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Two clayey raw materials collected in the Porto Ferro and Lago Baratz areas of Alghero in northwest Sardinia
(Italy)were used to prepare handmade brick samples thatwere fired under oxidizing conditions at temperatures
ranging between 750 and 1000 °C to evaluate their possible use in the brickmaking industry. Both rawmaterials
are rich in quartz and phyllosilicates but only the sample fromPorto Ferro contains calcite. Granulometrically, the
sample from Porto Ferro is a silty sand and shows higher plasticity than the clay from Lago Baratz which is clas-
sified as a sand. After firing, the samples acquire a red-orange colour and undergo significant mineralogical and
textural changes. Phyllosilicate depletion is accompanied by the crystallisation of mullite and, only in Porto Ferro
samples, the breakdown of calcite is followed by the formation of gehlenite, wollastonite and anorthite. Optical
and electronic microscopic observations revealed that the temper grains are larger and more abundant in the
bricks from Lago Baratz than in those from Porto Ferro. As firing temperature increased, pores became ellipsoidal
in shape and the matrix became vitrified. The samples from Lago Baratz also show fissures at grain boundaries,
which indicate the formation of an extensive network of pores and make these bricks very brittle when fired
at low temperatures (750 and 800 °C), so much so that hydric tests could not be performed on them. Bricks pro-
duced with the clayey material from Porto Ferro achieved the best results in terms of hydric behaviour, with a
reduction in thewater absorption capacity, and in terms of compactness, with an increase in ultrasoundwave ve-
locity. However, both Porto Ferro and Lago Baratz bricks behaved in similar ways when submitted to the salt
crystallisation test, especially at 1000 °Cwhen a sufficient degree of vitrificationwas reached to ensurehighqual-
ity samples.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In ceramic manufacture, a raw material is mixed with water and
moulded to give it the shape wewant to produce; it is then dried and fi-
nally fired. Despite advances in technology the same basic procedure has
been used for thousands of years. During this procedure various choices
have to be made that have a direct effect on the final product. Two of
these, the choice of the raw material and of the firing temperature, are
of major importance, as the first affects the type of ceramic that can be
produced, while the second influences the quality of the final product
(Rathossi and Pontikes, 2010; Warren, 1999). Research has shown for
example that the type of clay, the size and amount of temper and the
presence of fluxing agents in a raw material will allow the production
of a wide range of ceramics from a rough brick to the finest porcelain
(Dondi and Fabbri, 2001; Singer and Singer, 1963). Similarly, different
firing temperatures alter themineralogy and the texture of the ceramics
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in different ways, making them more or less durable (Cultrone et al.,
2001, 2004).

In this paper we analyse the granulometry and mineralogy of two
clayey materials from northwest Sardinia (Italy). We also study the pe-
trography and physical properties of bricks made with these materials
in order to evaluate their durability and potential for use in the brick-
making industry. The idea of studying these raw materials emerged
after an archaeological excavation of the Nuragic site of Sant'Imbenia
(Porto Conte area, Alghero district, 14th–7th century B.C.) in which ce-
ramic objects were discovered and analysed (De Rosa, 2010). Previous
research suggests that these ceramics were produced in the area with
locally sourced rawmaterials (De Rosa et al., 2012). These rawmaterials
are not quarried today but, the petrography of the archaeological find-
ings suggests that they are different from granulometric andmineralog-
ical points of view. Thismeans that themethods used here could also be
used to assess the potential for use in brick production of other rawma-
terials with similar characteristics.

There is ample evidence of ceramic production using local clays in
this part of the island over awide chronological period. It has been dem-
onstrated that ceramic products formed part of the daily lives of the
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inhabitants of villages such as Sant'Imbenia, Barnaldu and Palmavera
among others, from at least the Neolithic Age, if not earlier (Colombi,
2010; Moravetti, 1992). Recent studies have revealed the trade in Sar-
dinian ceramics in theMediterranean Basin during the first millennium
B.C. (Fundoni, 2009; González de Canales Cerisola et al., 2006). Later on,
the Romans manufactured ceramics in the Porto Conte area and in the
Turris Libisonis colony along the sea coast near Porto Torres (Carboni
et al., 2012). There is also evidence of ceramic production in the Alghero
(Milanese, 2013) and Sassari areas (Rovina and Fiori, 2013) in the Mid-
dle Ages.

According to the data supplied by the Italian Association of Brick
Manufacturers (ANDIL, http://www.laterizio.it/), Sardinia today has a
low brick production level (229,702 tonnes in 2011, less than 3% of
total national production) compared to other regions in Italy, one of
Europe's biggest brick manufacturers (Dondi, 2011). There are only
five registered factories in Sardinia out of 170 in the whole country,
some of which are located in the south of the island where tertiary
clay sediments are quarried (Strazzera et al., 1997). Another important
production centre is the Campidano plain of Oristano in mid-western
Sardinia where terracotta vessels, roof tiles and bricks are produced
(Annis, 1985). Quarries in northern Sardinia typically contain Quaterna-
ry colluvial clays derived from silty–sandy–conglomeratic sediments
(Dondi et al., 1999a). The most common bricks produced in the area
are hollow bricks characterized by low porosity and pore size and low
resistance to frost (Dondi et al., 1999b). Despite the fact that brick pro-
duction on the island is currently low, several studies have highlighted
the potential of northwest Sardinia for ceramic production (Ligas
et al., 1997; Oggiano and Mameli, 2012).

Although most brick production today is performed by extrusion
(Lassinantti Gualtieri et al., 2010; Sánchez, 2001), as is the case in Sar-
dinian factories (Dondi et al., 1995), in this paperwewill be considering
traditional handmade brickmanufacture. This is because of the demand
fromarchitects and builders for special, non-standard bricks (with vary-
ing sizes, shapes andfinishes),which are generally used in the construc-
tion of traditional-style country houses and in the restoration of
historical buildings (Bajare and Svinka, 2000; Trevelyan and Haslam,
2001;Warren, 1999). Handmade brick production has an additional ad-
vantage over industrially produced extruded bricks in that it offers
Fig. 1. Geological map of the area near Alghero (Sardinia, Italy) where the raw materials
from Porto Ferro (PF) and Lago Baratz (LB) were collected. Legend: 1) alluvial, eolian
and littoral sediments (Holocene); 2) conglomerates, sand and mud deposits in river ter-
races (Pleistocene); 3) limestones and marls of sub-littoral environment (Cretaceous);
4) dolomitic and bioclastic limestones andmarls (Lias-Malm); 5) red-violet silty clays,mi-
caceous and quartz-rich sandstones known as “Buntsandstein” (Upper Permian–Lower
Triassic); and 6) Metasandstones and phyllites, terrigenous sedimentary rocks of uncer-
tain age. Black lines indicate discontinuities. From Carmignani (2001), modified.
greater flexibility in terms of the numbers of bricks produced, so en-
abling savings in raw materials (Trevelyan and Haslam, 2001).

