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Abstract
The thermal properties and evolution of mineralogy and colour of kaolinitic clay from the Terra Alta region were studied. 
The mineralogy of these materials consists mainly of kaolinite (13–27 mass%) and quartz (48–86 mass%). Minor illite, 
hematite, K-feldspar and calcite also occur. The linear expansion and absorption curves were used to predict the optimal 
firing temperature of the raw clays. During firing, from 1100 °C the water absorption decreases steeply, due to an increase 
in liquid phase, which penetrates into the pores and close the porosity. At this temperature, the firing shrinkage increases 
progressively. The fired clays are mainly composed of quartz, cristobalite and mullite, with minor hematite and rutile. Mullite 
starts to appear at 1050–1100 °C. SEM observations show that porosity decreases with the firing temperature. The colour 
properties were measured in the raw clays and in the fired bricks at different temperatures. The lightness, L*, is lower in 
the fired test pieces respect to the natural clays. This colour varies according to the hematite content, being from white to 
reddish in the fired samples.
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Introduction

Kaolinitic materials have acquired an increasing importance 
by the use of ceramics in new industrial applications [1, 2] in 
addition to the classical uses. Determining the optimal firing 
temperature for a clay is essential to produce quality ceram-
ics to use not more energy than is strictly necessary, thus the 
mechanical properties of the fired clays deepen on these tem-
peratures [3, 4]. The firing conditions are critical parameters 
to define the colour in ceramics, which is one of the hardest 
problems in the ceramic industry [5]. This is because the 
firing of a clay modifies the mineralogy of the ceramic body 
and this can influence in the colour [6] and other properties 
of the ceramics [7]. The mineralogical, textural and colori-
metric evolution of a clay with temperature will determine 
its industrial use within the scope of ceramic materials. The 
mineral phases have stability at certain temperatures, being 

transformed into a more stable structures during the thermal 
treatment and then, they play a determinant role in the firing 
process of a ceramic. To determine the thermal behaviour of 
the raw materials will be essential to find the ceramics with 
optimal properties and the firing temperature to apply in the 
industrial product.

In the region of Terra Alta, southern Catalonia, Spain, 
kaolinitic clay deposits occur as lateritic horizons of Upper 
Cretaceous age located in the Mora Basin. Kaolin occurs in 
two main areas close to the localities of Horta de Sant Joan 
(HS) and Pinell de Brai (PnB) that were previously mined 
for kaolinitic clays, and the PnB area is currently mined. 
The chemical and mineralogical characterization of these 
materials has already been reported [8]. In the present work, 
the thermal properties of the Terra Alta kaolinitic clays were 
studied to determine their sintering behaviour and to know 
the mineral phases formed during the thermal treatment to 
be used to stablish the optimal temperature of the kiln con-
trol. The influence of temperature in the evolution of the 
colour paste also was also evaluated.
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Materials and methods

Kaolinitic clays from HS and PnB areas were used to 
determine their thermal behaviour. Twelve samples were 
selected from this area, six of them were detailed studied 
previously [8] and six additional samples were obtained in 
a more detailed sampling in zones selected from the data 
of the previous study.

The raw clays were air-dried and then oven-dried to 
105  °C. Tests pieces from all the samples have been 
formed following the UNE-EN ISO 10545–3 standard [9] 
to determine the water absorption and linear shrinkage. 
The test pieces were sintered in an electric furnace at dif-
ferent temperatures between 1050 and 1300 °C. The ther-
mal cycle was divided into three steps: (1) from room tem-
perature to 70 °C a rate of 1 °C was used, (2) an increase 
in the rate at 1.5 °C up to the sintering temperature was 
applied, (3) a holding time of 120 min at this temperature 
followed was before cooling.

