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Mineral and textural transformations in mixtures of Al-rich and Al–K-rich 
clays with firing: Refractory potential of the fired products 
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A B S T R A C T   

The present work analyses a set of cylinders manufactured by pressing and fired from 1000 ◦C to 1270 ◦C, which 
are composed of pure Al-rich rocks (bauxite) and mixtures of bauxite with Al–K-rich clays. The aim of the study is 
to determine the mineral and textural transformations that take place in the mixtures with firing and their in-
fluence on the physical properties of the final products in order to evaluate their refractory potential by 
comparing them with various fired commercial bauxites. To this end, raw and fired samples were analysed by X- 
ray diffraction, X-ray fluorescence, and optical and field emission scanning electron microscopy, and significant 
physical properties (e.g. density, linear shrinkage, porosity, colour, water absorption, thermal conductivity and 
point load resistance) were determined in the fired cylinders. The raw bauxite was mainly formed by boehmite, 
kaolinite and hematite whereas the illite- and kaolinite-rich clay was formed by quartz, illite and kaolinite. 
Kaolinite, illite and boehmite are not detected at 1000 ◦C and, from this temperature upwards, mullite, 
corundum, γ-Al2O3, hercynite, ilmenite, cristobalite and vitreous phase are formed. Changes in physical prop-
erties with rising temperature are associated with the mineralogical changes. The increases in density and linear 
shrinkage are related to the formation of vitreous phase and the crystallization of mullite, and correlate with the 
decrease in porosity, water absorption and thermal conductivity. The changes in the colour of the samples are 
related to the hematite content at each temperature, whereas the point load resistance is greater with higher 
corundum content. Both the firing temperature and the clay content play an important role in the refractory 
potential of the mixtures, since samples mixed with illite- and kaolinite-rich clay present similar properties at 
lower temperatures to those of the fired commercial bauxites.   

1. Introduction 

Bauxites (Al-rich rocks) and illite- and kaolinite-rich clays (Al- and K- 
rich clays) are the most important raw materials in manufacturing re-
fractory ceramics. For this reason, knowledge of the mineralogical and 
textural transformations that occur during the firing process, as well as 
their influence on the physical properties of the final products, is a 
matter of great interest in characterizing these materials and inferring 
their refractory potential [1–4]. 

The mineral transformations that take place when aluminium- and 
clay-rich materials are fired at high temperature are influenced by the 
mineralogical composition of the raw materials, their granulometry, the 
firing temperature and the atmosphere conditions of the oven [5,6]. To 
understand how the calcination process occurs, it is thus necessary to 
analyse the mineral reactions, textural variations and compositional 
changes of the initial phases with the increase in temperature at both 

micron- and nano-scale [2,4,7]. 
In the literature, there are numerous studies that report mineralog-

ical and textural changes in illite- and kaolinite-rich clays [4,8,9], 
pyrophyllite-rich clays or carbonate-rich clays [2,7] during firing 
processes. 

Some of these studies have also reported modifications in physical 
properties with firing [6,10,11]. However, there are no investigations 
that have described in detail the mineral and textural transformations 
with firing in bauxite materials and their relationship with the physical 
properties. This is what the present study does. 

Mullite and corundum are frequent phases in ceramic products, and 
their formation influences the porosity of ceramics [4,12]. The crystal-
lization of new phases with firing is therefore of great interest. However, 
little attention has been paid to how mixtures of bauxite with Al–K-rich 
clays can affect the mineralogy and physical properties of the final 
products. The study of these mixtures fired at different temperatures 
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allows their refractory potential to be characterized and is thus of great 
interest for engineering and industrial applications. 

With the aim of analysing the refractory potential of the mixtures, 
this research shows that the mixture of illite- and kaolinite-rich clays 
with bauxite raw materials can affect the mineralogical transformations 
that occur with firing and thus their physical properties and refractory 
potential. 

The research has two aims: 1) to determine in detail and using high- 
resolution techniques the mineralogical and textural transformations 
that take place in the mixtures during the firing processes at different 
temperatures, and 2) to evaluate their influence on the physical prop-
erties (density, linear shrinkage, porosity, colour, water absorption, 
thermal conductivity and point load resistance) of the final products 
and, with these data, to deduce the refractory potential of the obtained 
products by comparing them with various fired commercial bauxites. 

2. Geological setting 

In the southern Pyrenean mountains (NE Spain), there are several 
karst bauxite deposits, which were opencast-mined during the 1990s. 
One of the most important bauxite sites in this area is the Sierra de 
Boada, where the bauxite used in this study was obtained (Fig. 1). Here, 
15–20 m of bauxite levels are found overlying Middle Jurassic (Dogger) 
dolostones and covered by Upper Cretaceous (Cenomanian) sandstones. 
The Middle Jurassic dolostones are affected by a palaeokarstic surface, 
above which the bauxites are arranged. By contrast, the surface contact 
with the Upper Cretaceous sandstones at the top shows a flat geometry. 
The bauxites are of a clayey aspect, predominantly red and violet col-
ours, and contain millimetric spherical ferruginous pisoids [13]. 

On the other hand, in the Iberian Range (NE Spain) there are illite- 
and kaolinite-rich clay deposits belonging to the Lower Cretaceous 
Escucha Formation (Fig. 1) [14]. This formation has been traditionally 
divided into three members: lower, middle and upper [15]. The lower 
member of the Escucha Formation is formed by abundant claystones 
with a high kaolinite content, which are currently mined by the ceramic 
and refractory industries [4,16,17]. 

3. Materials and methods 

3.1. Samples and firing process 

The bauxite and the illite- and kaolinite-rich clay were milled under 
100 μm. Pure bauxite (labelled as BX100) and mixtures of bauxite with 
the illite- and kaolinite-rich clay in 75/25 and 50/50 proportions 
(labelled as BX75 and BX50, respectively) were used to manufacture the 
cylinders (5 cm in diameter and 0.8 cm high) by pressing. The cylinders 
of the raw samples thus obtained were then fired in a Tecno-piro PR4T 
oven. The firing temperatures were 1000 ◦C, 1100 ◦C, 1200 ◦C and 
1270 ◦C under oxidizing conditions, increasing the temperature in steps 
of 200 ◦C/h and maintaining the maximum temperature for 2 h. Cyl-
inders made from the raw and the fired samples are shown in Fig. 2. 

To deduce the refractory potential of the manufactured cylinders, 
three fired commercial bauxites were used to compare their mineral-
ogical and physical properties with those of the cylinders. 

3.2. X-ray fluorescence and X-ray diffraction 

X-ray fluorescence analysis was carried out for the three raw samples 
(BX50, BX75 and BX100) and for the illite- and kaolinite-rich clay at 

Fig. 1. Simplified geological map of the NE Iberian Peninsula indicating the location where the bauxite and the illite- and kaolinite-rich clays were obtained.  