There are various differences between traditional and extruded
bricks: in traditional bricksmorewater is usedduring themouldingpro-
cess, the preferred orientation of laminar minerals is less pronounced
and, above all, the final product is more porous (Álvarez de Buergo
Ballester and González Limón, 1994; Singer and Singer, 1963). This last
aspect makes traditional bricks more prone to decay. Particular atten-
tion must therefore be paid to the tests measuring physical parameters
such as the compactness, water absorption and durability of the fired
bricks. However, lower physical parameters with respect to extruded
bricks should not necessarily be seen as a synonym of defective or of
low quality products. In fact, the hydric, porometric andmechanical pa-
rameters of handmade bricks often closely resemble those of bricks
used in our Cultural Heritage (Esbert et al., 1997) and are therefore
more compatible with them than extruded bricks. The use of compati-
ble materials in restoration work is crucial to avoid further damage to
the monuments (Elert et al., 2003). Although stone is the most com-
monly used material in Sardinia's historical monuments, there are
some fine brick buildings in Siligo and Fertilia (Sassari district) and, of
course, in mainland Italy. We therefore believe our results will be of in-
terest to those working in the restoration and traditional construction
sectors.

2. Materials and methods

2.1. Materials provenance and geology of the area

Two raw materials for ceramic production were collected from the
Alghero district (northwest Sardinia) in the Porto Ferro (PF) and Lago
Baratz (LB) areas.

The PF samples come from an area near the Bay of Porto Ferro (coor-
dinates: 40°41I36.90IIN; 8°11I56.72IIE), a natural inlet about 2 km long,
bordered to the south by twenty-metre high dunes that separate it from
the Lago Baratz. The rawmaterial is reddish-brown and very plastic. The
LB was sampled near the only natural lake in Sardinia, the Lago Baratz
(coordinates: 40°40I46.42IIN; 8°13I38.06IIE). It was formed at the end
of theWürmGlaciation Stage and is characterized by significant season-
al variations in water levels (Alba, 2009). The raw material is almost
brown and slightly plastic, with an earthy texture. The geology of the
area consists mainly of Mesozoic layers, which rest on Quaternary de-
posits related to alluvial fans and/or flat braided channels, and wind
dune fields from the Würm Glaciation Stage (Fig. 1) (Cassinis et al.,
1996). The Triassic is mainly composed of dolostones and aeolian sand-
stones with carbonate cement, dolomitic marls, chalk marls and clay
with foraminifera and continental facies, consisting of the typical red
Buntsandstein sandstone. The Jurassic and the Cretaceous deposits con-
sist of platform carbonates: mainly dolostones, limestones andmarl. On
the top, there are outcrops of volcano-sedimentary successions and lacus-
trine deposits from the early Oligocene–Miocene (Cita Sironi et al., 2006).

Geomorphologically, the study area is made up of level to sublevel
land used above all for agriculture. Judging by the geographical exten-
sion of the outcrops from where the raw materials were sampled,
both PF and LB reserves appear to be vast. Slightly further to the north,
similar sediments with large reserves are used in the brickmaking in-
dustry and abandoned areas are reused in a sustainable way as con-
trolled landfills (Dondi et al., 1995).

2.2. Sample preparation process

The samples were prepared manually, by disaggregating the raw
materials and adding the amount of water needed to soften the clayey
mass and remove excess air. The mass was then placed in a wooden
prism-shapedmouldwhich had previously been linedwith sand to pre-
vent the clay from sticking to the walls. The mould dimensions were
24.4 × 11.5 × 4 cm. After 4 days, the samples, stillmoist, were removed

http://www.laterizio.it/
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from themoulds and cut into smaller cube-shaped samples, with edges
about 3 cm long. Once dried, the samples were heated in an electric
oven (Herotec CR-35) with a fixed heat source for 1 h at 100 °C to re-
move residual moisture, and then fired under oxidizing conditions in
the same oven at 750, 800, 850, 900 and 1000 °C. One hour after the
final temperature was reached, the oven was switched off. The samples
were then left for 24 h in the switched-off oven, so that cooling could be
gradual and slow. After removal from the oven, fired samples were im-
mersed in water to prevent a possible “lime blowing” phenomenon
(Laird and Worcester, 1956) due to the presence of residual carbonate
grains after firing.

The samples studied in this work are identified using abbreviations
(PF or LB) to indicate the source of the raw material (Porto Ferro or
Lago Baratz), followed by the numbers 750, 800, 850, 900 or 1000,
which refer to the firing temperature. When there are no numbers,
this means that the analysis was performed on unfired raw materials.

2.3. Analytical techniques

The grain size distribution for the two rawmaterialswasdetermined
by a laser-beam particle size analyzer (Malvern Mastersizer 2000LF).

The mineralogy of the raw materials and the clay-size fraction
(b2 μm) was studied by X-ray diffraction (XRD) using a Philips PW
1710 diffractometer with a graphite monocromator and automatic col-
limator. Working conditions were as follows: CuKα radiation emission
(λ = 1.5405 Å), 40 kV voltage, 40 mA current, 3° to 60° 2θ explored
area and 0.05° 2θs−1 goniometric speed. XRD goniometric calibration
was performed using a silicon standard.Weused the random crystalline
powdermethod for the total sample and the oriented aggregatemethod
for the b2 μm fraction. The clay-size fraction was separated from the
total sample by centrifugation using a Kubota KS-8000 apparatus. Data
interpretation was performed using the XPowder® software (Martín
Ramos, 2004). We performed a quantitative analysis of mineral phases
using non-linear least square methods to fit full-profile diffractograms
and compared the results to the standard values in the database. The
PDF2 database and Normalized RIR method were used to identify the
mineral phases. No internal standardmineralwas added to the samples.
To better estimate the amount of the vitreous phase developed after fir-
ing, the quartz content was considered as constant (Huertas et al.,
1991). Note that the results of the analysis of vitreous phase should be
taken as an approximation; however, they are more reliable when
analysing samples of similar composition (Martín Ramos, 2004) as in
the case of PF and LB bricks. More details of this quantitative analysis
process can be found in Chapter 6 of the XPowder® software user's
guide (http://www.xpowder.com/).

