
INTRODUCTION

Light expanded clay aggregates (LECA) are ceramics 
produced from plastic clays [1]. LECAs are inert without 
harmful materials, with neutral values of pH, they are not 
damaged by water, non-combustible, and non-biodegradable. 
In addition, they are good thermal and acoustic insulators and 
fire resistant [2, 3]. Due to these properties, LECAs are used 
in a wide range of applications: in the construction field for 
the production of lightweight blocks, concrete, and precast 
materials [2, 4, 5, 6, 7]; in filters as sorbents for the removal 
of polycyclic aromatic hydrocarbons (PAHs) from water [8], 
in wetlands for treating agricultural wastewaters [9, 10] and as 
an adsorbent substrate due to its high phosphorus and nitrogen 
removal capacity in aquaculture wastewater [11].

The aggregates are formed by extrusion or agglomeration 
with water, then dried and fired. The firing temperature of 
these materials is in the range of 1050-1250 °C with a dwell 
time between 3 to 20 min [12, 13, 14]. During firing, the 
aggregate expands due to two different processes that take 
place simultaneously [15, 16]:

Gas generation by the thermal decomposition of clays, 
carbonates, oxides, and the burning of organic material.

Formation of a suitable viscous matrix that produces a 
pyroclastic state of the material.

Generally, minerals such as clays (illite, montmorillonite), 
vermiculite, or shale are used as raw materials [17, 18]. The 
ratio between SiO2 and Al2O3, and fluxing agent content 
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(Na2O, Fe2O3, CaO, K2O, and MgO) are useful parameters in 
the design of new materials, to obtain a sufficient degree of 
viscosity to trap the gas in the pore and achieve the swelling 
behavior of the aggregate [19, 20].

The parameters that influence the expansion process were 
defined in literature: mineralogical and chemical composition 
of the raw materials, size of the clay grains, aggregate size, 
kiln processes parameters (mass flow, angle, rotation speed, 
calcination atmosphere, heating rate, temperature and dwell 
time), and viscosity of the melt [4, 13, 21].

The main challenge of LECAs industrial production 
is to control the raw materials and the process to obtain 
homogeneous LECAs with similar performance. In this 
regard, it is essential to understand which properties most are 
influenced by variations due to the manufacturing process.

The goal of the present work is to perform an exhaustive 
analysis of an Argentinian commercial LECA with a 
multi-technique approach that involves the analysis of the 
microstructural and textural properties and the mineralogical 
composition. In addition, to study the degree of macroscopic 
homogeneity of the LECAs, five categorized sub-types 
of samples were considered, which presented observable 
differences in color and shape. The microstructural, textural, 
and mineralogical features of the aggregates within each 
category were assessed, and the differences, whether there 
are, among them were described and discussed. This type of 
analysis might be useful for the implementation of control, 
selection, design, and evaluation strategies of new LECAs.

MATERIALS AND METHODS

The commercial LECA aggregates studied in this work 



were manufactured in Argentina (Superlec, Arcillex S. A.) 
and are shown in Fig 1. Soil from Buenos Aires province is 
used as raw material.

The granulometric distribution analysis of a commercial bag 
(25 kg) was carried out with standard sieves (mesh sizes ¾, ½, 
⅜, ¼, and 4), according to the Standard Test Method for Sieve 
Analysis of Fine and Coarse Aggregates [22] with the addition 
of the ¼ sieve for aggregates passing the ⅜ sieve.

The whole bag content was observed in a lab table. Some 
variations in color and morphology were found with the naked 
eye. This was the reason for dividing the content into five 
categories and characterizing them. Ten aggregates of each 
category were studied using the Munsell soil color chart [23]. 
The macroscopic morphology (sphericity and roundness) was 
classified using a visual comparison chart [24].

The five categories of LECAs were studied by a multi-
technique ceramic approach. Apparent density, open porosity, 
and water absorption were evaluated by the Archimedes 
immersion method in water according to ASTM C 83 [25]. 
Open pore size distribution was analyzed by a mercury 
intrusion porosimeter (Thermo Scientific Pascal 440 Series 
equipment) [26]. A stereoscopic microscope (Leica SAPO) 
and a scanning electron microscope (SEM) were used to 

analyze the microstructure. SEM micrographs were taken on 
silver-coated polished surfaces (1.0 μm diamond paste) in 
ultrahigh vacuum conditions (JEOL equipment JCM-6000 
model).