Fig. 2. Raw and fired cylinders obtained from pure bauxite (sample BX100) 
and mixtures of bauxite with the illite- and kaolinite-rich clay in 75/25 (sample 
BX75) and 50/50 proportions (sample BX50). 
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Actlabs laboratories (Ontario, Canada) to obtain their chemical 
composition. Samples were fused in platine crucibles using an auto-
mated crucible fluxer, automatically poured into platine moulds for 
casting, and analysed on a Panalytical Axios Advanced wavelength 
dispersive XRF spectrometer. The detection limit of the technique was 
0.01% for SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5, and 
Cr2O3, 0.005% for Co3O4 and CuO, 0.003% for NiO and V2O5, and 
0.001% for MnO. 

Mineralogical analyses of both the raw and the fired samples as well 
as the three fired commercial bauxites were performed by X-ray 
diffraction (XRD). XRD patterns were obtained from the 3 to 60◦ 2θ 
interval using a Philips 1710 diffractometer at the University of Zar-
agoza (Zaragoza, Spain) with 40 kV voltage, 30 mA current, CuKα ra-
diation, automatic slit and graphite monochromator. The goniometer 
velocity was 0.03◦2θ/s and the integration time was 1s. The recording 
was performed with XpowderX software [18]. 

After determining the mineral phases present in the samples, the 
relative proportions of these phases were ascertained using Reference 
Intensity Ratio (RIR) values from the literature [2,19–21]. To determine 
the formation of the vitreous phase in the samples during firing, the 
amorphous/crystals relationship was obtained using XpowderX 
software. 

3.3. Optical and electron microscopy studies 

Given that the XRD results showed similar mineralogical changes in 
samples fired at 1000 ◦C and 1100 ◦C, thin sections of all the samples 
fired at 1000 ◦C, 1200 ◦C and 1270 ◦C were studied by transmitted and 
reflected light microscopy in order to identify the mineral phases and 
characterize their texture. 

The same thin sections were analysed using a Carl Zeiss Merlin field 
emission scanning electron microscope (FESEM) with an Oxford energy- 
dispersive X-ray (EDS) detector at the University of Zaragoza (Zaragoza, 
Spain). The thin sections had been previously coated with carbon. 
Compositional images of the samples were obtained using two types of 
backscattered electron detectors: angular selective backscattered (AsB) 
and energy selective backscattered (EsB). The accelerating voltage was 
15 kV for AsB and 4 kV for EsB, and the beam current was 400 pA for AsB 
and 2.0 nA for EsB. Semi-quantitative analyses were also performed by 
the energy-dispersive X-ray detector (EDS), which has a detection limit 
of 0.1%. The accelerating voltage and the beam current for this detector 
were the same as those used for the AsB detector. 

3.4. Physical properties 

3.4.1. Density and linear shrinkage (LS) 
The density was measured for both the raw samples and those fired at 

the different temperatures. The apparent density of the fired commercial 
bauxites was provided by the company. 

The linear shrinkage of the fired samples was determined according 
to the following formula: 

LS(%) =
(
D1 − D2/D1

)
x100  

where D1 is the diameter of the raw sample and D2 is the diameter of the 
fired sample. 

3.4.2. Colour 
To determine the precise colour of the samples, an X⋅Rite portable 

spectrophotometer, model Ci6X, was used, which yields colour values in 
the Munsell system and in the CIE L*a*b* scale. The spectrophotometer 
was used to measure colour values in the raw and fired samples, as well 
as in the fired commercial bauxites. 

3.4.3. Porosity 
The porosimetric analysis was carried out in the Thermal Analysis 

and Porous Solids Unit of the University of Alicante (Spain). An Ultrapyc 
1200e Helium Pycnometer was used to obtain the pore size and distri-
bution in the fired samples, as well as their total porosity. The apparent 
porosity of the fired commercial bauxites was provided by the company. 

3.4.4. Water absorption (WA) 
Water absorption values were obtained for samples fired at the 

different temperatures according to the following formula: 

WA(%)= [(A  −  B)/B]x100%  

where A is the weight of the wet cylinder after 3 h in a vacuum and B is 
the weight of the dry cylinder. The absorption capacity values of the 
fired commercial bauxites were provided by the company. 

3.4.5. Thermal conductivity (k) 
Samples mixed with the illite- and kaolinite-rich clay fired at 1200 ◦C 

seems to have similar physical properties to those of the fired com-
mercial bauxites. For this reason, samples BX50, BX75 and BX100 fired 
at 1200 ◦C were selected to measure their thermal conductivity. Thermal 
conductivity values were obtained at room temperature by using a C- 
THERM Thermal Conductivity Analyzer, with an accuracy of ±5%. Ten 
measurements were made for each sample using Wakefield grease as the 
contact material. The setup of the equipment was previously checked 
using a standard sample (Pyroceram) suggested by the company. 

3.4.6. Point load test (PLT) 
The Point Load Test (PLT) allowed the Point Load Resistance Index Is 

(50) to be determined in samples fired at 1200 and 1270 ◦C. Samples fired 
at 1000 and 1100 ◦C were not resistant enough to carry out the test. A 
point load measuring equipment was used to obtain the point load value 
of each sample (Is) in kg/cm2. Several measures per sample (between 6 
and 12 depending on sample availability) were carried out. To obtain 
the Is(50) index, a correction factor was necessary, according to the 
expression: 

Is(50)= F⋅Is 

F being the correction factor that was obtained using the following 
formula: 

F = (De/50)0.45  

where De is the equivalent diameter of the regular prisms, which can be 
calculated by means of the expression: 

De
2 = 4A/π  

where A is the minimum cross-sectional area containing the two load 
application points. 

4. Results 

4.1. XRF and XRD results 

The XRF results (Fig. 3) show that the illite- and kaolinite-rich clay 
presents higher proportions of SiO2 (57.76%) and K2O (3.47%) but 
lower proportions of Al2O3 (24.34%) and Fe2O3 (3.36%) than samples 
BX100, BX75 and BX50. Of these three samples, sample BX100 presents 
the highest Al2O3 and Fe2O3 contents and the lowest SiO2 and K2O 
contents. 

The loss of ignition (LOI) produced in all the samples is related to the 
loss of the OH groups of the phyllosilicates and the hydroxides. As will 
be seen below, raw sample BX100 has the highest total boehmite + clay 
minerals content, which may be the cause of its higher LOI percentage 
(11.62%). 