Bulk chemical analyses of PF and LBwere performed bymeans of the
X-ray fluorescence (XRF) technique, using a S4 Pioneer (Bruker AXS)
spectrometer. Five grammes per sample were finely ground and well
mixed in an agate mortar before being pressed into an Al holder for
disk preparation. The estimated detection limit for major elements was
0.01 wt.%. The ZAF correction was performed systematically (Scott and
Love, 1983). The NCS DC 74301 (GSMS-1) standard (Chen and Wang,
1998) was applied.

Atterberg limits are basic parameters in the characterization of soils
and they were used to establish the liquid and plastic limits and the
plasticity index of the two rawmaterials on the basis of their water con-
tent following the ASTM D 4318-10 (2010) standard. The liquid limit
(LL) represents the water content at which a soil changes from plastic
to liquid behaviour. The plastic limit (LP) is the lowest water content
at which cylindrical threads of 3 mm in diameter can bemouldedwith-
out crumbling. Finally, the plasticity index (PI) was determined as the
difference between LL and LP and represents the range of water content
in which the soil has a plastic consistency.

In addition, bricksfired between750 and1000 °Cwere studied taking
into account their colour, mineralogy, texture and physical parameters in
order to assess their technical quality. L*a*b* coordinates assessed in
brick samples weremeasured using a portable Minolta CM700d spectro-
photometer. The measurements were performed by selecting CIE illumi-
nant D65, which simulates daylightwith a temperature colour of 6504 K.

The mineralogy and possible development of new silicate phases
through firing was studied using XRD with the same apparatus and
working conditions described above for the raw materials.

The texture of the brick samples was observed in thin sections with
a polarizing optical microscope (POM, Olympus BX60), while the
microtexture and the composition of some phases were determined
using a field emission scanning electron microscope (FESEM, Leo Gem-
ini 1530) coupled with Oxford Inca 200 energy dispersive X-ray micro-
analysis (EDX). Images were acquired in back-scattered mode (BSE)
using polished thin carbon-coated sections.

The parameters associatedwith fluid uptake and transport inside the
pores were determined by free (Ab) and forced water absorption (Af)
(EN, 13755, 2008) and drying (Di) (Normal 29/88, 1988) as follows:

Ab ¼ ML−M0

M0
� 100;

Af ¼
MS−M0

M0
� 100;

Di ¼

Z t f

t0
f Mtð Þdt

MS � t f ;

where M0 is the mass of the dried sample, ML is the mass of the sample
saturated with water at atmospheric pressure (until constant mass is
reached), MS is themass of the sample saturated with water under vac-
uum, Mt represents a decreasing water weight content as a function of
time and t0 and tf are respectively the start and end times for the test.

On the basis of these measurements, the saturation coefficient (S),
the apparent (ρb) and real (skeletal) densities (ρsk), and the open poros-
ity (po) (RILEM, 1980) were determined as follows:

S ¼ M48h−M0

MS−M0
� 100;

ρb ¼ M0

MS−MH
;

ρsk ¼
M0

M0−MH
;

po ¼ MS−M0

MS−MH
� 100;

where M48h is the mass of the sample after 48 h immersion in water at
atmospheric pressure and MH is the mass of the sample saturated with
water under vacuum and weighed in water.

Ultrasound is an excellent technique for determining the physical
properties of ceramics because of its non-destructive nature. Ultrasound
measurements were performed using a Steinkamp ultrasound gen-
erator with 100 kHz transducers. The transducers had a diameter of
2.7 cm. A viscoelastic couplant was used to ensure good coupling be-
tween transducers and brick samples. The propagation velocity of ultra-
sonic pulses (VP) was measured in accordance with the ASTM D 2845-
08 standard (2008) on dry test samples. These data were used to obtain
information on the degree of compactness of the bricks. The total (ΔM)
and relative anisotropies (Δm) (Guydader and Denis, 1986)were calcu-
lated as follows:

ΔM ¼ 1− 2VP1

VP2 þ VP3

� �
� 100;

ΔM ¼ 2 VP2−VP3ð Þ
VP2 þ VP3

� �
� 100;

where VP1, VP2 and VP3 are the velocities measured in three perpendic-
ular directions.

http://www.xpowder.com/
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Finally, in accordance with the EN 12370 standard (2001), 10 cycles
of salt crystallisation were performed using a 14% NaSO4 × 10H2O solu-
tion, which can exert a crystallisation pressure in confined spaces of
14 MPa (Espinosa Marzal et al., 2011). This test provided information
on the damaging effects of the soluble salts that are usually present in
water and can crystallize in pores and fissures. Three samples per brick
type were used. The damage produced by the salt crystallisation test
was evaluated via visual inspection of material loss andweight changes.

3. Results and discussions

3.1. Raw materials

XRD analysis of the clayey samples showed that the PF material is
rich in quartz, phyllosilicates (muscovite type), feldspar, low calcite
with traces of hematite. The clay-size fraction consists of illite and lesser
amounts of kaolinite (Fig. 2 and Table 1). The raw material collected in
the area around Lago Baratz (LB) has a slightly higher amount of quartz,
and almost the same quantities of phyllosilicates, feldspar and hematite
contents as PF. One important difference, however, is that it does not
contain any calcite. The clay minerals identified were the same as in
PF, but in this case illite and kaolinite occur in similar concentrations
(Fig. 2 and Table 1).