The chemical and mineralogical composition of kaolin-
itic clays was determined in all the samples using the same 
equipment and methodology reported previously [8]. The 
mineralogical characterization was completed with X ray 
powder diffraction (XRD) using oriented aggregates. The 
XRD patterns were obtained for oriented samples after 
the following pre-treatments: air drying at room tempera-
ture, saturation with ethylene glycol and after heating at 
400 °C and 550 °C for 1 h [10]. In addition, XRD was used 
to determine the mineralogy of the ceramic paste fired at 
several temperatures. Identification and semiquantitative 
evaluation of phases were made on PANanalyticalX’Pert 
HighScore software. The textures in the tests pieces were 
observed by scanning electron microscopy (SEM) using an 
environmental electron microscope Hitachi TM-1000 with 
an energy-dispersive X-ray spectrometer (EDS).

Thermal evolution of the clays was obtained by Differ-
ential Thermal Analysis and Thermogravimetry (DTA-TG) 
in the same conditions as in a previous study [8].

Dilatometric curves were obtained using a Linseis 
horitzontal dilatometer L76/1550. The experiment was 
carried out from room temperature to 1300 °C at a heat-
ing rate of 10 °C min−1, in a static-air atmosphere. The 
kiln firing curves were obtained from the dilatometric data 
following the method indicated in Vasić et al. [11].

The colour properties were measured in the raw kaoli-
nitic clays and in the fired samples at different tempera-
tures. Colour was defined by measuring the spectral diffuse 
reflectance according to the CIE, 1931 XYZ colour space 
(CIE, Comission Internationale de l’Eclairage), which 
measures colour spaces and calculates the chromatic 

parameters [11]. These parameters were measured with 
a CM-700d Konica-Minolta spectrophotometer over the 
visible range (400 nm to 700 Hnm wavelength range). 
The spectrophotometer was fitted with a barium sulphate 
coated integrating sphere, and a standard illuminate C 
was used as a light source. A colorimeter is designed to 
evaluate the colour of a material according to international 
standards [12]. The description of the colour was based on 
three parameters: lightness, saturation and intensity [13], 
which were based on the use of three coordinates, L*, a* 
and b*. L* indicates lightness, 100 being white colour and 
0 black; a* and b* are the chromatic coordinates: + a* is 
the red axis, -a* is the green axis, + b* is the yellow axis 
and -b* is the blue axis.

Results and discussion

Chemistry and mineralogy of raw materials

Horta de Sant Joan clays are composed of  SiO2 56.4–70.4 
mass%,  Al2O3 14.4–24.1 mass%, and  Fe2O3 4.40–6.82 
mass%, except one value of 0.80 mass%. For PnB  SiO2 
55.92–79.62 mass%,  Al2O3 10.46–24.65 mass%, and  Fe2O3 
5.80–10.90 mass%.  K2O is richer in PnB, with average val-
ues of 0.11 mass% of  Na2O, 0.95 mass% of  K2O, and 0.40 
mass% of CaO. In HS the average contents are 0.04 mass% 
of  Na2O, 0.29 mass% of  K2O, and 0.77 mass% of CaO.  TiO2 
from both areas is relatively homogeneous, with 0.89 to 1.27 
mass%.

The mineralogy of kaolinitic materials from HS and PnB 
was reported in a previous article [8]. In the present research, 
the characterization was extended to a wider area and com-
position of clays confirmed with XRD of oriented samples. 
The new data confirmed that mineralogy is manly composed 
of quartz, kaolinite and minor hematite, K-feldspar, illite and 
rutile (Fig. 1). Sample HJ-5 belongs to a layer that outcrops 
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in HS [8] and represents the richest kaolin outcrop of the 
area, and it is used only for comparative behaviour of a 
kaolinite-rich sample. All the other areas have a kaolinite 
content lower than 50 mass%, with a mean value about 25 
mass%.

Thermal properties

The DTA-TG indicates the mineralogical changes with the 
increase in temperature. The results confirm and broaden 
data previously obtained [8]. The first endothermic peak, 
150–190 °C, is attributed to the release of adsorbed water. 
The second endothermic occurs at 520–550 °C and is mainly 
due to the dehydroxylation of kaolinite. The exothermic 
occurs at 960–980 °C and corresponds to the formation of 
the γ-Al2O3 spinel-type phase from metakaolinite [8, 14].