The crystalline phases of the aggregates were determined 
by powder X-ray diffraction (XRD), using CuKα radiation 
operating at 40 kV and 30 mA (Bruker D8 Advance A25). 
For this purpose, samples were ground to a fine powder. 
Also, powders from the aggregate core and external surface 
were considered. The XRD patterns in the 3–70° range 
were analyzed with the program FullProf [27], which is a 
multipurpose pro-file-fitting program,  including Rietveld 
refinement to perform phase quantification [28] and Le Bail 
approach to quantify glassy/amorphous phases [29].

Finally, the LECA thermal stability was evaluated by 
thermogravimetric and differential thermal analysis (DTA-
TG) simultaneously (Rigaku Evo II equipment) with 10 °C 
min-1 as the heating rate and a temperature range of 25-
1000 °C. To this purpose, (29.13±0.01) mg of the sample 
was placed in a Pt crucible in an air atmosphere, and 
alumina was used as a reference.

RESULTS AND DISCUSSION

Size, color, and morphology of the studied LECAs

The granulometric distribution showed that all the 
samples passed the ¾ mesh, 42 wt. % was retained in ½ mesh, 
49 wt. % was retained in ⅜ mesh and 9 wt. % was retained 
in ¼ mesh. This test determined that the largest number of 
aggregates have a size between 9-19 mm. The standard ISO 
20290 [30] defined that aggregates from 0 to 3 mm are used 
for blocks, small pre-casted pieces, concrete, mortars, and 
asphalt concrete; aggregates from 3 to 10 mm for structural 

Figure 1: Image of the studied LECAs.

Figure 2: Representative image of the five identified groups 
and their respective color.

Sample wt. % Hue Value Chroma Roundness Sphericity
L1 48 7.5YR 6 2 Very angular and 

sub-angular Sub-discoidal

L2 21 5YR 6 4 Rounded Sub-prismatic
L3 20 2.5YR 6 4 Sub-rounded Sub-discoidal

L4 7 5YR 6 4
Rounded Sub-prismatic, sub-discoidal, and 

spherical
L5 4 5YR 6 4 Sub-angular Sub-discoidal

Table I. Mass percentage, Munsell color (Hue, Value, and Chroma), and morphologic parameters for the five categories 
of LECAs.
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concrete, pre-stressed concrete, asphalt concrete, subfloors, 
and refractory castables and those from 10 to 20 mm for 
insulating subfloors, drainage, and refractory concrete. 
Considering this classification the studied LECAs can be 
used in the last category.

The five categories according to color and morphology 
were labeled L1, L2, L3, L4, and L5. In Fig. 2 a representative 
aggregate for each group is shown. The mass percentage, 
color, and morphologic parameters of each category are 
presented in Table I. The L1 sample represents almost half 
of the mass of the whole batch, meanwhile, L4 and L5 have 
the lowest mass percentages.

Munsell parameters are: hue, which represents the color 
of the sample; value, which indicates how light or dark a 
color is and chroma which represents the intensity of the 
color. The studied aggregates present a homogenization 
of its lightness with a number 6 that represents the middle 
within dark and light.

All the samples are identified as yellow-red with some 
differences in the ratio yellow/red; L2, L4, and L5 have the 
highest relation (7.5 parts yellow and one part red meanwhile 
L3 has the lowest ratio (2.5 parts of yellow and one part 
of red). The chroma presents homogeneity from L2 to L5 
with a medium number (the maximum value for the chroma 
parameter is 8), while L1 presents the lowest number.

The differences observed using this method represent 
the differences observed with the naked eye when analyzing 
the batch of commercial LECAs studied. Based on these 
results, a systematic analysis could be implemented using 
the Munsell scale.

As in all granular ceramic materials, the morphological 
characteristics influence the structural behavior and strength 
of the aggregates [31]. In general, the aggregates present low 
sphericity and roundness. The sphericity is equal for samples 
L1, L3, and L5, presenting a qualification of sub-discoidal. 
On the other hand, L2 is identified as sub-prismatic, and 
L4 is a mix of sub-discoidal, spherical, and sub-prismatic. 
Regarding roundness, L1 is identified as sub-angular and 
very angular, L2 and L4 as rounded, L3 as sub-rounded, 
and L5 as sub-angular. Aggregate shape is directly related 
to the expansion during firing and is an important parameter 
for some applications, low sphericity and roundness could 
reduce packing density in concrete [20, 32].