The XRD patterns and the relative proportions of the different phases 
obtained from the raw and the fired samples are represented in Fig. 4. 
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The pure bauxite (sample BX100) is mainly formed by boehmite 
(62%), kaolinite (25%), hematite (9%) and minor proportions of 
anatase, goethite and rutile (<5%). Sample BX75 is formed by boehmite 
(43%), illite-kaolinite (35%), quartz (12%) hematite (6%) and minor 
proportions of anatase and rutile (<5%). Sample BX50 is composed of 
illite-kaolinite (46%), boehmite (27%), quartz (20%) and minor pro-
portions of hematite, anatase and rutile (<5%). By contrast, the illite- 
and kaolinite-rich clay is mainly formed by illite (39%), quartz (32%) 
and kaolinite (23%), with minor proportions of orthoclase and albite 
(<5%). 

The kaolinite, illite, boehmite, anatase and goethite present in the 
raw samples are not detected from 1000 ◦C upwards, indicating that 
they are the least stable phases during the firing process. By contrast, 
quartz, hematite and rutile are still detected at 1270 ◦C, showing that 
these are more stable phases, which withstand higher temperatures. 
However, the quartz content in samples BX75 and BX50 decreases with 
temperature, indicating that it is partially destabilizing. The hematite 
content increases in all the samples at 1000 ◦C (15–29%) compared to 
the raw samples (<5%–9%) but then decreases with increasing tem-
perature, also indicating that it is partially destabilizing. 

At 1000 ◦C, ilmenite, cristobalite, γ-alumina, corundum (α-alumina), 
hercynite (Fe and Al spinel) and mullite are formed. It was not possible 
to obtain a RIR value for the γ-alumina, so it was not semi-quantified. At 
this temperature, the XRD results also show the presence of amorphous 
phase, indicating the occurrence of fusion processes. 

Ilmenite (<5–10%) and cristobalite (<5%), which formed at 1000 ◦C 
in all the samples, are later destabilized, as their content decreases with 
temperature. 

Corundum is detected from 1000 ◦C upwards; its content is higher at 
1100 ◦C in all the samples and then it decreases with temperature, 
especially in samples BX75 and BX50. At 1270 ◦C the corundum content 
is higher in the BX100 sample (43%) than in BX75 and BX50 (12 and 7%, 
respectively). 

Finally, the mullite content increases with temperature in all the 
samples. By contrast with corundum, its content is higher in samples 
BX75 and BX50 (79 and 77% respectively) than in sample BX100 (44%) 
at the highest temperature. 

The relative proportions obtained from the fired commercial baux-
ites indicate that they are mainly composed of corundum (70–84%) and 
mullite (14–27%), and some of them occasionally present low contents 
of hematite, rutile, ilmenite and hercynite (<5%). 

The amorphous/crystals relationship obtained by XpowderX soft-
ware is represented in Table 1. According to these data, an amorphous 
phase is generated in the three samples from 1000 ◦C upwards, its 
content seeming to rise with temperature up to 1200 ◦C in samples BX75 
and BX50. In addition, the amorphous phase content in the three sam-
ples is higher than that detected in the fired commercial bauxites. 

4.2. Optical and electron microscopy results 

4.2.1. Optical and backscattered electron (BSE) images 
At optical microscopy resolution, at 1000 ◦C samples BX50 and BX75 

show a fine-grained matrix, in which morphologies of the original 
phyllosilicates are still distinguished along with oxides and quartz 
fragments (10–80 μm) (Fig. 5a), whereas in sample BX100 only small 
hematite aggregates (<50 μm) are observed. With the increase in tem-
perature, the texture of the three samples becomes very homogeneous. 
Scarce quartz fragments are still distinguished, which are smaller 
(10–50 μm) than at lower temperatures, along with hematite aggregates 
and replacement textures involving hematite and another unidentified 
opaque mineral (Fig. 5b). 

BSE images show remarkable textural and mineralogical changes 
with the increase in firing temperature. At 1000 ◦C rock fragments are 
still identified in samples BX100, BX75 and BX50. Iron and titanium 
oxides are recognized in some of these rock fragments, where they 
mainly occur in disseminated form, whereas other rock fragments are 
more homogeneous and contain almost no oxides. The rock fragments 
with abundant oxides seem to come from the original bauxite, whereas 
the most homogeneous ones seem to come from the illite- and kaolinite- 
rich clay (Fig. 5c). Some of the oxides have compositional zonation, with 
rutile and ilmenite or ilmenite and hematite compositions (Fig. 5d and 
e), and iron and titanium oxides forming aggregates (10–30 μm) are also 
recognized (Fig. 5e). At this temperature, in samples BX75 and BX50, 
quartz fragments (1–20 μm) are observed that are not yet destabilized, 
and corundum crystals are present in the three samples, with acicular 
morphologies, nanometric lengths (50–400 nm) and random orientation 
(Fig. 5f). Kaolinite-type morphologies are differentiated in the three 
samples (Fig. 5d and f) and in almost all cases their sheets are separated. 
These morphologies could correspond at least in part to metakaolinites, 
since kaolinite was not detected by XRD at this temperature. 

At 1200 ◦C the texture of the samples is much more homogeneous, 
possibly due to the vitrification process. Some of the rock fragments are 
still recognized, especially in sample BX100, indicating that bauxite may 
be the component most resistant to firing. In this sample, all the iron and 
titanium oxides are disseminated or form aggregates. By contrast, in 
samples BX75 and BX50 the rock fragments are not so easily distin-
guishable, and oxides are concentrated in certain areas, as well as 
forming aggregates. Instead of rock fragments, texturally and composi-
tionally different areas can be discerned: homogeneous areas without 
oxides and more heterogeneous areas with iron and titanium oxides, 
both disseminated and aggregated (Fig. 6a). These different areas could 
correspond with the previous bauxite and illite- and kaolinite-rich clay 
fragments observed at 1000 ◦C. Sample BX100 (Fig. 6b) does not contain 
rock fragments of the illite- and kaolinite-rich clay, but the XRD results 
showed that the raw sample contained kaolinite. Thus, the homoge-
neous areas in BX100 may come from the destabilization of the initial 
kaolinite during firing. In general, the homogeneous areas are formed by 
acicular and prismatic nanometre-sized mullite crystals (100–600 nm), 
with random orientation and immersed in vitreous phase (Fig. 6a, b and 
c) along with quartz fragments, which present reaction edges, indicating 
that they have begun to destabilize (Fig. 6c). The heterogeneous areas in 
all the samples, where the oxides are concentrated, also contain abun-
dant acicular corundum crystals, with random orientation and sizes 
larger than those found at 1000 ◦C (200nm-2μm). These corundum 
crystals can be found replacing hematite (Fig. 6a, b and d). 