Dilatometric curves indicate the dimensional changes 
during firing of the raw materials. These curves are the result 
of the thermal expansion of all the phases in the material, 
mainly due to the effect of clays and quartz [15]. In the kao-
linitic clays of Terra Alta, a correlation between the clays 
content (kaolinite + illite) and the expansion is observed 
(Fig. 2). The lowest expansion occurs in the materials with 
lower quartz content (Fig. 2a curve of sample HJ-5), where 

Fig. 2  Dilatometric curves of a 
HS kaolin and b PnB kaolin
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there is only a small expansion. When the content of quartz 
increases the expansion also increases, up to 500–600 °C 
and, in the case of the HS samples, this is followed by a 
shrinkage up to about 900 °C (Fig. 2a). This expansion is 
due to the dehydroxylation of kaolinite and transformation 
into metakaolinite and to the polymorphic transformation of 
α-quartz to β-quartz. At temperatures higher than 900 °C, 
the shrinkage is attributed to the transformation of metakao-
linite and illite into a spinel-like structure and amorphous 
 SiO2 [8, 16, 17]. The changes after 900 °C are related to the 
vitrification, which is favoured by the breakdown of illite 

and liberation of fluxing oxides [18]. In the PnB clays the 
same behaviour is observed for the first expansion stage but 
it is followed by another stage of slight expansion or mod-
erate shrinkage (Fig. 2b). Samples with a sill between 600 
and 900 °C are those with illite contents (6–8 mass%) and 
this sill is attributed to the more moderate release of struc-
tural water in illite [19]. This stage is followed by a steeply 
shrinkage.

The representation of the water absorption and linear 
shrinkage respect to the temperature in the same plot is 
known as gresification curves [18] and these are used to 
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predict the optimal firing temperature of the raw clay to 
minimize the processing costs, since it allows to determine 
when the balance between the hardness of the ceramics and 
the minimum porosity was achieved.

The evolution of the water absorption and linear shrink-
age with the increase in the treatment temperature were used 
to obtain the firing conditions. The relationships between 
water absorption and linear shrinkage follow an inverse 
correlation. In the Terra Alta clays (Fig. 3), the shrinkage 
increases slowly up to a temperature comprised between 
1050 °C (HS kaolin) and 1200 °C (PnB kaolin), followed 
by an abrupt increase produced by the appearance of a liquid 
phase [4]. This increase facilitates the water circulation and 
penetration into the pores and finally, closes the porosity; 

as a consequence, the water absorption decreases steeply. 
Similarly, although slightly lower values have been reported 
for Turkish ceramic clays [20], the closure of porosity is 
also due to the anisotropic expansion of clays during heat-
ing [21].

In the Terra Alta kaolinitic clays the intersection in 
the gresification curves occurs in a range of temperatures 
between 1100 and 1250 °C (Fig. 3). A linear shrinkage 
respect to water absorption plot defined a field for the firing 
behaviour of commercial kaolins [22]. In the case of the 
Terra Alta, most clays plot in these conditions at 1200 °C 
(Fig. 4). In some cases, the PnB kaolin plots at the left of 
this area because the temperature of sintering are lower than 
1200 °C, whereas some kaolins of HS require higher firing 
temperatures, up to 1250 °C.

The firing curve allows us to establish the rates of tem-
perature of firing in the kiln according to the firing—expan-
sion behaviour of the sample. The procedure for obtaining 
the firing curve is being carried out from the dilatometric 
curve. Using this, a heating curve is drawn as follows: the 
sintering temperature is sub-divided into steps with different 
time–temperature ratios in all kiln types [23]. In the steps 
where the highest expansion or shrinkage is observed the 
heating or cooling rate must slow down to avoid the develop-
ment of instability points. Figure 5a and c shows the heating 
curves of Hs and PnB clays. In these curves the points A', B, 
C and D are being used to define the timing of the process 
in the kiln. The time of firing must proportionally distribute 
the expansion between the start of firing (A′) and the end of 
firing (D). Points B, C and W correspond to a greater shrink-
age, and then here a slower heating rate will be necessary. 
Point B represents shrinkage due the α-β quartz transforma-
tion and clay dehydroxylation; W corresponds to the β- α 
quartz change during cooling, with a significant increase in 
volume. In this point, if the rate of cooling is high, stress can 
be developed. From the heating curve the firing curve was 
obtained (Fig. 5b and d), which shows a 24 h heating–cool-
ing timing for Hs and PnB kaolinitic clays. The HS clays 
have to be fired at higher temperature than PnB clays. This 
is in agreement with the results from the gresification curves 
(Fig. 3).

