisms were triggered by dehydroxylation or burnout reactions 
[18,21,23,28,33,44,46,53,61], the pores observed at the cross-section of 
the MMB structure resulted from controlled packing flaws generated 
during pressing. The technological implication of such results is the 
material behaves as a thermal insulator after the early drying stages, as 
indicated by the low level of thermal conductivity measured at 200 ◦C 
(0.2 W (m K)− 1) (Fig. 3c) [6–8]. 

3.2. Thermal treatments up to 800 ◦C 

During the initial heating up to 400 ◦C, the freshly pressed samples 
showed a 5% increase in total porosity followed by 1.7% shrinkage and 
up to 7 wt% mass loss (Fig. 6a and b and 7). Such a behavior is a 
microstructure accommodation caused by free-water withdrawal from 
colloidal silica and burnout of organic matter from phyllosilicate and 
polymeric fibers [41,49,58,59]. In the 400-568 ◦C temperature range, 
the final withdrawal of residues of organic matter and structural water 
from phyllosilicate preceded the decarbonation of dolomite and burnout 
of other carbonaceous residues from 568 ◦C up to 700 ◦C. The corre
sponding enhancement in solid density and total porosity and the for
mation of cracks along the pressing direction due to the release of water 
vapor and other volatiles (Fig. 8a and b) led to slightly lower 
compression strength levels (Fig. 6b). During the thermal treatment, 

Fig. 6. Evolution of physical properties of microporous MgO-based (MPMB) 
thermal insulator with thermal treatment up to 1100 ◦C: a) total porosity (TP) 
and thermal dimensional variation (TDV), b) solid density (SD) and compres
sion strength (CS), c) thermal conductivity (typical thermal conductivity results 
for ceramic fiber blocks are also shown as a reference [6,7,11]). 

Fig. 7. Mass loss and mass loss rate versus sample temperature behavior for 
MMB structures. 

Fig. 8. Stereoscopic images of samples of MPMB thermal insulator thermally 
treated at different temperatures (a) 120 ◦C, b) 300-700 ◦C, c) 800-900 ◦C, and 
d) 1000-1100 ◦C) detailing the lamination cracks formed during heating and 
the surface aspect. 

R. Salomão et al.                                                                                                                                                                                                                               



Open Ceramics 16 (2023) 100446

6

periclase remained the main crystalline phase, whereas CaO from 
dolomite combined with quartz (SiO2) forming wollastonite (Ca2SiO4) 
(Fig. 5b and c). Concomitantly, the expanded phyllosilicate turned into 
meta-phyllosilicate (similar structure with no structural water, (Mg, 
Fe3+)3(Al,Si)4O10)) and combined with MgO forming magnesian 
muscovite ((K,Mg,Al)Si4O10) [100,101]. 

An intense increase in solid density and crack formation (Fig. 8c) was 
observed between 700 and 800 ◦C was related to a collapse of multi- 
oxide sheets in phyllosilicate and muscovite, since no significant evi
dence of liquid phase was detected in the microstructure (Fig. 9a). 
Interestingly, up to 800 ◦C, the permanent thermal shrinkage (TDV, 
Fig. 6a) remained below 2 wt%, which is an important technological 
parameter regarding the structural integrity of the thermal insulator 
lining during long periods of service [6,7]. 

3.3. Thermal treatments above 800 ◦C 

Above 800 ◦C, both solid density and linear shrinkage stabilized, 
whereas total porosity continuously increased up to 1000 ◦C, reducing 

compression strength (Fig. 6a and b). Such behavior was attributed to 
the formation of a small portion of liquid compounds based on the 
SiO2–Na2O–CaO system [102] amongst partially sintered MgO and CaO 
coarse particles. The rigidity of the structure prevented shrinkage and 
pores’ growth (Figs. 4 and 9b-c). Two other interesting effects were 
observed for samples treated at 1000 ◦C. First, the boundaries between 
follicular and granular phases became less defined (Fig. 10a and b). Due 
to the high atomic mobility introduced by the liquid phase, the original 
elements of each phase were mixed throughout the entire microstructure 
(Fig. 10c–h). Secondly, a significant reduction in thermal conductivity 
followed the microstructure changes observed between 800 and 
1000 ◦C, differing from the behavior of ceramic-fibers blankets, which 
showed higher thermal conductivity as temperature increased (Fig. 6c) 
[6,7,11,15,17,25]. Such behavior indicates refractory structures con
taining micropores (1.4 μm, Fig. 4b) can scatter infrared electromag
netic heat waves, which are the dominant heat transfer mechanism 
above 600 ◦C [5–7,10,13–16]. Moreover, the small initial content of 
TiO2 (Fig. 5d and e) may have exerted a certain opacifying effect on 
infrared radiation, blocking its propagation [11,15,36–40,74]. In the 

Fig. 9. SEM images of the cross-section of MPMB thermal insulator thermally treated at different temperatures (a) 700 ◦C, b) 900 ◦C, and c) 1100 ◦C) detailing 
granular and follicular phases. 
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same temperature range, fiber blankets were less effective in block heat 
flow due to their excessive pore fraction, which increased the mean free 
path for photons throughout the structure [11,15,25]. 