Finally, at 1270 ◦C the texture of the three samples is very homo-
geneous (Fig. 7a). Iron and titanium oxides are less frequent and occur in 
the same form as at 1200 ◦C. Quartz fragments only remain in sample 
BX50 although they are scarcer than at lower temperatures and show 
reaction edges. Mullite crystals are also found immersed in vitreous 
phase but with larger sizes (100nm-2μm) (Fig. 7b and d). The corundum 
has acicular and prismatic morphologies with larger sizes (200nm-4μm) 
and is immersed in a probably vitreous phase, occasionally replacing 
hematite (Fig. 7c and d). 

Fig. 3. XRF results showing the contents of major and several minor elements 
in the illite- and kaolinite-rich clay (ACKLN100) and the raw cylinders (BX100, 
BX75 and BX50). 
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4.2.2. Chemical analysis 
EDS analyses indicate that hematite, corundum and ilmenite show 

compositional differences from sample to sample and even at sample 
scale. Al vs. Fe (wt%) plots at the different temperatures for the three 
samples show a trend among hematite, hercynite and corundum com-
positions (Fig. 8a, b and c). The Al vs. Fe plots show the presence of three 
compositional populations: 1) Fe-rich compositions that indicate 

hematite, 2) Al-rich compositions that are regarded as corundum, and 3) 
intermediate compositions between hematite and corundum. 

Although hercynite was not clearly differentiated by FESEM ana-
lyses, it was detected by XRD in all the samples at the different tem-
peratures, and some of the intermediate compositions included between 
hematite and corundum are close to theoretical hercynite (31.05% Al, 
32.13% Fe, 36.82% O). 

Fig. 4. (a) XRD patterns of raw and fired samples and (b) diagrams with the relative proportions of the mineral phases present in the analysed samples. Ilt = illite, 
Kln = kaolinite, Bhm = boehmite, Crt = cristobalite, An = anatase, Mul = mullite, Qtz = quartz, Rut = rutile, Ilm = ilmenite, Hem = hematite, Hcy = hercynite, Cor 
= corundum. 
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Ti vs. Fe (wt%) plots at the different temperatures for the three 
samples also show a trend among hematite, ilmenite and rutile com-
positions (Fig. 8d, e and f). In this case, compositions with Fe contents 
higher than 79% and Ti contents lower than 9% were considered he-
matite. Those compositions with Ti contents of 32–66% and Fe contents 
of 33–67% were considered ilmenite, whereas compositions with Ti 
contents higher than 75% and Fe contents lower than 25% were 
considered rutile. 

Of all these phases, corundum and ilmenite are the two generated 

due to the firing process, as they were not detected by XRD in the raw 
samples. On average, the corundum composition at the different tem-
peratures is close to theoretical corundum (52.093% Al and 47.07% O); 
it has an Al content of 44.07%, but it also contains Fe (6.72%), Si 
(3.82%) and minor proportions of Ti (0.43%) and K (0.15%). Ilmenite 
presents lower Ti and Fe contents (20.35 and 28.35% respectively) than 
theoretical ilmenite (31.56% Ti, 36.81% Fe and 31.63% O). 

The Al vs. Si plot (Fig. 8g) shows mullite analyses from all the 
samples at the different temperatures. According to these results, the 
mullite presents a heterogeneous compositional range with composi-
tions between kaolinite (or metakaolinite) and mullite. Those analyses 
at 1000 ◦C close to the theoretical kaolinite composition correspond 
with the kaolinite-type morphologies observed in the backscattered 
electron images. Although mullite presents a heterogeneous composi-
tional range, its Al/Si ratio increases from 1.49 at 1200 ◦C to 1.76 at 
1270 ◦C. 

Finally, the vitreous mass observed in all the studied samples in 
which mullite and corundum crystals are immersed probably corre-
sponds with the amorphous phase deduced from XRD. It presents a 
heterogeneous composition mainly formed by Si and Al (28.20 and 
15.90%, respectively), along with Fe and K (3.56 and 3.20%, respec-
tively) and minor proportions of Ti (0.64%), Mg (0.44%), Ca (0.16%) 
and Na (0.13%). 

Table 1 
Amorphous/crystals relationship obtained by XpowderX software for the three 
samples at the different temperatures and for the commercial bauxites.  

Sample T◦ Amorphous/Crystals relationship 

BX100 1000 0.146 
1100 0.088 
1200 0.091 
1270 0.106 

BX75 1000 0.139 
1100 0.153 
1200 0.148 
1270 0.097 

BX50 1000 0.089 
1100 0.110 
1200 0.225 
1270 0.120 

Commercial bauxites 0.038 
0.044 
0.040  

Fig. 5. (a) Transmitted light optical micro-
scope images showing the matrix formed by 
quartz fragments and oxides in sample BX50 
at 1000 ◦C. (b) Reflected light optical mi-
croscope images showing hematite replace-
ment textures in sample BX100 at 1270 ◦C. 
(c–f) FESEM images of samples fired at 
1000 ◦C showing: (c) Bauxite and clay rock 
fragments along with iron oxide aggregates 
in sample BX50. (d) Crystals with composi-
tional zonation involving rutile and ilmenite 
compositions, and kaolinite-type crystals in 
sample BX100. (e) Oxide aggregate 
composed mainly of hematite and kaolinite- 
type crystals in sample BX75. (f) Acicular 
corundum crystals and kaolinite-type crys-
tals with separated sheets in sample BX100. 
Qtz = quartz, Rt = rutile, Ilm = ilmenite, 
Hem = hematite, Cor = corundum.   
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4.3. Physical properties 

4.3.1. Density and linear shrinkage 
The density of the cylinders is 1.73 g/cm3, 1.74 g/cm3 and 1.71 g/ 

cm3 for samples BX100, BX75 and BX50, respectively. The changes in 
the density values of the three samples are represented in Fig. 9a, which 
shows that the density values of the raw samples remain almost constant 
up to 1000 ◦C. At 1100 ◦C and 1200 ◦C the density increases in all the 
samples, reaching values of 2.83 g/cm3, 2.73 g/cm3 and 2.55 g/cm3 for 
samples BX100, BX75 and BX50, respectively. Finally, at 1270 ◦C the 
density of samples BX75 and BX50 decreases to 2.55 g/cm3 and 2.43 g/ 
cm3, respectively, whereas the density of sample BX100 increases to 
3.43 g/cm3. The density values reached by sample BX75 fired at 1200 ◦C 
and by sample BX100 fired at 1200 ◦C and 1270 ◦C are the closest to the 

density values given for the fired commercial bauxites (2.8–3.25 g/cm3). 
A similar trend is observed in the linear shrinkage values (Fig. 9b). At 

1000 ◦C the linear shrinkage value is 4.39% for sample BX100, 3.99% 
for sample BX75, and 2.97% for sample BX50. A notable increase in the 
linear shrinkage is observed in the three samples at 1100 ◦C and 1200 ◦C 
with values of 12.43% and 18.55% for sample BX100, 11.86% and 
16.74% for sample BX75, and 9.97% and 14.95% for sample BX50. 
Finally, at 1270 ◦C the linear shrinkage values undergo a slight decrease 
in samples BX75 and BX50 (15.07% and 14.32%, respectively), whereas 
the value increases in sample BX100 (22.56%). 