PF and LB are chemically similar, both being rich in SiO2 (50 wt.% and
59 wt.%, respectively) due to thepresence of quartz crystals as identified
Fig. 2. Powder X-ray diffraction patterns of Porto Ferro (PF) and Lago Baratz samples (LB) as r
quartz; Ill = illite; Phy = phyllosilicates (in general); Cal = calcite; Hem = hematite; Fsp =
symbols after Whitney and Evans (2010).
by XRD, and show almost the same concentration of Al2O3, Fe2O3 and
K2O. The biggest difference is in CaO content, which is greater in PF
reflecting the presence of calcite.

Both rawmaterials show a bimodal particle-size distribution but the
two curves in Fig. 3 are different in shape. In fact, PF has two peaks of al-
most the same concentrations at 20 and 400 μm. The LB sample
is poorer in finer fractions with a maximum in particle size around
600 μm and a second smaller peak at 55 μm. This difference affects
the size of the specific surface area, which is bigger in PF (0.769 m2/g)
than in LB (0.335 m2/g). On the basis of the Shepard (1954) nomencla-
ture, PF is classified as silty sand while LB is a sand. The two rawmate-
rials plotted on Winkler's (1954) diagram (not shown) suggest that PF
and LB can be used for common brick production even if the addition
of finer fractions is advisable in the manufacturing process. However,
previous research has shown that the results of this empirical diagram
cannot rule out the possibility of a particular rawmaterial being suitable
for use in the production of different types of ceramic (Khalfaoui and
Hajjaji, 2010).

As regards to the Atterberg limits, PF shows higher liquid and plastic
limits than LB (Table 1). PF can be defined as a soil of medium plasticity
(PI = 21.14), whereas that of LB is of low plasticity (PI = 8.80). This
clear difference is because the raw material from PF is richer in finer
fractions than LB (Fig. 3) and also because of the higher concentration
of illite compared to kaolinite in the PF soil (Table 1). In fact, of the var-
ious clay minerals, illite is characterized by higher liquid and plastic
aw materials (unfired) and fired bricks at 750, 800, 850, 900 and 1000 °C. Legend: Qz =
feldspars (in general); Gh = gehlenite; Wo = wollastonite; and Mu = mullite. Mineral

image of Fig.�2


Table 1
Mineralogical and chemical composition (in %) of the raw materials of Porto Ferro (PF) and Lago Baratz (LB) along with the Atterberg limits. LL = liquid limit; LP = plastic limit;
PI = plasticity index. Qz = quartz, Phy = phyllosilicates (in general), Fsp = feldspars (in general); Cal = calcite; Hem = hematite; Ill = illite; and Kln = kaolinite (mineral
symbols after Whitney and Evans, 2010).

Total sample Clay fraction Atterberg limits

Sample Qz Phy Fsp Cal Hem Ill Kln LL LP PI
PF 58 22 11 6 3 63 37 42.04 20.90 21.14
LB 65 19 14 2 55 45 25.75 16.95 8.80

SiO2 Al2O3 TiO2 CaO MgO MnO Na2O K2O Fe2O3 P2O5 L.O.I.
PF 50.33 20.73 0.74 4.65 1.43 0.02 1.15 5.00 6.26 0.06 9.61
LB 59.45 21.00 0.63 0.70 1.35 0.01 0.42 5.32 5.23 0.09 5.81
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limits than kaolinite (Mitchell and Soga, 2005). Based on the claywork-
ability chart (Bain and Highley, 1979), PF exhibits optimal moulding
properties and is more suitable for use in producing bricks than pottery.
LB falls outside but very close to the acceptable moulding properties
field. The poor cohesion of this soil can be improved if it is blended
with a soil of higher plasticity.

3.2. Fired products

Some preliminary results may already be drawn from the behaviour
of the samples during the firing process. The PF samples responded best
to all firing temperatures, with good compactness of the product once
removed from the oven. The LB samples, on the other hand, showed
good results only above 800 °C, while at lower temperatures (750 and
800 °C) they were brittle and not very hard. This poor behaviour at
low temperatures is attributable to the coarse-grained fraction content
and low plasticity of the raw materials as revealed by our analyses.
However, this does not mean that reliable, durable products cannot be
obtained with this material when it is fired at higher temperatures.

As regards to their colour, LB and PFfired samples showhigher light-
ness (L*) values and, in most cases, higher chromaticity (a* and b*)
values than the raw samples (Table 2). The increase in the L* value
may be due to modification of the brick surface from a rough texture
when raw, to a smoother one when fired, in which particles are more
closely linked. Whereas, the increase in a* and b* may result from the
transformation of Fe-hydroxides or poorly crystallized Fe-oxides dis-
persed in the clayey material into hematite and from the liberation of
iron, as a result of the collapse of clay minerals, and its transformation
into iron oxide on firing (Kreimeyer, 1987; Maniatis et al., 1980). Fired
PF samples show the highest a* and b* values. More specifically, PF
bricks show a* value comprised between 22.5 and 28.1 and b* between
25.1 and 30.6; in LB bricks a* ranges between 16.5 and 19.5 and b* is be-
tween 20.6 and 26.1 (Table 2). Both types of bricks can be described as
“red-orange”.

3.2.1. Mineralogy
At a temperature of 750 °C, the clay minerals can no longer be de-

tected, except for the dehydroxyled illite/muscovite phase (Ill and
Fig. 3. Grain size distribution curves for Porto Ferro (PF) and Lago Baratz (LB) raw mate-
rials. Volume (in %) versus particle size (in μm).
Phy, Fig. 2 and Table 3). Although the concentrations are progressively
lower as the firing temperature increases, it disappears at 1000 °C.
This illite/muscovite depletion is accompanied by the formation ofmull-
ite (Al6Si2O13) especially in LB samples, the concentration of which in-
creases with temperature. This new silicate phase nucleates and grows
on the remaining muscovite substrate during its breakdown (Rodriguez
Navarro et al., 2003). In PF samples only, calcite concentrations begin
to decrease at temperatures around 800 °C following the reaction:
CaCO3 → CaO + CO2 and disappear above 850 °C (Cal, Fig. 2 and
Table 3). As far as feldspars are concerned, alkaline low-temperature
phases (orthoclase and microcline) are transformed into a more stable
sanidine at high temperatures, while anorthite is only formed in PF
bricks. In addition to the anorthite, other mineral phases formed in PF
samples at high temperatures included gehlenite (Ca2Al2SiO7) andwol-
lastonite (CaSiO3). These calcium silicates were formed by the reaction
of the calcium oxide produced by the decomposition of the calcite with
the silicates distributed in the samples (Cultrone et al., 2001). Gehlenite
forms at 850 °C but its concentration begins to decrease at 900 °C as
wollastonite appears. At 1000 °C only wollastonite is detected (Fig. 2
and Table 3).