Above 1000 ◦C, the formation of larger quantities of liquid phase led 
to significant shrinkage levels and total porosity reduction (Fig. 6a). 
Although those samples became stronger (Fig. 6b), they experienced a 
structural collapse (Fig. 8d). The excessive shrinkage (Fig. 11a and b) 
and the presence of liquid phase promoted the formation of lamination 
voids (Fig. 11c and d) that increased the average pore size (5.3 μm, 
Fig. 4b), suggesting 1100 ◦C should be the maximum temperature of use. 

4. Conclusions 

This study focused on the characterization of a microporous MgO- 
based thermal insulator (MPBM) developed by a novel porogenic 
approach. During uniaxial pressing of flat boards, the presence of highly 
asymmetric phyllosilicate particles hindered a full compaction of 
irregular porous refractory particles, generating a co-continuous two- 
phase microstructure. As the follicular phase (comprised of expanded 
phyllosilicate particles) and the granular one (containing hard-burnt 
MgO and calcitic dolomite particles and calcium silicate hydrates) 
intermeshed and bonded with the aid of a colloidal silica binder, a 

Fig. 10. SEM images of the cross-section of MPMB thermal insulator thermally treated at 1000 ◦C detailing the interface between follicular and granular phases.  
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structure of high total porosity and compression strength was attained. 
The two populations of micrometric and sub-micrometric pores formed 
after drying behaved effectively as sites for phonons scattering, reducing 
the material’s thermal conductivity up to 600 ◦C. Between 600 and 
1000 ◦C, besides the high total porosity levels, the presence of an opa
cifying agent (TiO2) favored photon scattering, reducing even further 
the thermal conduction that occurred by irradiation of infrared waves. 
The formation of small portions of liquid phase above 800 ◦C did not 
affect the total porosity and pores size distribution significantly, since 
the high-refractoriness coarse particles formed a rigid structure that 
prevented loss of strength and shrinkage. Above 1100 ◦C, the presence of 
a larger amount of liquid modified the microstructure, particularly 
enhancing the average pore size and the ability to block heat flux. In 
comparison to other classes of insulators, such as ceramic-fiber blankets, 
the synergic combination of low thermal conductivity and high 
compression strength enabled the use of this novel material as self- 
supporting thinner insulating linings in steel ladles and runners, 
equipment for primary aluminum processing, petrochemical units, and 
cement kilns. 
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[81] G. Wu, W. Yan, S. Schafföner, X. Lin, S. Ma, Y. Zhai, X. Liu, L. Xu, Effect of 
magnesium aluminate spinel content of porous aggregates on cement clinker 
corrosion and adherence properties of lightweight periclase-spinel refractories, 
Construct. Build. Mater. 185 (2018) 102–109, https://doi.org/10.1016/j. 
conbuildmat.2018.07.058. 

[82] I.R. de Oliveira, V.M.C. Leite, M.P.V.P. Lima, R. Salomão, Production of porous 
ceramic material using different sources of alumina and calcia, Rev. Mater. 20 (3) 
(2015) 739–746, https://doi.org/10.1590/S1517-707620150003.0078. 

[83] R. Salomão, V.L. Ferreira, L.M.M. Costa, I.R. de Oliveira, Effects of the initial CaO- 
Al2O3 ratio on the microstructure development and mechanical properties of 
porous calcium hexaluminate, Ceram. Int. 44 (2) (2018) 2626–2631, https://doi. 
org/10.1016/j.ceramint.2017.11.010. 

[84] O.H. Borges, T. Santos Jr., V.R. Salvini, V.C. Pandolfelli, Al2O3–CaO macroporous 
ceramics containing hydrocalumite-like phases, Ceram. Int. 46 (5) (2020) 
5929–5936, https://doi.org/10.1016/j.ceramint.2019.11.046. 

[85] M.D.M. Innocentini, C. Ribeiro, R. Salomão, V.C. Pandolfelli, L.R.M. Bittencourt, 
Assessment of mass loss and permeability changes during the dewatering process 
of refractory castables containing polypropylene fibers, J. Am. Ceram. Soc. 85 (8) 
(2002) 2110–2112, https://doi.org/10.1111/j.1151-2916.2002.tb00413.x. 

[86] R. Salomão, M.A. Kawamura, A.B.V. Emilio, J. Sakihama, A.M. Segadães, Calcium 
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