4.3.2. Colour 
According to the Munsell System (Fig. 10a), the BX100 and BX75 raw 

samples present a reddish brown colour, which changes to bright 

Fig. 6. FESEM images of samples fired at 
1200 ◦C showing: (a) A homogeneous area with 
acicular mullite crystals and vitreous phase and a 
heterogeneous area with hematite and corundum 
crystals in sample BX75. (b) The same zones in 
sample BX100, in which the corundum content is 
higher and the mullite content is lower than in 
the other samples. (c) Quartz fragments with re-
action edges, acicular mullite crystals and vitre-
ous phase in sample BX50. (d) Corundum 
replacing hematite in sample BX50. Mul =

mullite, Hem = hematite, Cor = corundum, Vi =
vitreous phase, Qtz = quartz, Ilm = ilmenite.   

Fig. 7. FESEM images of samples fired at 
1270 ◦C showing: (a) The general texture of 
sample BX75. (b) Acicular and prismatic mullite 
crystals immersed in vitreous phase and with 
larger sizes than at lower temperatures in sample 
BX75. (c) Acicular and prismatic corundum 
crystals with larger sizes than at lower tempera-
tures, occasionally still replacing hematite crys-
tals and immersed in vitreous phase in sample 
BX50. (d) Corundum and mullite crystals 
immersed in vitreous phase in sample BX100. Vi 
= vitreous phase, Mul = mullite, Cor =

corundum, Hem = hematite.   
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reddish brown at 1000 and 1100 ◦C and to dull reddish brown from 
1200 ◦C. BX50 undergoes more colour changes with temperature. The 
raw sample is a dull reddish brown colour, which changes to orange at 
1000 ◦C, then to bright reddish brown at 1100 ◦C, dull reddish brown at 

1200 ◦C, and finally to greyish brown at 1270 ◦C. 
The CIE L*a*b* scale (Fig. 10b) shows that there is a trend towards 

orange colours from the raw samples to those fired at 1000 ◦C. From 
1100 ◦C, the a* and b* values then decrease progressively, which 

Fig. 8. (a, b, c) Al vs. Fe plots showing the hematite-hercynite-corundum trend in all the samples at 1000, 1200 and 1270 ◦C respectively. (d, e, f) Ti vs. Fe plots 
showing ilmenite, rutile and hematite compositions in all the samples at 1000, 1200 and 1270 ◦C. (g) Al and Si-rich compositions obtained from the mullite crystals in 
the three samples at the different temperatures. 

Fig. 9. Density vs temperature (a) and linear shrinkage vs temperature (b) graphs representing the changes in these properties in the fired samples.  
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coincides with the change towards darker colours, also shown by the 
Munsell System. The hue values calculated for the samples show that all 
the raw samples and those fired at up to 1100 ◦C present values between 
34.22◦ and 37.03◦, which coincide with pink hues, whereas those fired 
at 1200 ◦C and 1270 ◦C present hues close to red (40.36◦ and 46.94◦), 
according to the hue scale displayed in Fig. 10c. 

Comparing these colour values with those of the fired commercial 
bauxites, the Munsell notation for the fired commercial bauxites 
(2.1Y5.1/0.7, 1.6Y4.8/0.8 and 5.7Y4.1/0.2) indicates that the latter are 
of yellowish grey and grey colours, which are darker in colour than the 

fired cylinders. Likewise, the a* and b* coordinates presented by the 
fired commercial bauxites show lower values than the samples fired at 
1270 ◦C, and their hue values are somewhat higher (63.89–75.86◦), 
indicating hues between red and orange. 

4.3.3. Porosity 
The distribution curves for porosity vary with the increase in firing 

temperature in all the samples (Fig. 11). At 1000 ◦C the intrusion per-
centage is highest in sample BX50 (4.19%) and it occurs in pores whose 
radius reaches greater sizes (1 μm) than in samples BX75 and BX100. At 

Fig. 10. Colours of the raw and fired samples represented in the Munsell System (a) and the CIE L*a*b* scale (b) and the hue scale (c). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. Distribution curves for porosity obtained from the porosimetric analysis of the fired samples.  
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this temperature, sample BX100 presents the lowest intrusion percent-
age (1.23–1.46%), with pores with a radius between 2 × 10− 2 and 3 ×
10− 1 μm. 

At 1100 and 1200 ◦C the intrusion percentage increases in all the 
samples, this increase being higher in samples BX50 and BX75, which 
present a maximum intrusion of 5.62–11.31% and 4.79–7.78%, 
respectively. By contrast, sample BX100 has a maximum intrusion of 
2.51%, occurring in pores with a radius of 4 × 10− 2-4x10− 1 μm, 
somewhat smaller than those where the maximum intrusion occurs in 
samples BX75 and BX50. 

Finally, at 1270 ◦C the maximum intrusion decreases in sample BX50 
(4.29%) but it occurs in pores with a greater radius than at lower tem-
peratures (3.5 × 102 and 5.6 × 102 μm). By contrast, the maximum 
intrusion increases in samples BX75 (9.13%) and BX100 (11.38%). In 
the case of sample BX75 it occurs in pores with a radius of 1 × 10− 1-1μm, 
whereas in sample BX100 it occurs in pores with a similar radius to those 
in sample BX50 at this temperature (1 × 102-5x102 μm). 

The mean, mode and total porosity of the fired samples are presented 
in Table 2. The average pore size (mean) decreases in all the samples 
with the increase in temperature. The mode values also decrease with 
temperature in samples BX75 and BX100 but increase in sample BX50. 
The total porosity decreases progressively with temperature in all the 
samples, although there is a slight increase in sample BX75 at 1270 ◦C. 

The apparent porosity values given for the fired commercial bauxites 
are between 7 and 14.5%, which are consistent with the values for all the 
fired samples at 1200 ◦C and even at 1270 ◦C in the case of sample 
BX100. 