Texture properties

In Table II the values of apparent density, open porosity, 
water absorption, and pore size percentiles are presented. 
The values of density are between 1.01 and 1.20 g/cm3, 
porosity is in the range of 24-33 %, and water absorption is 
between 21 and 35 %. Samples L1, L2, L4, and L5 present 
similar values of apparent density. On the other hand, L3 
has a greater density (20 % higher) and the lowest open 
porosity, showing that this subtype of LECA presents a 
different sintering grade. According to the literature, LECAs 
can be classified into four groups based on their density: 
very low density (0.3-0.6 g/cm3), low density (0.61-0.99 
g/cm3), medium density (1.0-1.4 g/cm3), and high density 
(>1.4 g/cm3) [15]. Considering this classification the studied 
aggregates have values of medium density and could be 
used in concrete for building construction [1]. In addition, 
water absorption must be considered when analyzing the 
application of the aggregates; if LECAs are to be used in 
the manufacture of concrete, water absorption must be 
considered in the calculation of the amount of water required 
in the mix [33]. 

The pore size distribution of the studied aggregates is 
shown in Fig. 3 and the derivative curves are plotted in the 
inset. In general, the pore distribution is in the range of 50-

Table II. Density, open porosity, water absorption, and pore diameter of samples L1-L5 (standard deviation in brackets).

Sample Apparent density 
(g/cm3)

Open porosity
(%)

Water absorption
(%)

d10
(nm)

d90
(nm)

L1 1.03  (0.04) 32 (3) 32 (2) 50 3200

L2 1.03 (0.04) 30 (3) 31 (2) 50 2500

L3 1.20 (0.02) 24 (3) 21 (2) 75 3300

L4 1.03 (0.09) 29 (5) 21 (1) 120 3600

L5 1.01 (0.05) 33 (4) 35 (2) 80 4200

Figure 3: Open pore size distribution of the five LECAs studied by 
Mercury Intrusion Porosimetry.
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4500 nm. To describe each distribution span, particle size 
at 10% and 90% of the cumulative size distribution are 
included in Table II (diameters d10 and d90, respectively). 
The distributions in Fig. 3 are similar between L1 and L2 
samples, as well as between L3 and L4. Instead, the pore 
size distribution in L5 differs from that of the other samples. 
On the other hand, the derivative curves show a bimodal 
distribution with pores in two ranges, one between 200-800 
nm and the other between 1000-9000 nm. The first one was 
not observed in the L5 sample.  

Microstructure

Fig. 4 shows stereo microscope images of a representative 
aggregate of each category. The samples present a red external 
surface and a black core with some white inclusions. The red 
external surface has a thickness between 0.16 and 0.26 mm 
and is related to oxidative processes during heat treatment. 
Some cracks are observed in the external surface, which 
sometimes extend to the black core, generating a red area 
on the inside of the aggregate. The black core is produced 
during the heat treatment by a reducing atmosphere [1]. 
Therefore, from the microscope inspection can be concluded 
that oxidation and reduction processes acted simultaneously 
in each aggregate. The observed white inclusions have a 
size of 0.08 to 0.7 mm and are effervescent in contact with 
hydrochloric acid. This allowed determining that they are 
carbonates.

Inside each aggregate, a vesicular structure with pores 
of different sizes from 0.04 to 3 mm is observed. The shape 
of the pores is varied, some are rounded, others channel-
shaped, and others elongated. The pores often end in 

cracks up to 3 mm in length. The cracks could evidence a 
fast cooling; during this process, the core and the external 
surface can be at different thermal shrinkage which might 
induce the formation of micro-cracks that reduce the 
aggregate strength [34].

SEM images of L1 to L5 were taken to analyze with 
more detail the microstructure. Representative results 
are presented in Fig. 5. Images labeled with the letter A 
correspond to the external surface and images labeled with 
the letter B correspond to the core of the LECA. In general, 
all the samples present a rough external surface with 
microcrystals and a core with pores embedded in a vitreous 
matrix. According to the literature, the amount of the vitreous 
phase is responsible for allowing or not the visualization of 
the crystals [35]. This contrast between aggregate external 
surface and core microstructure was also observed in other 
works [36, 37, 38].

In Fig. 5, different morphologies for the pores in the 
amorphous glassy phase can be distinguished: spherical 
pores, channels, and pore junctions are observed. Also, 
some minor pores are detected in the walls. Crystals are 
occluded within pores, and partitions typical of the vesicular 
texture, with or without porosity, are observed. Pore sizes 
range between 0.2 and 70 µm and crystal sizes between 0.3 
and 5 µm were observed. Very large pores were identified, 
for example in image L5B, that could be associated with 
excessive swelling caused by the simultaneous gas release 
and low pyroplastic viscosity [39].