The presence of the vitreous phase was inferred by the increase in
background noise in the PF and LB sample diffractograms, fired at
900 °C and 1000 °C. Vitrification is more pronounced in the samples
from Porto Ferro than in those from Lago Baratz (V, Table 3).

3.2.2. Texture
Quartz is the most frequently detected of the minerals that charac-

terize Porto Ferro ceramics. It can be detected as isolated crystals or
as a constituent of metamorphic rock fragments, such as gneiss and
quartzite, and is themain constituent of the temper (Fig. 4a). The larger
fragments, ranging from 1 mm to 2 mm, are mainly angular to sub-
rounded in shape and often have a mosaic texture and undulose extinc-
tion. Iron oxides are mostly small and red to brown-coloured. The mus-
covite is scattered throughout the matrix. We also observed fragments
of carbonates with micritic texture and sometimes with reaction edges.
The matrix of the samples fired at 750 °C and 800 °C is red-coloured
and shows unidirectionally-oriented, elongated pores, which result
from the pressure exerted on the raw material when it was placed in
Table 2
Brightness (L *) and chromaticity (a *, b *) values of Porto Ferro (PF) and Lago Baratz (LB)
brick samples, unfired and fired at 750, 800, 850, 900 and 1000 °C.

Sample L* a* b*

PF 46.61 12.53 15.33
PF750 58.01 24.03 26.64
PF800 55.44 23.18 25.08
PF850 51.31 22.54 24.27
PF900 52.48 24.72 26.64
PF1000 50.08 28.09 30.64
LB 50.41 9.23 13.46
LB750 53.98 17.38 21.13
LB800 54.60 17.93 21.80
LB850 53.31 17.68 22.03
LB900 55.64 16.54 20.60
LB1000 55.10 19.49 26.11

image of Fig.�3


Table 3
XRDmineralogical analysis results of bricks of Porto Ferro (PF), and Lago Baratz (LB) fired
at 750, 800, 850, 900 and 1000 °C. Qz = quartz; Phy = phyllosilicates (in general);
Cal = calcite; Hem = hematite; Fsp = feldspars (in general); Mu = mullite;
Gh = gehlenite; Wo = wollastonite; and V = vitreous phase. * is anorthite, ** is
sanidine. Mineral symbols after Whitney and Evans (2010).

Qz Phy Cal Hem Fsp Mu Gh Wo V

PF750 58 20 4 6 12
PF800 58 19 2 6 15
PF850 58 10 1 5 18 5 3
PF900 58 5 4 18* 4 5 6
PF1000 58 4 17* 3 8 10
LB750 65 17 3 15
LB800 65 16 4 15
LB850 65 13 5 15 2
LB900 65 6 5 16** 5 3
LB1000 65 5 17** 8 5

Fig. 4.Opticalmicroscopy images of: a) gneiss fragments in PF750 sample (cross polars); b) aspe
visible (plane light); c) lowbirefringence of PF1000 sample (cross polars); d) general viewof the
e) detail of LB900 sample inwhich the typical interference colours of muscovite crystals are still
birefringence (cross polars).
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themould. This also explainswhy the phyllosilicates are also oriented in
the same direction. At 900 °C the matrix is darker and less birefringent
(Fig. 4b), something which is accentuated at 1000 °C, indicating that
the brick is gradually vitrified (Fig. 4c). This confirms the XRD results
on melt content described in the previous section. At this temperature
phyllosilicate remains can be observed under the microscope. These
may have been transformed into mullite, as suggested by XRD analysis,
although these crystals are too small to be detected using POM. The
spaces once filled by calcite crystals are now pores.

Quartz is also the most frequently occurring of the minerals that
characterize the ceramics from the Lago Baratz. It has undulose extinc-
tion and irregular morphology and is found either as isolated crystals
or as fragments of metamorphic rocks such as phyllites, quartzites,
gneisses and micaschists, and is the main part of the temper (Fig. 4d).
If we compare Fig. 4c and d, it is clear that the temper content is greater
andmore abundant in LB than in PF. Muscovite has a laminar habit and,
ct of the redmatrix in PF900 sample inwhich the orientation of pores and phyllosilicates is
matrix of LB750 (cross polars). Notice thehigher temper content compared to PF samples;
visible (cross polars); and f) general view of LB1000 characterized by a decrease inmatrix

image of Fig.�4
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in some cases, folds could be observed inmetamorphic fragments. How-
ever, the orientation of phyllosilicates is less pronounced than in PF
bricks, because the higher amount of coarser particles “disturbs” the ori-
entation of laminar minerals (Delbrouck et al, 1993). At 900 °C the ma-
trix of this group of bricks is more birefringent than PF900, and the
phyllosilicates show higher interference colours (Fig. 4e). At 1000 °C
the degree of vitrification increases, as evidenced by the decrease ofma-
trix birefringence (Fig. 4f), although it does not reach the same low level
as PF1000.