4.3.4. Water absorption, thermal conductivity, and point load test 
The water absorption values show that in general the absorption 

capacity of samples BX100 and BX50 decreases with temperature, 
whereas that of sample BX75 decreases up to 1100 ◦C and then slightly 
increases (Fig. 12a). This coincides with the decrease in porosity with 
temperature in all the samples and also with the subsequent slight in-
crease in porosity of sample BX75 at 1270 ◦C. The fired commercial 
bauxites have absorption capacity values between 2 and 4.5%, i.e. very 
close to those of sample BX75 at 1200-1270 ◦C. In addition, the water 
absorption values of samples BX100 and BX50 fired at 1100-1200 ◦C are 
also fairly close to the fired commercial bauxite values. 

The average values for thermal conductivity (k) obtained for the 
samples fired at 1200 ◦C are represented in Fig. 12b. This shows that 
samples BX75 and BX100 have a similar k value (2.46 and 2.40 W/m.K, 
respectively), which is greater than that of sample BX50 (1.94 W/m.K). 

The results for the point load test (Fig. 12c) show that sample BX100 
presents the highest resistance when it is fired at the highest tempera-
ture (1270 ◦C). By contrast, sample BX50 presents higher resistance, 
even higher than that shown by sample BX100, at 1200 ◦C than at 
1270 ◦C, whereas there is no significant change in the resistance values 
for sample BX75 between these temperatures. 

5. Discussion 

5.1. Mineral and textural changes during the firing process 

5.1.1. Destabilization of the initial phases 
As pointed out in the Result sections, the raw samples initially con-

tained boehmite, illite and/or kaolinite, hematite, rutile and anatase. 
Sample BX100 also had goethite, and BX75 and BX50 contained quartz. 

Most of these initial phases were destabilized and melted during the 
firing process. Clay minerals were not detected at 1000 ◦C, indicating 
that these minerals are the least stable phases. Previous studies [2] have 
reported the absence of kaolinite above 800 ◦C in aluminium-rich 
ceramic materials, and the presence of illite up to 1000 ◦C, but with 
clear signs of dehydroxylation processes from 450 ◦C. The low stability 
of kaolinite in ceramic materials has also been reported by other authors 
[22,23], who describe the presence between 500 and 1000 ◦C of 
amorphous metakaolinite, which would be the precursor of mullite. The 
kaolinite-type morphologies observed in the fired samples at 1000 ◦C 
(Fig. 5d and f) could correspond, at least in part, to metakaolinite, given 
the closeness of their composition to the theoretical kaolinite. Never-
theless, taking into account the presence of mullite as deduced from XRD 
and the lack of FESEM evidence for discrete mullite crystals, they could 
also correspond to mullite and would thus represent the pseudomorphic 
transformation from kaolinite to mullite, since there is no evidence of 
fusion processes affecting the kaolinite-type morphologies at this 
temperature. 

In the case of illite, thermogravimetric analysis also reported dehy-
droxylation occurring at 500-550 ◦C [24]. 

Like the clay minerals, boehmite was not present at 1000 ◦C due to a 
dehydration process that transforms boehmite (γ-AlOOH) into γ-Al2O3 
at 490-510 ◦C [25–27]. Furthermore, neither the small amounts of 
anatase detected in all the raw samples nor the goethite detected in 
sample BX100 were present at 1000 ◦C. This can be explained by the fact 
that goethite dehydrated into hematite at 500-600 ◦C [28,29] and that 
anatase transforms into rutile at 500-550 ◦C [30]. In addition, the 
presence of small amounts of amorphous or poor crystalline iron oxides 
(not detected by XRD in the raw samples) that would destabilize with 
temperature, along with the dehydration of goethite into hematite in 
sample BX100, may be the cause of the increase in the hematite content 
at 1000 ◦C in all the samples. 

The quartz content also increased at this temperature in samples 
BX75 and BX50. This may be a consequence of kaolinite and illite 
destabilization, which gives rise to an amorphous SiO2 phase at 925- 
1050 ◦C [31]. 

5.1.2. Crystallization and composition of new phases 
The morphology of synthetic γ-alumina has been described as 

irregular or thin flakes [32,33], so the acicular and prismatic crystals 
observed at 1000 ◦C by FESEM probably correspond to corundum. 

These corundum crystals are of random orientation and of sizes that 
increase with temperature, reaching up to 4 μm at 1270 ◦C, and they are 
immersed in a probably vitreous matrix as well as replacing hematite. 
Previous studies have described how hematite or magnetite can be 
replaced by spinel in igneous materials and natural clinkers [34–36]. In 
this way, the low hercynite proportions detected in the XRD patterns 
could be replacing hematite, with the hematite content thus decreasing 
with temperature. 

The transformation of pseudo-spinel to γ-Al2O3 has also been 
described in the literature [37], so the detected hercynite could 
contribute to the alumina formation. 

As commented above, boehmite dehydrates, also giving rise to 
γ-Al2O3, at 490-510 ◦C [25–27]. γ-Al2O3 is one of the seven transition 
phases of alumina (χ-Al2O3, κ-Al2O3, γ-Al2O3, θ-Al2O3, δ-Al2O3, η-Al2O3, 
ρ-Al2O3). The corundum structure is called α-Al2O3 and is the last and 
most stable alumina phase, formed by increasing the temperature up to 
1200 ◦C [26,38]. Accordingly, the γ-Al2O3 peaks detected in the XRD 

Table 2 
Mean, mode and total porosity values obtained from the porosimetric analysis of 
the fired samples.    

Mean (μm) Mode (μm) Total porosity (%) 

BX50 1000 6.67E-02 1.39E+00 34.55 
1100 4.46E-02 1.96E+00 25.69 
1200 1.61E-02 2.07 + 00 9.01 
1270 3.05E-03 3.21E+00 0.19 

BX75 1000 1.34E-01 2.28E+00 34.67 
1100 7.07E-02 2.13E+00 23.92 
1200 2.31E-02 3.98E-01 14.45 
1270 3.34E-02 1.79E-02 18.13 

BX100 1000 7.09E-02 2.63E+00 40.41 
1100 4.38E-02 8.63E-01 29.16 
1200 1.78E-02 6.40E-02 17.08 
1270 9.70E-03 4.01E-02 9.73  
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patterns of the three samples fired at 1000 ◦C may be the remains of the 
transition phases of the alumina from the destabilization of boehmite 
and hercynite giving rise to corundum formation. 

On the other hand, hematite (α-Fe2O3) and corundum (α -Al2O3) are 
isostructural phases and can form a solid solution at 1000-1300 ◦C [39]. 
This could also explain the compositions intermediate between these 
two phases in the studied ceramics. 