The bloating process can be divided into two effects: 
macro-bloating, which is related to the macroscopic 
expansion of the aggregate that grows in volume from 3 to 
5 times; and micro-bloating, which corresponds to the pores 

Figure 4: Cross-section images of the interior and external surface of the studied LECAs (L1-L5). A detail of a carbonate inclusion is in the 
low-right image.
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developed in the internal vesicular texture. This vesicular 
structure is observed in the samples by SEM and could be 
evidence of the bloating process [15, 40].

In the studied LECAs, the initial morphology of the 
aggregates before the firing process is not known but, 
based on the sphericity parameters shown in Table I and 
the microstructure analysis, the macro and micro bloating 
process effects can be observed. Based on the microstructural 
analysis, the studied LECAs can be interpreted as materials 
with a relevant degree of heterogeneity, this might be 
explained by heterogeneities in the formulation and 
imperfections in the forming process. The presence of 
inclusions can be attributed to insufficient disaggregation, 
grinding, and/or sieving, as well as using raw materials 
with a varied grain size. On the other hand, cracks could 
be attributed to poor compaction during forming and/or a 
poorly controlled drying process. In addition, cracks also 
could appear due to the sintering process that is carried out 
at higher heating rates than other traditional and industrial 
ceramic materials. The microstructure analysis performed 
by stereo microscope and SEM also allowed observing pores 
with higher sizes than those measured by mercury intrusion 
porosimetry.

Crystalline phases of the studied LECA.

Fig. 6 shows X-ray diffraction patterns of the studied 
LECAs. The crystalline and non-crystalline phases of the 
studied LECAs were analyzed by XRD, and the neoformed 
phases were identified. These are strongly related to the 
material physical and technological properties [1]. The 
main crystalline phases are quartz and anorthite, with a 
small amount of hercynite meanwhile microcline is only 
identified in the L3. Crystalline phases identified in the 
studied LECA (see Fig. 6) are like those reported in the 
literature and correspond to the common raw materials 
frequently used for the manufacture of LECA [41,42, 43]. 
Because the raw materials used in the fabrication of LECAs 
are clays composed of quartz, feldspars, and calcite, it is 
common to find quartz and anorthite in the LECAs, because 
the fired temperature is 1100-1300 °C. Furthermore, some 
traces of hematite are identified in all the samples. Table III 
summarizes the chemical formula of the crystalline phases 
identified by XRD and the Powder Diffraction Files (PDF) 
cards used as references. 

Fig. 7 presents Rietveld quantification results for the 
crystalline phase, the Le Bail approximation for the non-

Table III. Identified crystalline phases, and chemical formula, and employed PDF card.

Crystalline phase Chemical formula PDF card

Quartz SiO2 00-046-1045

Plagioclase (Ca, Na)(Si, Al)4O8 00-018-1202

Hercynite FeAl2O4 01-085-1828

Microcline KAlSi3O8 00-019-0932

Glassy phase Silica (SiO2) based Le Bail approach

Figure 5: SEM images. A: external surface, B:  core. Magnifica-
tion x1000. (The labels correspond to examples of pores (P), glassy 
phases (G), microcrystals (MC), and larger crystals (C)).
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crystalline phase, and the weighted average of all the 
samples. The weighted profile R-factor (Rwp) values are 
between 24.4 to 26.8, these indicate the goodness of the 
refinements and are like that reported in the literature for 
this type of ceramic material [44]. Non-crystalline phase is 
around 50 wt.% in all the samples, the greatest percentage of 
the non-crystalline phase is identified in sample L4 (56.3 wt. 
%) and the lowest one is identified in L3 (44.2 wt. %). The 
amount, viscosity, and chemical composition of the non-
crystalline phase are related to the expansion process in the 
thermal treatment [9]. Quartz percentage is greater in all the 
samples than anorthite percentage, except in the L5 sample 
where this relation is inverted. In all the samples hercynite 
content is lower than 3.5 wt. %. The presence of quartz and 
anorthite is useful in the drying process of any ceramic since 
they limit the shrinkage during the drying process and avoid 
the cracking development of the material [45].

Considering the mass percentage of each category 
determined above (section 3.1), the sample L1 mineralogical 
composition should be considered the most representative of 
the studied LECAs. This is also reflected in Fig. 7 through the 
similarity between sample L1 and weighted average results.