In order to amplify XRD and POM findings about the mineralogical
and textural changes in PF and LB bricks, the lowest (750 °C) and the
Fig. 5. FESEM images and EDX analyses of Porto Ferro and Lago Baratz bricksfired at 750 and 100
showing awhite outer reaction rimof gehlenite; c) quartz grainwith smoothed edges surrounde
in PF1000 sample due to the high firing temperature; e) general aspect of LB750 sample; f) tex
brick fired at 1000 °C and presence of small fissures around grains; and h) idiomorphic zircon c
Hem = hematite; Fsp = feldspars; Gh = gehlenite; Wo = wollastonite; Zrn = zircon; and V
highest fired samples (1000 °C) were observed under FESEM. Firing at
750 °C does not induce evident textural changes. Only phyllosilicates
exfoliate along their basal planes due to dehydroxylation. No signs of
vitrification are visible at this temperature (Fig. 5a). In PF bricks, calcite
grainswithmicritic texture are still present confirming the results of the
XRD analysis (Fig. 2 and Table 3). They are characterized by micromet-
ric holes, i.e. the pre-existing pores in the raw material whose shape
is delimited by the boundaries of carbonate crystals, and also the nano-
metric black spots inside the crystals, which presumably are new empty
spaces generated by the incipient decomposition of carbonate and the
release of CO2 (Fig. 5b). On this question, Rodriguez Navarro et al.
0 °C: a) general viewof PF750 sample; b) detailed image of a calcite grain in PF750 sample
d byfibrouswollastonite crystals in PF1000 sample; d) development of secondaryporosity
ture of LB brick fired at 1000 °C; g) development of bloating pores in a phyllosilicate of LB
rystal in LB1000 sample. Legend: Qz = quartz; Phy = phyllosilicate (illite); Cal = calcite;
= vitreous phase. Mineral symbols after Whitney and Evans (2010).
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Table 4
Hydric parameters of the ceramics of Porto Ferro (PF) and Lago Baratz (LB) fired at 750,
800, 850, 900 and 1000 °C. Legend: Ab = free water absorption (%); Af = forced water
absorption (%); Di = drying index; S = saturation coefficient (%); po = open porosity
(%); ρb = apparent density (kg m-3); and ρsk = real (skeletal) density (kg m−3). The
standard deviation of three measurements is shown in brackets.

PF750 PF800 PF850 PF900 PF1000 LB850 LB900 LB1000

Ab 20.07
(0.16)

19.68
(0.18)

19.42
(0.16)

19.13
(0.33)

13.36
(0.40)

15.72
(0.42)

16.21
(1.53)

15.82
(0.48)

Af 20.56
(0.07)

20.20
(0.19)

19.89
(0.21)

19.41
(0.54)

13.57
(0.49)

16.21
(0.66)

16.37
(1.58)

16.25
(0.07)

Di 895
(0)

897
(0.01)

901
(0)

904
(0.01)

906
(0)

909
(0)

907
(0.01)

905
(0)

S 82.56
(0.70)

82.67
(0.75)

81.30
(1.14)

82.25
(1.28)

68.19
(1.96)

79.33
(2.31)

81.26
(5.22)

78.38
(0.62)

po 34.63
(0.51)

34.26
(0.38)

33.63
(0.17)

33.05
(0.64)

25.31
(0.66)

29.05
(1.06)

29.82
(2.59)

29.96
(0.07)

ρb 1653
(0.02)

1662
(0.01)

1684
(0.01)

1692
(0.01)

1698
(0.02)

1792
(0.01)

1822
(0.02)

1844
(0)

ρsk 2511
(0.05)

2536
(0.02)

2577
(0.01)

2584
(0)

2590
(0.01)

2526
(0.03)

2597
(0.06)

2632
(0)
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(2009) observed that the thermal decomposition of calcite starts early
at around 600 °C, is completed at about 850 °C and is accompanied by
the development of a nanoporosity inside the crystals. Another impor-
tant finding is that at 750 °C a reaction along the calcite/matrix interface
with the development of a thin (less than 10 μm) ring of gehlenite
(Fig. 5b and EDX analysis) is observed. The presence of this silicate
phase in ceramics, albeit in very low amounts (which explains why it
was not detected by XRD), indicates that it is formed at a lower temper-
ature than those generally reported in the bibliography (more than
800 °C according to Peters and Iberg, 1978; Grapes, 2006; Maritan
et al., 2006; Trinidade et al., 2009; Rathossi and Pontikes, 2010).

At 1000 °C no more calcite is visible and where it had been present
there are now pores with light grey colours along the edges where the
reactionwith the silicatematrix took place. Gehlenite has been replaced
bywollastonite, as evidenced by the thick rings of CaSiO3 with a fibrous
shape that envelop the quartz grains which, because of the reaction be-
come rounded (Fig. 5c and EDX analysis).

Wollastonitemaybe formed either by thedecomposition of gehlenite,
which in this case also leads to the crystallisation of anorthite (Peters and
Iberg, 1978) (1), or directly from CaO (2) as follows:

Ca2Al2SiO7 þ SiO2→CaSiO3 þ CaAl2Si2O8 ð1Þ

CaO þ SiO2→CaSiO3 ð2Þ
The texture of PF bricks changes radically: grains are well joined to

each other by a totally vitrified matrix; pores augment in size and
change from angular to ellipsoidal in shape. Moreover, a secondary po-
rosity (Cairo et al., 2001) develops in the matrix or within the minerals
which is rounded in shape. Themost evident of these pores are the bub-
bles that develop inside the phyllosilicates (Fig. 5d), which have a mor-
phology consistent with the “cellular structure” described by Tite and
Maniatis (1975).

The texture of LB bricks is clearly different from the other group. In
fact, at 750 °C it seems that grains are not well joined to the matrix sug-
gesting a partial weakness of the material (Fig. 5e). A higher amount of
empty spaces can be seen and the amount of finer fraction is visibly
lower than in PF bricks. The main textural change at this temperature
is again the dehydroxylation of phyllosilicates (Fig. 5e). At 1000 °C,
even if the porosity and pore size seem to have suffered no substantial
changes, the particles are welded to each other. A detailed observation
confirms that vitrification has been reached since the particles are
now joined together by melt (Fig. 5f). Two types of pores can be seen:
a) small fissures due to shrinkage at grain boundaries, and b) fine
bloating pores in the glass matrix or inside laminar minerals (Fig. 5g
and EDX analysis). While this second type of pore is common to both
groups of bricks, the presence of fissures at the grain boundaries is char-
acteristic of LB and has been explained by Kilikoglou et al. (1998) as the
result of the shrinkage of clay platelets when drying and, above all, dur-
ing firing when quartz α expands at 573 °C to transform into poly-
morph β while the matrix shrinks in size at temperatures over 800 °C.

With FESEM mullite crystals were not observed in either PF or LB
bricks because they are too small to be detected using this technique.
Mullite develops during illite/muscovite breakdown (Brearley and
Rubie, 1990; Rodriguez Navarro et al., 2003), but only a partial enrich-
ment in Fe (presumably hematite) along some phyllosilicate layers is
detected. In addition to hematite, zircon (Fig. 5h), rutile and ilmenite
were identified based on EDX analysis. These grains ranged from 1–
2 μm to 20–30 μm in size and were not detected in XRD.