FESEM analysis also showed a compositional trend among hematite, 
ilmenite and rutile compositions. During firing, part of the Ti from 
anatase and the Fe from hematite could lead to ilmenite crystallization. 
Ilmenite and hematite can form a solid solution above 650 ◦C [40], 
which would explain the compositional zonation between hematite and 
ilmenite found in some grains/crystals. This solid solution results in 
separated hematite-rich and ilmenite-rich phases with cooling [41]. 
Rutile, ilmenite and spinel intergrowths have also previously been 
described in igneous rocks [42] in a similar way to the compositional 
zonation between rutile and ilmenite observed in the studied samples. 

The kaolinite-type morphologies observed at 1000 ◦C present their 
sheets separately due to the dehydroxylation processes, indicating that 
kaolinite was probably destabilized into metakaolinite. This meta-
kaolinite would be the precursor of mullite through a solid-state process, 
giving rise to the pseudomorphic formation of mullite at 1000 ◦C, as 
commented in section 5.1.1. Later, the fusion process increases, which is 
evidenced by the presence of a vitreous phase, allowing the formation of 
discrete mullite crystals, which are clearly distinguished at 1200◦ and 
1270 ◦C in the FESEM images. At these temperatures, mullite is present 
as acicular and prismatic crystals of random orientation, whose sizes 
increase with temperature, reaching up to 2 μm in length at 1270 ◦C. The 
mullite composition is not stoichiometric but follows a trend between 
kaolinite and empirical mullite compositions, and it shows a higher Al/ 
Si ratio at 1270 ◦C. The Al diffusion was probably higher at 1270 ◦C than 
at 1000 ◦C [2], and thus there is an increase in the Al content of mullite 
crystals with the increase in temperature. The increase in crystal size and 
the changes in the composition with temperature are indicative of a 
decrease in the number of crystalline defects in the mullite structure [2]. 

5.1.3. The firing process and the vitreous phase formation 
The vitrification process is responsible for the homogenization in the 

overall texture of all the samples with increasing temperature. At 
1000 ◦C the rock fragments from the bauxite and the illite- and kaolinite- 
rich clay are still recognized, but they are no longer so distinguishable at 
1200-1270 ◦C. The bauxite rock fragments seem to be more stable with 
temperature, since they are better recognizable at these temperatures in 
sample BX100; this may be due to its higher corundum content, as 
materials with high alumina content can withstand temperatures greater 
than 1300 ◦C and thermal shocks [43]. 

The presence of the vitreous phase is deduced in the three samples 
from the XRD and FESEM results from 1000 ◦C upwards. The FESEM 
analyses showed that this vitreous phase presents compositional 

variations depending on the sample and the area analysed, but in gen-
eral it has an Al- and Si-rich composition and also contains Fe and minor 
proportions of Ti, Mg, Ca and Na. The Al and Si come from illite, 
kaolinite, boehmite and quartz, which were the main components of the 
raw samples and could also contribute Mg, Ca and Na, whereas the Fe 
and Ti come from hematite and from anatase and rutile, respectively. 

The fact that the newly generated phases such as corundum or 
mullite are immersed in the vitreous phase demonstrates that the initial 
phases destabilized with the increase in temperature, giving rise to this 
vitreous phase from which the new phases crystallized from 1100 ◦C on. 

On the other hand, these new phases are non-stoichiometric, which 
may be due to the dynamics of the firing process resulting in incomplete 
mineral reactions [2]. According to these authors, the aluminium 
diffusion is probably lower at 1000 ◦C than at 1270 ◦C, which is sup-
ported by the compositional trend of mullite towards a higher Al/Si ratio 
at 1270 ◦C and by the high amounts of corundum crystallized in all the 
samples. 

5.2. Changes in physical properties during the firing process 

5.2.1. Changes in physical properties and their relation to the mineral 
transformations 

The increase in density with temperature in all the samples may be 
associated with the formation of the vitreous phase that gives rise to 
mullite crystallization, as has been described in kaolinite-rich clay ma-
terials [44]. By contrast, the increase in linear shrinkage may be asso-
ciated with the dehydroxylation of the phyllosilicates and hydroxides 
during the firing process. On the other hand, the slight decrease in these 
two properties detected at 1270 ◦C in samples BX75 and BX50 could be 
due to the formation of internal fractures during firing, which may not 
be observable to the naked eye. 

The red colours of the fired clays can be attributed to the presence of 
Fe2O3 [11], as well as to its crystal size and distribution. The colour 
change from brown to reddish colours at 1000 ◦C may be related with 
the increase in hematite content at this temperature. Similarly, the 
decrease in hematite content at 1200◦ and 1270◦ would cause the colour 
change from reddish to grey colours. The CIE L*a*b* scale reflects a 
decrease in the a* and b* values with the increase in temperature, which 
is more marked in samples BX75 and BX50. Decreases in a* and b* 
values with rising temperature have also been described in clayey ma-
terials in the literature [45], so the decrease in these values in samples 
BX75 and BX50 may be associated with their higher clay content and 
lower hematite content. 

The continuous pore filling by mullite and vitreous phase is also the 
consequence of the decrease in the total porosity of the samples, which 
decreased progressively with the increase in temperature in the studied 
samples, especially at 1200 ◦C, when the vitreous phase and mullite 
content is higher in all the samples. A decrease in porosity with tem-
perature due to the formation of vitreous phase has also been reported in 

Fig. 12. (a) Water absorption variations in the samples fired at the different temperatures. (b) Mean values of thermal conductivity of samples fired at 1200 ◦C 
(standard deviation in brackets). (c) Point load index (Is(50)) obtained for samples fired at 1200 and 1270 ◦C (standard deviation in brackets). 
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similar materials [3,46]. 
The increase in the density and linear shrinkage correlates with the 

decreases in water absorption, which has also been described in clayey 
materials [11]. The decrease in water absorption is also related with the 
decrease in total porosity [46] and/or in pore size and connectivity. 
Higher pore connectivity, along with the possible internal fractures 
produced during firing as commented above, would explain the slight 
increase in porosity and water absorption in sample BX75 at 
1200-1270 ◦C. The maximum helium intrusion in this sample at 1270 ◦C 
occurred in pores with a smaller radius than in samples BX100 and 
BX50, but these pores may have been more connected, leading to a small 
increase in porosity and water absorption capacity. 

The thermal conductivity values obtained for the samples fired at 
1200 ◦C are higher when the total porosity and density are higher and 
the pore mode values are lower. Sample BX50 presents the lowest k 
value, which coincides with a higher pore mode, but a lower total 
porosity caused by a higher vitreous phase content. Conversely, samples 
BX100 and BX75 have higher k values, which correlate with a lower 
pore mode, but a higher total porosity caused by a lower vitreous phase 
content. 

Finally, the point load test indicated that sample BX50 has higher 
resistance at 1200 ◦C than at 1270 ◦C, whereas the opposite was the case 
for sample BX100. This may be related with the mullite and corundum 
content, since at 1270 ◦C sample BX100 has a higher corundum content, 
whereas sample BX50 presents a higher mullite content. 