The test pieces present crystalline and amorphous phases 
product of the transformation of the original minerals dur-
ing firing. A semiquantitative quantification of the crystal-
line phases is shown in Fig. 6. Quartz is the most abundant 
mineral of the raw materials, with 48–86 mas%, which is 
unstable at temperatures higher than 1150 °C and is partly 
transformed into cristobalite, as typically occur in the pro-
duction of ceramics [24, 25]. Cristobalite is the polymorph 
of silica stable between 1470 and 1725 °C [26], however, 
the presence of defects in the quartz structure can induce 
the nucleation of cristobalite at lower temperatures [27]. In 

16 18 20 22

°2θ /CuLα

Mul Qz

Crs

Hem
Mul

Mul

Qz

Rt

1300 °C

1250 °C

1150 °C

1050 °C

24 26 28 30

R
el

at
iv

e 
in

te
ns

ity
/a

.u
.

Fig. 6  Mineral composition of the crystalline phases of representative 
fired test pieces. a HS, b PnB

100%

Hematie

Rutile

Quartz

Cristobalite

Mullite

10
50

 °C

11
50

 °C

12
50

 °C

13
00

 °C

10
50

 °C

11
50

 °C

12
50

 °C

13
00

 °C

80%

60%

40%

20%

0%

(a) (b)

Fig. 7  XRD of a PnB kaolin fired at different temperatures. Qz, 
quartz; Crs, cristobalite; Mul, mullite; Hem, hematite; Rt, rutile



5308 M. Garcia-Valles et al.

1 3

Terra Alta near 40 mass% of quartz was transformed into 
cristobalite at 1300 °C.

Kaolinite, 13–27 mass% in the raw materials, is unsta-
ble at high temperature and changes first to metakaolinite 
and this to mullite. The amount of mullite content depends 
on the alumina present in the raw material. Mullite can be 
formed from clays and also from feldspar, this last is called 
secondary mullite and forms at 1200 °C [28]. In Terra Alta 
the crystallization of mullite is evident at the beginning of 
sintering, which in HS occurs at 1150 °C (Fig. 7) and in PnB 
at 1050 °C and reach the highest content between 1250 and 
1300 °C (Fig. 6), being the total amount of mullite in the 
fired bricks from 33 to 37 mass% (Fig. 6).

There textural characterization of pieces fired at differ-
ent temperatures was observed in a fracture surface. The 

macroscopic observation of the surface of the pieces shows a 
uniform structure. Under the SEM a more complex texture is 
observed. In the HS clays the sintering process begins at higher 
temperature and at 1050 °C the lack of sintering still can be 
observed (Fig. 8a–b). In PnB clays the sintering process is 
observed from 1050 °C with the occurrence of orbicular grains 
of quartz and a glassy phase with rounded cavities correspond-
ing a negative quartz crystals and small pores (Fig. 8c–d). The 
porosity becomes less abundant from 1050 °C up to 1300 °C 
(Fig. 8e–f). Mullite crystals cover the porosity surface from 
1150 °C. At 1250 °C a millimetre-sized round phases cor-
responding to hematite are observed (Fig. 9).
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Fig. 8  SEM images of fired kaolins. a HS, 1050 °C; b HS, 1200 °C, c PnB, 1250 °C, d PnB, 1300 °C, e PnB, 1050 °C, f PnB, 1200 °C
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Colour

The raw kaolinitic clays have a diversity of colours from 
pale white to reddish. The colour of kaolinitic clays changed 
after firing, thus, colour depends mainly of the  Fe2O3 and 
 TiO2 content but also of the mineralogy of the fired products.