3.2.3. Hydric tests
Hydric properties help us to understand the behaviour of materials

when in contact with fluids (especially water), i.e. how fluids are ab-
sorbed and evaporate. The degree of intergranular union, the presence
of anisotropy and the pore opening radius are all factors affecting the
movement of fluids inside a material (Esbert et al., 1991) and in this
study may provide useful information on the quality of the two groups
of bricks.

It is important to point out that hydric tests were not performed on
the LB samplesfired at 750 and 800 °C because they crumbledwhen sub-
merged in water. Such behaviour indicates a low degree of cohesion be-
tween the matrix and the temper. On this question, the analysis of the
rawmaterial previously described showed its high content in coarse frac-
tion and the poor union between the particles of fired bricks below
850 °C.

The real density values (ρsk, Table 4) are similar for both groups
of bricks especially around 900 °C (ρsk ranges between 2511 and
2590 kg/m3 in PF and between 2526 and 2632 kg/m3 in LB) and are
typical for this type of material. The open porosity values (po, Table 4)
measured in PF and LB samples are similar to those for bricks from his-
torical buildings (Fernandes et al., 2010) and are always higher than in-
dustrially extruded bricks (Delbrouck et al., 1993). During the free
absorption test, the bricks that retained the least amount of water at
the end of the analysis were the PF samples fired at 1000 °C (Fig. 6 and
value of Ab in Table 4). As the firing temperature increases, thewater ab-
sorption capacity gradually decreases, together with the open porosity
value (po, Table 4) and the samples take slightly longer to dry (Di,
Table 4). This behaviour is due to the progressive vitrification of the
Porto Ferro ceramics, which reduces the connectivity between pores
(Cultrone et al., 2004). However, the reduction in porosity andwater ab-
sorption is low and there is only one abrupt fall when the temperature
passes 900 °C (see also the decrease in saturation coefficient, S, in
Table 4). This indicates a development in the vitreous phase at 1000 °C
shown in Table 3.

As onemight expect, LB bricks behave differently from PF bricks be-
cause the differences in the granulometry and mineralogy of the raw
materials are due to: (1) PF is a silty sand and therefore has a higher
plasticity than LBwhich is a sand; and (2) PF has calcite among its min-
eral components whereas LB has no carbonates and is richer in quartz
and kaolinite. These factors have a significant influence on the hydric
behaviour of the fired products (Freyburg and Schwarz, 2007). In LB,
the changes in the hydric values as temperature increased were less
marked than in PF and sometimes evenmoved in the opposite direction.
The po value in LB increased while in PF it fell because of a combination
of two factors: the presence of a coarser texture and the lower degree of
vitrification attained (see Fig. 5). As regards to the first factor, it has al-
ready been proved that the addition of temper (thereby increasing the
coarser fractions in a clayey material) reduces differences in the hydric
behaviour of bricks fired at different temperatures (Cultrone et al.,
2005a). In fact, fissures develop at grain boundaries and an extensive
network amongst the pores is visible (Kilikoglou et al., 1998) which



Fig. 6. Freewater absorption (a), forced saturation (b) and drying (c) of bricks fromPorto Ferro (PF) and Lago Baratz (LB) fired at 750, 800, 850, 900 and1000 °C.Weight variation (ΔM/M)
over time (in hours).
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maintains almost unchanged hydric values. As for the second factor,
during vitrification the texture of bricks changes considerably (and
their pore system too), increasing their compressive strength and re-
ducing their water absorption (Manoharan et al., 2011). We have ob-
served (Table 3 and Fig. 5) however, that this phenomenon is less
marked in LB. The high percentage of coarse grains and the low vitrifica-
tion level results in uniform bricks from the hydric point of view, as they
are characterized by similar absorption (Ab) and drying values (Di). This
homogeneous hydric behaviour over a wide temperature range could
be of practical use in the production process to ensure that similar
pieces are obtained even if the firing temperature cannot be controlled
correctly and fluctuations occur in the firing range between 850 and
1000 °C.

3.2.4. Ultrasound
VP2 and VP3 velocity values are similar in all bricks, and, in any case,

higher than the VP1 value, because the latterwasmeasured along the di-
rection of the pressure exerted on the clayeymasswhen itwas placed in
thewoodenmould. The clayminerals are therefore arrangedperpendic-
ularly to the direction of the propagation of the ultrasonic waves.

Velocity increases with temperature in both PF and LB samples
(Table 5). The average velocity increase is more pronounced in the
Lago Baratz ceramics (+58.6%) than in the samples from Porto Ferro
(+28.7%). However, the VP values measured in LB samples are lower
than PF, proving that the samples are not very compact (remember
that LB materials become brittle when fired at low temperatures) and
do not reach the same vitrification level as mentioned earlier. Their
quality improves (and the VP increases) as the firing temperature
Table 5
Propagation velocity of ultrasonic waves (VP in m/s) and values of total and relative
anisotropy (ΔM and Δm in %) of Porto Ferro (PF) and Lago Baratz (LB) bricks, fired at
750, 800, 850, 900 and 1000 °C. The standard deviation of three measurements is
shown in brackets.

Sample VP1 VP2 VP3 ΔM Δm

PF750 1122 (54) 1480
(60)

1325
(49)

19.99
(3.5)

11.06
(0.8)

PF800 1250
(59)

1581
(141)

1398
(84)

15.96
(2.6)

12.15
(3.3)

PF850 1232
(66)

1688
(31)

1475
(51)

22.11
(3.6)

13.53
(2.0)

PF900 1475
(65)

1754
(75)

1594
(52)

11.89
(3.6)

9.51
(2.3)

PF1000 1572
(75)

1805
(170)

1677
(144)

9.50
(3.7)

7.29
(0.9)

LB850 569
(60)

660
(48)

622
(45)

10.97
(3.6)

5.88
(1.0)

LB900 691
(99)

766
(26)

738
(50)

8.14
(0.1)

3.64
(0.5)

LB1000 941
(87)

1014
(24)

990
(50)

6.09
(0.7)

2.41
(0.4)
increases, but not enough to reach the level of quality shown by the
Porto Ferro ceramics. Firing temperatures significantly higher than
1000 °C would be necessary to achieve velocities similar to those ob-
served in the Porto Ferro samples. The highest VP values belonged to
PF900 ( �VP = 1608 m/s) and PF1000 ( �VP = 1685 m/s) and are similar
to those measured in historical buildings (Cultrone et al. 2005b; Fort
et al., 2007). However, as might be expected, these values were lower
than those for a less porous extruded brick which reaches a VP of, at
least, 2300 m/s (Binda and Baronio, 1984).