5.2.2. Refractory potential of the studied materials 
The fired commercial bauxites were mainly formed by corundum 

(67–80%) and mullite (13–26%). The most similar composition to this 
among the studied ceramics is that of sample BX100 fired at 1100 ◦C 
(57% corundum and 21% mullite), whereas samples BX75 and BX50 are 
poor in corundum and rich in mullite from 1000 ◦C upwards. 

By contrast, some of the physical properties of samples BX75 and 
BX50 are closer to those of the fired commercial bauxites than those of 
sample BX100. In addition, the firing temperature is also an important 
factor, as commented above, since it causes changes in all the measured 
physical properties. 

Sample BX100 fired at 1270 ◦C presents a density (3.43 g/cm3) 
similar to those of the fired commercial bauxites (2.8–3.23 g/cm3), 
whereas BX75 and BX50 present a slightly lower density at this tem-
perature (2.55 g/cm3 and 2.43 g/cm3, respectively), which, as suggested 
above, may be caused by the presence of internal fractures. The porosity 
of samples BX75 and BX50 fired at 1200 ◦C (9.01 and 14.45% respec-
tively) and that of sample BX100 (9.73%) fired at 1270 ◦C are those that 
fit best with the porosity of the fired commercial bauxites (7–14.5%). 
This indicates that the mixture of the bauxite with the illite- and 
kaolinite-rich clay also produces a decrease in porosity at lower 
temperatures. 

The water absorption values of sample BX75 fired at 1200-1270 ◦C 
(2.25–3.09%) are similar to those of the fired commercial bauxites, 
whereas samples BX100 and BX50 fired at 1100-1200 ◦C present water 
absorption values outside those limits, though close to them. Regarding 
the colour, samples BX50 and BX75 presented lower a* and b* values 
with increasing temperature, and they are closest to the a* and b* values 
of fired commercial bauxite when fired at 1270 ◦C. This could indicate 
that, due to the mixture of the bauxite with the illite- and kaolinite-rich 
clay, the hematite content is lower, and thus samples are darker. 

The thermal conductivity of the samples is related with their porosity 
and vitreous phase content. To be a suitable refractory material, thermal 
conductivity should be as low as possible. According to our results, a 
sample mixed 50% with illite- and kaolinite-rich clay presents better 
values of thermal conductivity (1.94 W/m.K) than the pure bauxite 
(2.40 W/m.K) at the same firing temperature. Finally, the higher resis-
tance observed in samples BX50 and BX75 at 1200 ◦C in the point load 
test may be related with a higher mullite and vitreous phase content at 
this temperature in these samples. The presence of illite and kaolinite 

gives rise to an increase in resistance due to the higher K content (as was 
also reported by the XRF results), which reduces the melting point and 
results in earlier vitrification and/or more effective formation of vitre-
ous phase. By contrast, the higher resistance of sample BX100 at 1270 ◦C 
may be associated with its corundum content, which is higher at this 
temperature. 

Therefore, pure bauxite fired at 1270 ◦C shows characteristics closely 
resembling those of the fired commercial bauxites regarding mineral-
ogical composition, porosity and density, and it shows high resistance. 
However, mixtures of bauxite with illite- and kaolinite-rich clays fired at 
lower temperatures show features not so far from the ranges exhibited 
by the fired commercial bauxites, but they are richer in mullite and 
vitreous phase, which lead to higher resistance and (in the case of 
sample BX50) lower thermal conductivity of the fired products. 

6. Conclusions 

The study of mixtures of bauxite with illite- and kaolinite-rich clays 
fired between 1000 and 1270 ◦C shows mineralogical and textural 
changes during firing that clearly affect the physical properties of the 
materials. 

At 1000 ◦C, the formation of mullite seems to occur as a pseudo-
morphic, solid-state process after amorphous metakaolinite has origi-
nated through kaolinite dehydroxylation. At higher temperatures, the 
ongoing destabilization of the initial phases gives rise to a Si- and Al-rich 
vitreous phase from which cristobalite, ilmenite, hercynite, mullite and 
corundum crystallize. The vitrification process causes the textural ho-
mogenization of the samples with increasing temperature and the short 
duration of the firing process allows the coexistence of some of the initial 
phases with those generated during the firing. 

Mullite and corundum are the most abundant phases at a high tem-
perature, the mullite content being higher in those samples mixed with 
the illite- and kaolinite-rich clay. Both phases are immersed in the vit-
reous phase and their crystal thickness increases with temperature up to 
2–4 μm. The analysed mullite presents a heterogeneous composition, but 
its Al content increases with temperature. 

The formation of vitreous phase and mullite and the process of 
dehydroxylation, gives rise to an increase in the density and linear 
shrinkage that correlates with a decrease in total porosity, water ab-
sorption and thermal conductivity. The changes in the colour are related 
to the hematite content, whereas the resistance of the samples is asso-
ciated with their vitreous phase and corundum content. 

Both the firing temperature and the clay content influence the re-
fractory potential of the mixtures, since samples mixed with illite- and 
kaolinite-rich clay present similar properties at lower temperatures to 
those of the fired commercial bauxites. This study shows that when 
mixing bauxite with Al–K-bearing clays, it is not necessary to reach such 
high firing temperatures to achieve refractory properties like those of 
fired commercial materials. 
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study of mineral transformations in fired carbonated clays: relevance to brick 
making, Clay Miner. 39 (2004) 333–344, https://doi.org/10.1180/ 
0009855043930138. 

[8] M.M. Jordán, A. Boix, T. Sanfeliu, C. de la Fuente, Firing transformations of 
cretaceous clays used in the manufacturing of ceramic tiles, Appl. Clay Sci. 14 
(1999) 225–234, https://doi.org/10.1016/S0169-1317(98)00052-0. 

[9] F. Pardo, S. Meseguer, M.M. Jordán, T. Sanfeliu, I. González, Firing transformations 
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Formación ‘Lignitos de Escucha’, Tecniterrae 3 (1976) 25–33. 

[16] L.A. Díaz Rodríguez, R. Torrecillas, Arcillas cerámicas: una revisión de sus distintos 
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[31] T. Ondro, O. Al-Shantir, Š. Csáki, F. Lukác, A. Trník, Kinetic analysis of sinter- 
crystallization of mullite and cristobalite from kaolinite, Thermochim. Acta 678 
(2019) 178312, https://doi.org/10.1016/j.tca.2019.178312. 

[32] L. Samain, A. Jaworski, M. Edén, D.M. Ladd, D.K. Seo, F.J. Garcia-Garcia, 
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