The colour of the natural kaolinitic clays was described 
by their L*, a* and b* parameters. The lightness, L*, usu-
ally is related to the  Fe2O3 and  TiO2 content. In The terra 
Alta clays L* decreases with the  Fe2O3 content (Fig. 10). 
In the fired test pieces made with Fe-poor material L* 
increases with the temperature up to about 1150 °C, and 
decreases from this value. The chromatic coordinate a* 
of the fired kaolinitic clays increases between 1100 and 
1125°C (Fig. 10). This increase can be attributed to the 
destruction of the structure of illite, which causes the lib-
eration of  Fe3+ that is in substitution of Al in clays, and 
goes to substitute Al in the structure of the new phases 
formed [29] or crystallizes as hematite, which drives to 
the reddish colours [19, 30].

The decrease in the chromatic coordinate a* at high tem-
peratures could be due to the formation of mullite, which can 
capture the hematite causing whiter or cream tones [19]. In 
the fired test pieces made with hematite-bearing materials 
L* decreases with the temperature up to about 1200 °C, and 
increases from this value. The difference between the two 
L* curves (Fig. 11) is due to the fact that the sintering starts 
at different temperatures; sintering occurs later in HS clays, 
which means that the formation of newly formed crystals of 

Fe and/or rutile oxides also occurs at higher temperature and 
therefore the decrease in L* begins later. On the other hand, 
the increase in L* again also suffers a delay in this case, 
it would be expected that in HS at a temperature greater 
than 1300 °C the value of L* increases, probably due to the 
reduction of  Fe3+ to  Fe2+ [29].

Conclusions

The Kaolinitic clays of Terra Alta are mainly composed 
of quartz and kaolinite, with minor feldspar, illite, hema-
tite, and rutile. During sintering mullite and cristobalite 
are formed. Mullite begins to be formed at 1050 °C in PnB 
clays and up to 1150 °C in HS clays and increases up to 
1250–1300 °C; at these temperatures 40 mass% of quartz 
has been transformed to cristobalite.

The relationships between water absorption and linear 
shrinkage, or gresification curves, indicate that the optimal 
firing temperatures are from 1100 to 1250 °C, being the 
highest temperatures necessary for sintering the HS kaolin. 
In the Terra Alta clays, the shrinkage increases slowly up to 
1050 °C and 1200 °C, in HS and PnB clays, respectively. 
At this temperature a sharp increase is produced due to the 
appearance of a liquid phase. The increase in shrinkage 
decreases the porosity and thus, reduces the facility of water 
circulation into the ceramic pieces.

The rate of temperature of firing in the kiln was estab-
lished according to the firing—expansion behaviour of the 
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clays. The firing curves show that the rate of temperature 
rise in the kiln during the industrial ceramic production 
should be slow at the intervals where the expansion and 
shrinkage are greater, that is, at the α–β quartz transforma-
tion, the dehydroxylation of hydrous mineral phases dur-
ing heating and at the β–α quartz transformation during the 
cooling process. The HS clays have to be fired at higher 
temperature than PnB clays.

The raw kaolinitic clays from Terra Alta exhibit a wide 
diversity of colours from pale white to reddish. Fired clays 
show lower lightness than the original materials. In the fired 
test pieces made with Fe-rich clays, L* decreases when the 
sintering process starts, and increases again when most sin-
tering has occurred, between 1200 and 1250 °C. In the fired 
test pieces made with Fe-poor clays L* increases with the 
temperature up to the sintering process starts, about 1150 °C, 
and decreases from this value. This decrease in L* at high 
temperatures could be attributed to the formation of mullite, 
which can capture the Fe oxides. Then, the firing tempera-
ture has a direct incidence in the colour of the fired clays.
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