The anisotropy values (ΔM and Δm, Table 5) are affected by the fact
that the samples were prepared by hand, and vary according to the
pressure exerted on the clayey mass in the wooden mould. In general,
the anisotropy decreases as the temperature increases because the de-
gree of vitrification increases and the pores acquire a rounder shape
(Papargyris et al., 2001). Notice how the anisotropy is noticeably
lower in LB bricks than in PF bricks confirming the “disturb” effect of
coarse grains on the orientation of clay minerals.
3.2.5. Accelerated ageing test
All samples were damaged and suffered loss of material. Damage al-

ways appeared first at the edges and corners and then spread across
the surface and inside the sample. Overall, the PF and LB samples be-
haved in similarways. Sodiumsulphate crystallisation occurredmost fre-
quently in Porto Ferro samples fired at the lowest temperature (PF750,
Fig. 7), as they immediately began to gain weight due to the presence
of salts in the pore system. Their weight increased again in the 3rd and
4th cycles due to cracking processes which favoured the intrusion of
more salt, completely breaking the sample in the 5th cycle. According
to Steiger and Asmussen (2008), the damage of samples occurs mainly
during the wetting phase when the decahydrate sodium sulphate
(mirabilite) grows from the highly supersaturated solution originating
from the dissolution of anhydrous sodium sulphate (thenardite). Greater
levels of resistance to deterioration increased in line with the firing tem-
perature. In fact, PF800, PF850 and PF900 samples behaved better than
those of PF750 because the higher the firing temperature, the higher
the compactness of the bricks (see VP values, Table 5). In any case, from
the 3rd–4th cycle onwards, these samples also began to lose fragments
due to the pressure exerted by the salts in the pores and the fissures.
The PF1000 sampleswere the only ones to last the full ten cycleswithout
breaking, and also showed the smallest weight increase because of their
extensive vitrification. In fact, when bricks reach vitrification they be-
come more compact and less saline solution can intrude due to changes
in the pore system (Binda and Baronio, 1984). In the LB group the situa-
tionwas similar: the samples fired at 850 and 900 °C registered aweight
increase just after the 1st cycle and then underwent a slow but constant
decay, whichworsened from the 6th cycle onwards (Fig. 7). The samples
fired at 1000 °C behaved similarly to PF1000 with only a small weight
increase.

image of Fig.�6


Fig. 7. Weight variation (ΔM/M) in samples from Porto Ferro (PF) and Lago Baratz (LB) fired at 750, 800, 850, 900 and 1000 °C and subjected to ten salt crystallisation cycles.
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After the test, the samples were washed several times in distilled
water to remove residual salts and were weighed in order to calculate
the real percentage of weight loss (Table 6). In both groups, weight
loss was greater in the samples fired at lower temperatures and de-
creased as the firing temperature increased, showing an abrupt descent
at 1000 °C, which is logical since these bricks showed the highest levels
of vitrification. However, it is interesting to note that in this aggressive
test PF and LB fired at the highest temperature acted in almost the
same ways, although we observed that the bricks from Lago Baratz did
not reach the same vitrification level as those from Porto Ferro. The co-
alescence between particles observed in LB bricks fired at 1000 °C
(Fig. 5f) was enough to counteract the damaging effect of salt.

4. Conclusions

This study compared two groups of bricks manufactured using raw
materials sampled in the northwest of Sardinia (Italy). According to the
Shepard nomenclature the raw material from the Lago Baratz is a sand,
and it is brown and rich in quartz and phyllosilicates. It is similar to the
clay from Porto Ferro both in terms of colour and mineral content, but
the latter also contains calcite and has a finer, more plastic granulometry
as it is a silty sand. When fired, both brick groups are red-orange
coloured and undergo significant mineralogical and textural changes.
These affect the decomposition of clay minerals and carbonates and the
formation of new silicate phases, while thematrix becomes less birefrin-
gent due to vitrification. Gehlenite appears at just 750 °C and is replaced
at higher temperatures byfibrouswollastonite. At 900 and 1000 °Cmull-
ite was also detected. This mineral was probably formed due to the de-
composition of muscovite-type phyllosilicates. The samples from Lago
Baratz fired at 750 and 800 °C could not be studied from the physical
point of view due to the low degree of cohesion between the matrix
and the coarser fraction and the addition of a finer granulometry with
higher plasticity may be advisable.

The ceramics prepared using the clayey material from Porto Ferro
showed the most balanced results in terms of physical parameters and
durability. More specifically, hydric tests show that Porto Ferro is the
best raw material for producing high quality bricks, and the higher the
Table 6
Weight loss (%) of Porto Ferro (PF) and LagoBaratz (LB) samplesfired at 750, 800, 850, 900
and 1000 °C after the salt crystallisation cycles. The standard deviation of three
measurements is shown in brackets.

Sample 750 °C 800 °C 850 °C 900 °C 1000 °C

PF 100
(0)

47.86
(8.4)

34.62
(2.6)

28.46
(3.4)

5.79
(1.7)

LB 36.04
(12.9)

45.11
(13.4)

4.33
(0.2)
firing temperature, the better the quality of the product. However, the
possible use of the raw material from Lago Baratz in brick production
cannot be discarded because these bricks show similar hydric behaviour
over awide range offiring temperatures (850 to 1000 °C), whichmeans
that bricks with similar physical properties can be produced even if the
temperature of the oven fluctuates.

Ultrasound indirectly confirmed the higher vitrification reached by
the bricks from Porto Ferro as they were found to be more compact. A
higher firing temperature, and therefore greater expense, is required
to give the bricks from the Lago Baratz the same degree of compactness.
However, the degree of vitrification reached by these bricks is enough to
ensure samples of the same good quality as those from Porto Ferro, as
the accelerated ageing test has demonstrated.

This work has proved a usefulmeans of evaluating the quality of two
raw materials for their potential use in brick production and may en-
courage the development of this activity in northwest Sardinia.
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