Regarding the identification of the crystalline phases in 
the black core, they are the same as those identified in the 
powder obtained from the whole sample (Fig. 8). Meanwhile 
hematite (Fe2O3) is identified as one of the crystalline phases 
in the aggregate external surface. This difference between 
the external surface and the core suggests that the thermal 
treatment was performed in an atmosphere with a low 
content of oxygen. On the other hand, using a magnet over 
the black core powder it was detected a magnetic behavior 
that is assigned to magnetite. The presence of magnetite 
and hercynite indicates that the thermal treatment during 
the LECAs manufacture was in a reducing atmosphere with 
temperatures higher than 1050 °C [41, 46].

Crystalline phases identified in all the samples are the 
same. This homogeneity is reflected in the similar values ​​
obtained in the technological properties. The differences 

observed in the Rietveld quantification could be explained 
by two reasons. Firstly, is related to the variation of the heat 
treatment in the rotary kiln, some aggregates could stay 
longer in the hot zone or be in a shorter cycle depending on 
the mass flow. Rotary kilns have a good performance, but it 
is well known that it is possible for the materials to undergo 
different thermal cycles and, therefore, different physical-
chemical processes can occur in them.

Secondly, it could be since the raw material used is 
natural clay, it is not possible to have a homogeneous 
composition, resulting in variations in the presence of 
carbonate inclusions, as was already mentioned in section 
2.3. In addition, in the process of mixing and grinding raw 
materials on an industrial scale, variations in the composition 
of each aggregate can be generated.

Thermal behavior and stability of the studied LECA

DTA–TG analyses were carried out to know the thermal 

Figure 6: XRD patterns of the studied LECAs (Q: quartz, P: 
plagioclase; M: microcline, H: hercynite).
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stability of the aggregates. Fig. 9 shows the DTA-TG curves 
of sample L3 as representative of all the samples studied 
in this work. In the TG curve a mass loss of 0.24 wt. % 
between room temperature and 140 °C is observed, which is 
also accompanied by the endothermic peak at 62 °C in the 
DTA curve that is related to the free and adsorbed water loss 
from the LECA.

Afterward, a mass gain of 0.7 wt. % is observed in the 
TG curve between temperatures 300-1000 °C. This might 
be explained by the oxidation by the presence of Fe (II) 
species. For example, this mass gain would correspond 
to approximately 5% of oxidation of Fe (II) oxide during 
the heating process. However, this thermal process would 
be overlapped by the possible mass loss resulting from the 
combustion of the un-combusted carbon below 800 ºC, 
possibly present in the aggregate core. On the other hand, an 
endothermic peak at 570 °C is observed in the DTA curve, 
which is related to the α→β phase transformation of quartz 
[47, 48].

CONCLUSIONS

In this work, a comprehensive characterization of an 
Argentinian commercial LECA was carried out from a 
ceramic point of view including microstructural, textural, 
and mineralogical analyses. Considering the variation 
in homogeneity observed in a simple visual analysis of 
a commercial bag of this LECA, five categories were 
proposed. Representative samples of each category were 
studied and compared.

The results of this multi-technique characterization 
allowed a deep description of the LECAs as ceramic 
aggregates with low roundness and sphericity. The textural 
properties indicate that these LECAs can be classified as 
medium apparent density aggregates (1.0-1.2 g/cm3). The 
LECAs presented a clear vesicular-type microstructure, 
with pores and channels corresponding to the slight 
bloating mechanism (micro-bloating). Some cracks were 
observed that could be evidence of a fast cooling process. 

No important differences between the five categories were 
observed in their microstructure or their bloating process.

Non-crystalline phase presents around 50 wt.% in all 
the samples and between crystalline phases the majority 
are quartz and anorthite. Also, the five categories present 
an oxidized external surface and an unoxidized black core 
with evidence of magnetic behavior assigned to magnetite. 
According to the crystalline phases identified in the samples, 
the thermal treatment of the aggregates was above 1050 °C 
and the firing atmosphere was mild reductive, with a low 
surface oxygen penetration (less than 1 mm).

The main differences between the five categories 
were observed in density and mineralogical composition, 
particularly in the L3 sample. This sample presents the 
major apparent density and microcline in its mineralogical 
composition.  This could be for the thermal treatment and 
the differences in the dwell on the hot zone of the rotary 
kiln and also could be for the nonhomogeneity in the raw 
material composition.

Among the differences found between the five categories 
studied, the technological properties of these aggregates 
fulfill the industrial requirements.

The proposed analysis criteria based on color and 
morphology proved to be effective in showing small 
differences or variations in the properties of the materials 
to obtain homogeneous LECAs with similar performance. 
Therefore, the present work provides insights that help to 
establish new characterization strategies for the design, 
control, selection, and evaluation of LECAs.
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